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FOREWORD

Small grain cereals include wheat, barley, oats, rye, triticale, rice and other spe-
cies that constitute the world’s most important source of food. They are critical
components of local economies in developed and developing countries. These
crops supply 20% of calories and account for more than half of all harvested
crop areas in the world. About 70% of land devoted to producing food crops is
planted to cereals.

Production of small grain crops on a per unit area basis increased linearly from
1960 until about 2005 and then began to decelerate in rate of annual gain'. The
rate of increase is projected to continue to decline through 2050. This alone is
not particularly ominous because rates of population growth are also predict-
ed to begin a similar trajectory during the next decade. However, predicted
consumption of wheat and other small grains is anticipated is continue a slow
increase. Land planted to wheat, the primary small grain crop, is not antici-
pated to increase appreciably and any increase will likely occur on land that is
of only marginal to good productive capacity since most available prime land
is already being used for crop production. Additionally, land capable of being
irrigated, and therefore capable of producing higher-yielding crops, is not an-
ticipated to increase appreciably through 2050.

Additional gains in productivity of small grain cereals will continue to depend
upon developments of new technologies and cereal cultivars, and identifying
and addressing the production constraints associated with shifting climate
patterns, degradation of cropland soils, declining availability of certain fertiliz-
er nutrients, salinization of some currently irrigated land, reduced availability
of water in some regions, competition of agriculture with other potential land
uses particularly near cities, and yield reductions caused by crop pests.

Plant-parasitic nematodes are a well-recognized constraint to production of
small grain cereals in fields that are highly infested by these microscopic para-

' Alexandratos N, Bruinsma, J (2012) In ‘World Agriculture Towards 2030/2050: The 2012 Revision. Food and
Agriculture Organization of the United Nations, Agricultural Development Economics Division, ESA Working
Paper No. 12-03.
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sites. Three decades ago, it was estimated? that nematodes reduced global pro-
ductivity of small grain cereals by nearly 750,000,000 metric tons annually,
with yield reductions of 7.0%, 6.3% and 4.2% for wheat, barley and oats, re-
spectively. A more recent estimate® indicates yield losses equivalent to about
10% of global production.

Nematodes that invade roots of small grain cereals typically become most nu-
merous in direct proportion to the frequency of host crops produced on an in-
fested field. Small grain production is often restricted by economic, agronomic
and/or climatic factors that cause them to be repeatedly planted on the same
tracts of land.

The most important genera of plant-parasitic nematodes include species of
Heterodera (cyst nematodes) and Pratylenchus (root-lesion nematodes).*
Many other genera and species also cause more-localized yield constraints but
Heterodera and Pratylenchus species account for most of the global crop dam-
age, especially in temperate regions where small grains well adapted and are
mostly produced without supplemental irrigation. It is also important to rec-
ognize that root-invading nematodes are not only capable of directly reducing
a plant’s ability to withdraw water and nutrients from soil but to also enter into
disease complexes with plant-pathogenic fungi that cause root diseases. Some
complexes reduce yields more than is caused by the sum of the capabilities of
individual pathogens within the complex.

Sources of genetic resistance to some nematodes have been identified but the
rate of incorporating effective genes into commercial cultivars has been slow
due to difficulties in transferring the resistance factor(s) into cultivars that have
agronomic traits and productive capabilities of importance to agriculturalists.
Disease management strategies other than genetic resistance are effective for
some nematode species but those strategies are often neither environmentally
nor economically acceptable. Such approaches include combinations of seed
treatment chemicals or biological agents, planting non-host crops, or placing
land into prolonged periods of fallow between plantings of susceptible crops.

2 Sasser JN, Freckman DW (1987) A world perspective of nematology: the role of the Society. In. ‘Vistas on Nem-
atology’ (Eds. JA Veech and DW Dickson) pp. 7-14. Society of Nematology. Hyattsville, Maryland.

Dixon J, Braun HJ, Kosina P, Crouch J (Eds.). ‘Wheat Facts and Futures 2009. (CIMMY T, Mexico)

4 Smiley RW, Nicol, JN (2009) Nematodes which challenge global wheat production. In. ‘Wheat: Science and
Trade! (Ed. BF Carver) pp. 171-187. (Wiley-Blackwell: Ames, Iowa).



Additional advances toward genetic resistance is especially important because
it is the control strategy that is environmentally and socially most acceptable
for minimizing yield losses caused by plant-parasitic nematodes.

The goal of this workshop is to build upon progress that has been made in the
understanding and control of cereal nematodes since this series of workshops
became launched with leadership by CIMMYT in 2009. The first workshop
was in Antalya, Turkey and included more than 50 presentations from sci-
entists in 22 countries. The third and fourth workshops were equally notable
for the quality and quantity of presentations. The fifth workshop in Ankara,
during 2015, will include 44 presentations from more than 70 participants
from 20 countries. We express our appreciation to this global community of
scientists who are dedicated to improving cereal productivity through great-
er understandings of nematode biology, interactions between nematodes and
crops, and practices that can be used to reduce the economic impact of nema-
todes on productivity of small grain cereals.

Dr Abdelfattah A Dababat
ICARDA-CIMMYT Wheat Improvement Program, Ankara, Turkey

Dr Hafiz Muminjanov
Plant Production and Protection Officer, FAO Sub-regional Office
for Central Asia, Ankara, Turkey

Dr Richard W Smiley
Professor Emeritus, Oregon State University, Pendleton, Oregon
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ABSTRACT

The Fifth International Cereal Nematodes Initiative Workshop, held in Anka-
ra, Turkey during 12-15 September 2015, is an update to the 1st International
Cereal Cyst Nematodes Initiative Workshop held in 2009 in Antalya, Turkey.

The 5th International Cereal Nematodes Initiative Workshop involved more
than 70 scientists from wheat and barley producing regions in 20 countries
throughout Asia, Australia, Europe, North Africa and North America. Cereal
nematodes are microscopic parasites that invade roots of wheat, barley, oats
and other small grain cereals. The most important of these plant-parasitic
nematodes occur in the genera Heterodera (cyst nematodes) and Pratylenchus
(root-lesion nematodes).

Forty four papers in this volume cover: the history and status of cereal nem-
atodes globally and regionally; research on morphological, genetic and eco-
logical diversity; development and deployment of host resistance including
development and applications of molecular technologies; and investigations
into other strategies for reducing the magnitude of economic damage caused
by cereal nematodes. Special emphasis is given to opportunities to develop and
deploy integrations of sustainable management practices.

The papers provide valuable insights into the impacts of cereal nematodes and
endeavors to provide sustainable management options for farmers. The im-
pact of cereal nematodes in reducing crop yields and the efficiency of cropping
systems ranges from severe in resource-limited cropping systems to minor in
cropping systems where it is possible to integrate a broader range of rotation
crops and resource-intensive inputs.

Unacceptable levels of economic loss continue to occur in many countries.
International collaboration such as occurred in this workshop is required to
ensure that appropriate genetic resources and technologies are developed,
communicated and deployed.
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This volume contains papers voluntarily contributed by participants of the
Fifth International Cereal Nematodes Initiative Workshop, 12-15 September
2015, Ankara, Turkey.
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Although the editors have taken care to guide contributors, and have assisted
in technical editing, nothing in the papers presented in this volume should be
taken as representative of the views or recommendations of the publisher, the
editors and/or the sponsors who provided support for this workshop and/or
publication.

Mention of any proprietary product or service by the authors in this volume
cannot be taken as constituting an endorsement and/or recommendation of
that product or service.
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Colour plates

Plate 1. Symptoms of wheat injury caused by the cereal cyst nematodes Het-
erodera avenae or H. filipjevi: A. winter wheat with an uneven stand height
caused by H. avenae, B. patchy stand in winter wheat caused by a root-disease
complex including H. filipjevi and Rhizoctonia solani, C,D. distinct patches
caused by H. avenae in a single field of winter wheat, showing more intense
yellowing on an eroded hilltop with shallow soil and lower soil fertility (C)
than on the flatland with deeper, more fertile soil (D), E. shallow roots of spring
wheat caused by adventitious wheat growth (knotting or witches’ brooming) at
points where H. avenae females established feeding sites, F. spring wheat roots
with shallow, knotted roots caused by H. avenae. Photographs: A-E - Richard
Smiley, USA; F - Honglian Li, China.
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Plate 2. Screening wheat for resistance and tolerance to cereal cyst nematodes in fields
naturally-infested by Heterodera avenae or H. filipjevi: A,B. differential effects of H.
avenae (A) or H. filipjevi (B) on growth of wheat varieties in naturally-infested fields
in South Australia and Turkey; C,D,E. identical varieties of wheat showing improved
growth when aldicarb was applied while planting (right) compared to no application
of nematicide (left) in genetic tolerance trials in fields that were naturally-infested
with H. avenae in the USA (C,D) or in Tunisia (E); F combined stresses from H. av-
enae and nutrient deficiency in spring wheat where an equipment malfunction caused
starter fertilizer to be banded below the center two rows, as was desired, but not be-
low the two outer rows after fertilizer tubes plugged while planting; Photographs: A
- Sharyn Taylor, Australia; B - Abdelfattah Dababat, Turkey; C,D,F - Richard Smiley,
USA; E - Ian Riley, Australia.
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Colour plates

Plate 3. Cereal cyst nematodes Heterodera avenae (A-D,H) and H. filipjevi (E-
G): A-D. swollen white females on washed roots (A,B) or behind a glass plate
(C,D) in a controlled growth chamber experiment, E,E young cysts amongst
washed roots (E) and swollen white females being fed upon by ants (F), G.
newly-produced cysts extracted from soil, H. old cysts extracted from a natu-
rally-infested soil. Photographs: A - Hugh Wallwork, Australia; B,H - Guiping
Yan, USA; C,D - Mohamed Baklawa, Egypt; E-F Samad Ashrafi and Abdelfat-
tah Dababat, Turkey; G —Shree Pariyar and Abdelfattah Dababat, Turkey.
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Colour plates

Plate 4. Cereal cyst nematodes H. avenae (A,B) and Heterodera filipjevi (C-G): A.
head and stylet of a 2"-stage juvenile, B. stained 2"-stage juvenile migrating in the
cortex towards the root tip, C. 2"-stage juvenile probing root surface at two days
post-inoculation (dpi), D. 2"-stage juvenile inside the root at 3 dpi, E. 3"-stage female
at 10 dpi, F 4™-stage female at 15 dpi, G. male in root at 15 dpi, H. developing female,
I. fully-developed female. Photographs: A,B - Hugh Wallwork, Australia; C-G - Shree
Pariyar and Abdelfattah Dababat, Turkey; H,I - Hai Yan Wu, China.
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Plate 5. Heterodera avenae (B-G), H. filipjevi (H-]J) and H. latipons (K-M); showing an
encysted female with eggs visible through the body wall (A), disrupted cysts showing
eggs and 2"-stage juveniles (B), a 2"-stage juvenile emerging (C) through the fenestra
(D) of the vulval cone, and cysts, underbridge and vulval cone of each species. Pho-
tographs: A - Hai Yan Wu, China; B - Najoua Namouchi-Kachouri, Tunisia; C - John
Lewis, Australia; D - Guiping Yan, USA; E-M - Hussam Abiedo, Syria.
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Colour plates

Plate 6. The root-lesion nematodes Pratylenchus neglectus and P. thornei on wheat:
A. winter wheat in a field infested with high densities of P. thornei + P. neglectus (2:1
ratio), Pythium spp., and Pasteuria spp.; B. spring wheat tolerance trial in a field nat-
urally-infested by P. neglectus, with drill strips either treated with aldicarb (right) or
not treated at the time of planting (left); C. wheat roots darkened by lesions caused
by P. neglectus; D. spring wheat growing in cones of soil infested with P. neglectus,
showing two susceptible commercial varieties (left and right) and a resistant Iranian
landrace wheat (‘AUS28451”) being used in wheat breeding programs (each variety
produced substantial foliar growth and had white roots emerging from the bottoms
of the cones); E. adult female and eggs of P. neglectus stained blue in the root cortex;
E an adult Pratylenchus spp. in a root. Photographs: A,B - Richard Smiley, USA; C,E -
Vivien Vanstone, Australia; D - Alison Thompson, USA; F - Hai Yan Wu, China.
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Plate 7. The seed gall nematode Anguina tritici on wheat in Turkey: A. seed

galls in wheat heads; B. rolling, curling or spiraling distortions of wheat foliage;
C. mature dark purplish-colored seed galls and developing greenish-colored
seed galls, as compared to a healthy wheat kernel; D. central cavity of seed galls
containing masses of 2"-stage juveniles; E. eggs, 2"-stage juveniles and adult
life stages. Photographs: Adnan Tulek, Turkey.
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Central Asia is a sub-region in which most countries are in transitions from
planned to market economies. In general, these countries are predominately
agricultural economies and they have high potential for development and for
achieving food security.

Trends on population growth in the Central Asia countries demonstrates that
the sub-regional challenges are more serious than overall global challenges.
During the last 50 years the population increased by 2.5 times and the birth rate
in the most of the countries still remains high. With the purpose of responding
to the food demand, an intensive land reclamation has been taking place and has
resulted in expansion of irrigated crop areas of up to three times, and has led to
environmental problems. However the area is limited and further expansion of
irrigated lands is not possible. The area under arable land per capita is declining,
and competition and conflicts for land and water are raising.

Based on official statistics, crop production in general is increasing, but the
focus of this paper is on production of wheat, which is growing only slowly.
Wheat is the main staple crop in all countries in the sub-region. The consump-
tion rate of wheat is therefore the highest in the world, at over 200 kg/year/
capita. On the other hand, production of wheat per capita is slightly declining
and wheat yield is remaining very low.

In addition to this, the serious infestation of quarantine and transboundary

*  Muminjanov H (2015) FAO activities on plant production and protection in Central Asia. In ‘Nematodes of Small
Grain Cereals: current status and research. (AA Dababat, H Muminjanov and RW Smiley) pp. 3-6. (FAO: Ankara,
Turkey)



pests and diseases severely damage crop yields. Every year the farmers observe
damage caused by locusts, rusts, nematodes, gypsy moth, American white fly,
and other dangerous pests and diseases.

To control pests and diseases the farmers apply pesticides but the registration
and quality control system of pesticides and pesticide application equipment
is not in place. That imposes serious risks to the environment and to human
health. Thus, very often illegal and low-quality pesticides are used. Another
problem is obsolete pesticides. The countries in the sub-region mostly inherit-
ed from the former Soviet Union a huge amount of obsolete pesticides; about
200,000 tones or 40% of world reserves. These pesticides require proper man-
agement and elimination.

The sub-region counts as one of the centers of origin and diversity of several
crop species. We are proud that the sub-region is really blessed with a rich di-
versity of plant species, however the efficiency of conservation and utilization
of plant genetic resources for food and agriculture is very low. An informal
seed system dominates over a formal system, and use of high-quality seed of
superior varieties requires further development of seed quality control and
certification.

In addition to the problems stated above, the prices of inputs (fuel, fertilizer,
seed, pesticides, etc.) are rising, the yields of main crops are affected by climate
change, there is a lack of institution capacity and legislation, there is a gener-
ation gap and a lack of qualified experts, there is a lack of modern knowledge
and technology, and there are also other challenges the farmers are currently
facing.

To respond to these challenges, the FAO has developed a paradigm “Save and
Grow” promoting the theme of growing more with less. This is a guideline for
policymakers that uses a holistic approach for solving the problems, and de-
veloping efficient and sustainable utilization of ecosystem services and inputs
while conserving and enhancing natural resources and reducing environmen-
tal pollution. “Save and Grow” provides the systems that are adaptable to spe-
cific conditions, locations and scales.

With the purpose of responding to the challenges on crop production in the
sub-region “Save and Grow” is translated in four areas.



1. The first area is intensification and diversification of cropping systems that
foresees the provision of technical assistance to the countries in developing
their policies and strategies on sustainable crop intensification and diver-
sification of cropping systems, organic farming, preparedness for drought
and climate change mitigation, promotion of conservation agriculture, and
sustainable pasture and grassland management.

2. 'The second area for cooperation is strengthening capacity of the Nation-
al Plant Protection Organizations. In this regard FAO can cooperate with
the countries and provide support in strengthening policies on plant pro-
tection, implementation of international conventions and standards (e.g.,
ISPM) and harmonization of regional phytosanitary legislation. Promotion
of integrated pest management (IPM) by developing Farmer Field Schools
is a comparative advantage of FAO that was implemented in different
countries around the world. FAO will continues support for developing ca-
pacities to control transboundary pests and diseases (locusts, wheat rusts)
and carrying out the monitoring, surveillance and control of wheat rust
(e.g. SMS monitoring). The key activities in both areas will be the training
of young plant breeders and pathologists in cooperation with the CGIAR
centers (CIMMYT and ICARDA) and the development of training pro-
grams and curriculums.

3. 'The third area is focused on strengthening national frameworks for pes-
ticide management, covering improvement of the national systems for
pesticide registration, testing, quality control, management, inventory and
disposal of obsolete pesticides, adoption and promotion of integrated pest
management IPM, enhancing the membership of countries in the interna-
tional organizations, and implementation of international conventions like
IPPC and Rotterdam Conventions and the International Code of Conduct
on Pesticide Management.

4. 'The fourth direction is providing assistance in better management of plant
genetic resources (PGR) and seed systems, focusing on improving con-
servation, efficient utilization of plant genetic resources, and seed sector
development, especially formulation and implementation of seed policies
and harmonization of the national seed legislation with the internationally
accepted norms and standards.

The above-listed activities are implemented intensively under the regular pro-
gram. In addition, a number of crop related projects at the sub-regional and



national levels were implemented focusing on Country Programming Frame-
works (CPFs) of Central Asian countries, built with the cooperation with FAO.
Besides, strong cooperation and partnerships have been established between
the CGIAR Centers and other public and civil society organizations in success-
fully implementing the projects and the program in the sub-region.

The cornerstone of FAO’s technical assistance in plant production and pro-
tection is safeguarding and intensifying crop production. In this sense, for a
strong and healthy harvest, FAO-SEC helps farmers incorporate innovative
techniques, such as conservation agriculture and integrated pest management,
into traditional farming practices. Other priorities include preventing and re-
sponding to transboundary pest outbreaks, as well as mitigating the damage
caused by outdated pesticides.

There are several FAO projects on conservation agriculture, organic agricul-
ture, and integrated pest management. Most of the projects in these topics are
based on strengthening the capacities of the national plant protection organi-
zations in developing their policies and strategies.

During the implementation of these projects, the majority of the activities
consisted of providing technical assistance for drafting national legislation
and national strategy plans for the countries, for organizing several trainings,
study tours, workshops, and field days for farmers and/or technical staff, and
for establishing demonstration fields of identified new crops using innovative
techniques and new technologies for the promotion of intensified crop pro-
duction, organic and conservation agriculture in Central Asia. FAO also plac-
es a high importance on supporting participation of the national specialists
from the sub-region to attend the international trainings and conferences and
on improving their capacities and developing translations of books, manuals,
guidelines and normative documents on conservation agriculture and organic
agriculture in Russian or in national languages of Central Asian countires.
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SUMMARY

In this paper we describe a multi-environment trial (MET) data set for vari-
etal resistance to Pratylenchus thornei that spans both the agronomic regions
of interest and a series of glasshouse experiments. The aim of this work is to
determine the extent of genotype by environment interaction (GxE) both
within and between the different trial types (field and glasshouse). We de-
scribe the factor analytic (FA) mixed model approach that is widely used to
model GxE interaction in Australian plant breeding programs. The key fea-
ture of the approach is its utility at identifying and explaining GxE, through
the link of FA models with principal component analysis. Exploiting this link
leads to the use of so-called latent regression plots which have recently been
used for the analysis of the National Variety Trial (NVT) system data-sets in
Australia (Smith et al. 2015). We present preliminary results for an FA anal-
ysis of the example data set.

* Gogel BJ (2015) Using factor analysis and latent regression plots to understand genotype by environment inter-
action in field and glasshouse experiments to determine the resistance of varieties to Pratylenchus in Australia. In
‘Nematodes of Small Grain Cereals: current status and research’ (AA Dababat, H Muminjanov and RW Smiley)
pp. 7-16. (FAO: Ankara, Turkey).



INTRODUCTION

Pratylenchus thornei and Pratylenchus neglectus are the two most important
root lesion nematodes (RLN) affecting broad acre crops in the southern crop-
ping region of Australia. Reliable information on the affect of new or emerging
cereal varieties on RLN population densities (resistance) and their ability to
yield in the presence of significant population densities (tolerance) is essential
to assist growers in making informed decisions on varietal selection and in
planning their cropping rotations.

Resistance classifications have traditionally been determined using glasshouse
data. In these trials, environmental factors such as temperature and soil moisture
are controlled, resulting in greater consistency in the ranking of cultivars even
across diverse RLN resistance screening procedures (Sheedy et al. 2014). Recently
resistance ratings have been determined for a series of field trials established in the
southern growing region to evaluate varieties for tolerance to RLN. We therefore
have the opportunity to compare resistance ratings in a MET analysis where the
environments span both field and glasshouse trials across sites and seasons.

In Australia, most plant breeding MET data are analyzed using the FA mixed
model approach of Smith et al. (2005). This model allows a separate spatial
covariance structure and error variance for each site (synonymous with trial
and environment). It also accommodates a separate genetic variance for each
site (GXE due to changes in the scale of the genetic effects across sites) and
heterogeneity of genetic covariance between pairs of sites (GXE due to changes
in the ranking, or crossover, of the genetic effects across sites). The FA mod-
el has a multiplicative form that has strong links with principal component
analysis and has been found to be particularly effective in explaining GxE in
plant breeding data. The key outputs of an FA analysis include accurate pre-
dictions of the GxE effects, the estimated genetic correlation matrix with a
heat-map representation for visualizing the GXE and a set of latent regression
plots. These are a graphical display of the rotated factors associated with the
multiplicative model and offer an effective means of investigating varietal sta-
bility across environments. We use the combined glasshouse and field (GF)
resistance data for P. thornei to demonstrate the FA technology.



METHODS

Motivating example: The GF MET dataset for P. thornei comprised 10 field
(F) and 9 glasshouse (G) trials between 2010 and 2014. They were conducted
in the 4 states New South Wales (NSW: 4F), Queensland (QLD: 5G), South
Australia (SA: 4G, 3F) and Victoria (VIC: 3F), where the numbers in brackets
indicate the number of field and/or glasshouse trials. A summary of the trials
is presented in Table 1.

Trial designs: The SA and QLD glasshouse trials were designed as random-
ized complete blocks (RCBs) of either 3 or 4 replicates, with layout details as
presented in the table. All soil samples that go through the South Australian
Research and Development Institute (SARDI) Molecular Diagnostics Center
(in this case all SA, NSW and VIC field and glasshouse samples) go through
a three stage process: 1. Glasshouse/field trial, 2. DNA extraction & storage 3.
Polymerase Chain Reaction (PCR) processing. Separate randomizations were
generated for both the first and second stages for the two SA glasshouse trials
in 2012. However, second stage randomization was not continued beyond 2012
as analyses of these first two trials indicated little random variation associated
with this stage. The NSW field trials were also arranged in an RCB layout. The
SA and VIC field trials were established to evaluate new varieties for tolerance
to RLN but were also scored for initial and final nematode DNA. They were
arranged as large split-plot trials in which varieties were sown to pairs of adja-
cent plots of high and low nematode densities produced by growing resistant
and susceptible varieties in the previous year.

Crop type: For all but three of the four NSW field trials, the varieties tested
at a site were a mix of barley (B), durum (D), triticale (T) and wheat (W)
varieties. Specifically, the SA glasshouse trials were a mix of B, D, T and W,
the QLD glasshouse trials contained mostly W but some B, D and T (no T
in 2013 and 2014), CNSW2013NarWht included both W and D while the
remaining three NSW field trials contained W only, and the SA and VIC field
trials contained a mix of B, D and W. There was mostly reasonable varietal
connectivity across sites.

Data collection: For the SA and VIC field trials a bulk of 20 cores per plot at
a depth of 10 cm was processed through the SARDI MDC using a real-time
TagMan PCR system with a species specific primer. For the NSW trials, a
bulk of either 10 cores per plot (depth 0-30 cm) or 20 cores per plot (depth
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0-15 cm) was processed. For the SA glasshouse trials, individual pot data was
processed through the SARDI MDC while for the QLD glasshouse trials ac-
tual nematode numbers in the roots and soil of each cultivar were recorded.
The final analysis trait for all trials was P. thornei per gram soil.

Table 1. Summary of trials in the glasshouse and field MET data set for P. thornei resistance

State | Year Trial name G/F ll)a?;:g’ll: rows | cols | reps | repsB | vars | plots | mean
NSW | 2012 | CNSW2012Bumw F RCB 27 6 3 - 53 162 52.50
NSW | 2012 | CNSW2012NSmw F RCB 24 8 4 - 47 192 2.47
NSW | 2013 | CNSW2013NarWht | F RCB 36 6 3 - 24 216 4.45
NSW | 2013 | CNSW2013Wong F RCB 21 6 3 - 38 126 11.76
QLD | 2010 CQLD2010 G RCB 36 13 3 - 156 468 275.69
QLD | 2011 CQLD2011 G RCB 12 39 3 - 156 468 97.96
QLD | 2012 CQLD2012 G RCB 11 39 3 - 143 429 11.15
QLD | 2013 CQLD2013 G RCB 12 36 3 - 144 432 86.50
QLD | 2014 CQLD2014 G RCB 10 33 3 - 110 330 57.04
SA | 2012 CSA2012thornl G RCB 2§ 18 12 3 - 36 144 21.60
SA | 2012 CSA2012thorn2 G RCB 2§ 18 12 3 - 36 144 13.22
SA | 2013 CSA2013thorn G RCB 15 20 4 - 72 300 6.65
SA | 2014 CSA2014thorn G RCB 15 20 4 - 72 300 10.64
SA | 2011 R2011PTMinn F Split plot 68 5 5 - 33 340 50.45
VIC | 2012 R2012PTBany F Split plot 56 6 6 - 28 336 54.66
SA | 2012 R2012PTSBay F Split plot 66 5 5 - 33 330 21.49
VIC | 2013 R2013PTBany F Split plot 2B | 60 6 6 6 30 360 101.51
VIC | 2014 R2014PTBany F | Splitplot 2B | 60 5 5 5 30 300 49.32
SA | 2014 R2014PTSBay F Split plot 80 5 5 - 40 400 15.13

G/F indicates if the trials were set up in the glasshouse (G) or in the field (F), rows = total number of rows, cols
= total number of columns, reps = total number of blocks, repsB = total number of blocks when a second block
structure was generated, vars = total number of varieties, plots = total number of plots (of pots for glasshouse trials)
and mean = mean of the raw DNA/g soil. RCB indicates a randomized complete block design, 2§ indicates when
randomization was undertaken for both the glasshouse and DNA extraction stages and 2B indicates designs with
2 block structures.




Statistical methods: Use of the FA model for Australian plant breeding
MET data is well documented (Smith et al. 2001, 2005, Kelly et al. 2007,
Beeck et al. 2010 and Cullis et al. 2010). A more recent application is for
the analysis of the NVT system in Australia, see Smith et al. (2015) who
provide a comprehensive overview of the both the underlying theory and
its application for NVT. Let y be the combined (n X 1) vector of data for
the trait of interest across t trials, and consider the case of m varieties. The
model for y can be written as
y=Xt+Zju,+Z,u,+e

where T is a vector of fixed effects with associated design matrix X
(assumed to have full column rank), u is the (mt x 1) vector of genetic
effects with associated design matrix Z 4, u,, is a vector of non-genetic (or
peripheral) random effects with associated design matrix Z,, (u, includes
terms associated with the blocking structure of each trial) and e is the
combined (n X 1) vector of residual errors. In the simplest case, T is the
vector of t environment means. We assume that ug, u, and e are
mutually independent and have a multivariate normal distribution with
zero means. The variance matrix for u, is given by G, = @2=105k1 i
where bis the number of components in u, and g is the number of
effects in u,, . The variance matrix for the residuals is assumed to be R =
@leRj where R; is the variance matrix for the residuals for the j th site.
We assume that the variance matrix of the GxE effects is given by
var(Ug) = G,®I,, where G, is a (t Xt) symmetric positive (semi)-
definite matrix that is often referred to as the between environment genetic
variance matrix. One of the simplest forms for G, is a diagonal form, that
is, Go = (-B;Zlagzj where g, is the genetic variance for environment j. In
this case the variety effects are assumed to be independent between the
environments. The most general model for G, is the unstructured form
that specifies a separate genetic variance for each site and a separate
genetic covariance for each pair of sites. Unfortunately, this form is
difficult to estimate for even moderately large numbers of trials and is
rarely used in practice. The multiplicative mixed model of Smith et al.
(2001) uses FA models for GXE interaction while adjusting for spatial field
trend. It has been found to provide an effective and informative
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approximation to the unstructured form for the genetic variance matrix
(Kelly et al. 2007). The FA model accounts for the genetic covariances
between environments in terms of a small number of hypothetical factors.
If k denotes the number of factors, then the form of the model for the
effect of variety i in environment j can as be written as

wij = hjfi+ Agjfai + oot Akjfii + 0
where f;; is the value (also called a score) of the " hypothetical factor
(r =1, ..., k) for variety i and A, is the coefficient (also called a loading)
for environment j. The factors are usually assumed to be independent
with unit variance so that f,; = 1. This model is also of the form of a
multiple regression of the variety effects for an environment on a set of
environmental covariates (loadings) with a separate slope (score) for each
variety. The feature that distinguishes the FA model from an ordinary
regression is that both the covariates and the slopes are estimated from
the data. The ¢;; are considered to be genetic regression residuals since
they represent a lack of fit of the regression. The model is written more
concisely as
U, =(AQL,)f+6
where A is the (t X k) matrix of loadings, f is the (mk X 1) vector of
scores and & is the (mt X 1) vector of genetic regression residuals. The
vectors of random effects f and & are assumed to be mutually
independent and distributed as multivariate normal with zero means. The
variance matrices are assumed to be var(f) = I, and var(d) = w ® I,
where W is a (t X t) diagonal matrix with a variance (called a specific
variance) for each environment. Finally, these assumptions lead to a
variance matrix for u, given by
var(uy) = (AN + y) ®I,
so that the between environment genetic variance matrix is
G, =AN + v
We fit FA models using the ASReml-R software (Butler et al. 2009) within

R (R Core Development Team, 2013). The variance parameters are
estimated using residual maximum likelihood (REML). For the FA model,



the variance parameters are the estimated loadings and specific variances.
This gives the estimated between environment genetic variance matrix
G.=AAN+ ¥

which can be converted to the estimated between environment genetic
correlation matrix C,. This is a key output of the FA analysis and gives
information on crossover GxE. A heat map representation of C, provides a
visual representation to aid interpretation of the GxE. When k > 1, the
matrix of environmental loadings (A) is non-unique and the loadings are
rotated to a principal components solution. Under this rotation the first
factor accounts for the maximum amount of GxE in the data, the second
factor represents the second largest amount of GxE, and so on. The latent
regression plots present the contribution of each factor graphically and
offer an effective means of investigating the response of each variety to
changes in environment, that is, varietal stability across environments. The
estimated variance parameters are used to form empirical best linear
unbiased estimates of the fixed effects and empirical best linear unbiased
predictors of the random effects. For the FA model, the random terms are
the factor scores and genetic regression residuals. In practice, we
commence with fitting an FA1 model for GXE and progress from there to
higher order models. The residual maximum likelihood ratio test
(REMLRT) can be used to compare a sequence of FA models. In practice
we decide on k using the REMLRT in combination with a less formal
assessment of the percentage of variance explained by the FAk, and we
stop fitting higher order k when the percentage of genetic variance
accounted for by the FA model has reached an acceptable level (typically >
85%).

RESULTS

The GF MET dataset for P. thornei was more complicated than a standard
MET data set given the two stage structure of the two 2012 glasshouse trials
for SA and the six SA and VIC split-plot field trials which were each consid-
ered to represent two (sub)environments characterized as having low and
high initial nematode densities, respectively. We therefore constructed a new
environment factor, Enviro, coded for the SA and VIC field trials as the trial

13
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name appended with either Low or High for plots with low and high nem-
atode densities respectively, and as the trial name for the remaining trials.
We also constructed a Type factor with levels corresponding to the four crop
types B, D, T and W. Using these factors, we fitted a linear mixed model that
included a fixed environment by type interaction term, random model terms
for the blocking structure at each site, an initial DNA density covariate for
the 12 SA and VIC field environments and additional site-specific fixed and/
or random model terms as required. A separate spatial covariance structure
was fitted for the residual errors at each site for all but the two SA glasshouse
trials in 2012. For these two trials, we fitted a spatial covariance structure
to the glasshouse row by range interaction effects and we specified a sepa-
rate residual (DNA plate well) error variance. We commenced with a diago-
nal variance structure for the GxE interaction effects which is equivalent to
separate analyses for each environment. An FA1 analysis was a significant
improvement over the diagonal model and we progressed from there to an
FA4 analysis which accounted for 97% of the GxE variance. Figure 1 is a
heat map representation of the estimated genetic correlation matrix ordered
on the basis of a dendrogram constructed using agglomerative hierarchical
clustering. In the heat map, environments that are more highly correlated are
situated closer together while environments with lower genetic correlation
are further apart. The colours indicate the level of correlation, from dark blue
for low genetic correlation to orange/red for high positive correlation. There
are two distinct groups of environments as indicated by the two predomi-
nantly orange/red blocks in the lower left and upper right partitions of the
map and yellow/green oft-diagonal blocks. With the exception of the QLD
glasshouse trial in 2012 (CQLD2012), this represents a separation of the field
trials (lower left partition) from the glasshouse trials (upper right partition).
Latent regression plots provide further evidence of the distinction between
the trial types (glasshouse and field). They reflect both types of GxE, that is,
changes in the scale of the genetic effects across environments and cross-
over GxE. They also offer an effective means of investigating varietal stability

across environments. Further details will be presented in the talk.
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Figure 1. Heat map of the estimated between environment genetic correlation matrix for the combined glasshouse
and field MET resistance data for P. thornei. Colours range from dark blue for high negative genetic correlation to red
for high positive genetic correlation.

DISCUSSION

An FA4 analysis of the GF MET data set for resistance to P. thornei has revealed
consistent ranking of varieties within both the glasshouse and the field, but
significant crossover GXE between these two trial types. Strong estimated ge-
netic correlation between the SA and QLD glasshouse trials is in keeping with
the results of Sheedy et al. (2014) who report consistent ranking of cultivars
using diverse resistance screening procedures in a glasshouse setting. Likewise,
strong correlation between the SA and VIC field trials is in keeping with an
earlier MET analysis of these sites as a part of a wider tolerance related project.
Generally low levels of genetic correlation between glasshouse and field trial
types may have implications for ongoing use of glasshouse data to form resis-
tance ratings. This will be the focus of further research.
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SUMMARY

The distribution of cereal cyst nematodes (CCN; Heterodera avenae, H. filipje-
vi) has been confirmed to occur in six new provinces and an Autonomous Re-
gion (including Jiangsu, Shanxi, Tianjing, Ningxia, Xizang (Tibet) and Xijiang
Uygur Autonomous Region) based on the morphology and molecular char-
acterization and species-specific primer diagnosis. CCNs have therefore been
confirmed to be distributed in 16 provinces in China. Heterodera filipjevi was
first reported from Henan province in 2010. The population densities found
were much higher than those in published reports where CCN was recognized
as being economically damaging on wheat. Preliminary yield losses were de-
termined with inoculation and field trials, in Henan, Hebei, Beijing suburb,
and Qinghai. The results showed that yield losses reached up to 18-35% in
Henan, 15-20% in Hebei, 11-18% in Beijing Suburb, and 10-28% in Qinghai.
The results confirmed that only one generation of H. avenae and H. filipjevi oc-
cur per year in Beijing, Hebei, Jiangsu and Shandong, and this is in agreement
with other published reports around the world. Four diagnostic methods based

*  Peng DL, Peng H, Huang WK (2015) Occurrence, distribution and integrated management of the cereal cyst
nematodes (Heterodera avenae & H. filipjevi) in China. In ‘Nematodes of Small Grain Cereals: current status and
research’ (AA Dababat, H Muminjanov and RW Smiley) pp. 17-24. (FAO: Ankara, Turkey).
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on SCAR-PCR and LAMP were developed to detect H. avenae and H. filipjevi
from infested fields. One new pathotype of H. avenae, named Ha91, was found
from Beijing and Qinghai. A cDNA library from the second stage juveniles of
H. avenae was constructed for exploring more candidate parasitism genes. We
generated 5800 ESTs and obtained 2568 unigenes. Three B-1,4-endoglucanase
genes (Ha-eng-1a, Ha-eng-2 and Ha-eng-3) expressed in the pharyngeal glands
of H. avenae were cloned and functions were tested with RNAI.

OCCURRENCE AND DISTRIBUTION OF
H. AVENAE AND H. FILIPJEVI

Cereal cyst nematode (Heterodera avenae) is the most important plant-parasitic
nematode on cereal crops in wheat producing areas of China. H. avenae was first
reported in Hubei Province, China in 1989 (Chen et al. 1992). It was subsequent-
ly reported in Henan, Hebei, Beijing, Inner Mongolia, Qinghai, Anhui, Shan-
dong, Shaanxi and Gansu (Peng et al. 2009. A survey of cereal cyst nematodes
(CCN) were conducted in China from 2009 to 2013. Based on the morphology
and molecular characterization and species-specific primer diagnosis, the CCNs
H. avenae and H. filipjevi have been confirmed to exist in six new provinces and
Autonomous Region, including Jiangsu, Shanxi, Tianjing, Ningxia, Xizang (Ti-
bet), and XijiangUygur Autonomous Region (Li 2009, Peng et al. 2009, Hunag et
al. 2010, Peng et al. 2012, Li et al. 2012, Zhao et al. 2013). The survey confirmed
that the CCN’s are distributed in 16 provinces in China, and are found at high
level of prevalence. H. filipjevi was first reported from Henan province (Peng et
al. 2010) and now it is distribution has expanded into three provinces, including
Henan, Qinghai and Ningxia. Therefore, there are two species, H. avenae and H.
filipjevi, occurring in the wheat production areas of China, with H. avenae being
the dominant species. The population densities found were much higher than
those in published reports in which CCN is recognized as economically dam-
aging to wheat. The wheat growing area of these 16 provinces and Autonomous
Region represents about 90% of the total for China, around 40 million ha, with
average yields ranging from 3 to 6 t/ha depending on the agro-ecological region.

MOLECULAR DIAGNOSIS

Four diagnostic methods based on species-specific sequence characterized
amplified regions (SCAR-PCR) and loop-mediated isothermal amplification
(LAMP) were developed to detect and identify H. avenae and H. filipjevi from
infested wheat roots and field soil.



The SCAR marker system had been established to detect cysts and the J2 of H.
avenae. The species-specific primers were designed according to the randomly
amplified polymorphic DNA (RAPD) markers amplified with random primer.
The SCAR marker system has the ability to detect several stages of H. avenae,
and the 1010 bp DNA fragment could be clearly identified when the dilution
was 1/2000 of a cyst or 1/80 of a J2 for all replicates. The establishment of the
SCAR marker system for rapid molecular detection of H. avenae is fast for
detecting H. avenae from mixed nematode samples, and is accurate and highly
sensitive (Qi et al. 2012).

The species-specific primers were designed according to the randomly am-
plified polymorphic DNA (RAPD) markers amplified with random primer
OPK16. A 646 bp specific fragment of sequence was generated, which charac-
terized amplified regions in H. filipjevi. The detection limit of the PCR assay
was as low as 0.125 pl second-stage juvenile (]2) lysate, 3.9x10-3ul adult female
lysate and 10-3 pl cyst lysate. The method was able to detect the various stages
(J2, ]3, J4 and female) of H. filipjevi, and a single nematode in 0.5 g of soil. H.
filipjevi was detected by the method in two of six field samples and one of those
samples contained a mixed population of H. filipjevi and H. avenae. This study
is the first to provide a definitive diagnostic assay for H. filipjevi in wheat roots
and soil (Peng et al. 2013).

A novel, simple, rapid and highly sensitive assay and diagnostic tool for H.
avenae was developed using LAMP. This method had been established to di-
agnose and detect this species. The LAMP assay targeted on the RAPD frag-
ments of H. avenae. Three LAMP primers were designed and specificity of the
LAMP assay was confirmed using 10 different plant nematode species includ-
ing H. filipjevi, H. goettingiana, H. elachista, H. glycine, H. latipons, Meloi-
dogyne javanica, and Meloidogyne arenaria. The detection limitation of the
LAMP assay was as low as 10 and 10 of single juvenile and cyst DNA, and
the detection sensitivity of the LAMP method for H. avenae DNA is 100 times
higher than normal PCR-based detection methods. The LAMP amplifications
could be observed directly by eye by adding SYBR Green I and the lateral flow
dipstick (LFD). LAMP assay could be used for nematode detection from field-
grown wheat roots infected by H. avenae. This is a practical and useful diag-
nostic tool for early diagnosis of diseased wheat infested by H. aveane. The
LAMP assay developed in this study is highly effective, easy to perform and
readily adaptable for diagnosis and monitoring of H. avenae in an early stage
of seedling development in the field (Peng, unpublished data).
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BIOLOGY AND YIELD LOSSES

Preliminary yield losses were determined with inoculations and in the field, in
Henan, Hebei, Beijing suburb, Qinghai. Yield losses reached up to 18-35% in
Henan, 15-20% in Hebei, 11-18% in Beijing Suburb, and 10-28% in Qinghai.
The population dynamics and life cycle of H. avenae were investigated in Bei-
jing, Hebei, Jiangsu and Shandong from 2010 December to 2012 December.
The results showed that there is one generation of H. avenae per year in the
areas mentioned above.

The pathotypes of 20 populations of H. avenae from Beijing, Hebei, Jiangsu and
Shandong were tested and identified by using the International Test Assortment
(provided by CIMMYT). Two new pathotypes were identified and reported, and
were named Ha43 and Ha91. Yuan et al. (2009) reported a new pathotype Ha43
from Zhengzhou. The pathotypes of two populations of H. avenae, one each
from Xushui and Xingyuang, villages near Zhengzhou, Henan were tested us-
ing 23 standard international differentials. The pathotype of Xushui populations
were found to be a previously undescribed pathotype which was named as Ha43.
This pathotype differs from the most similar pathotype Hal3 by being avirulent
in oat cv. Sivan and wheat cv. Loros and Iskamish K-2-light.

The pathotypes of Daxing and Huangyuan populations were characterized by
tests on 23 entries of the standard “International Test Assortment”. Tested ma-
terials were grouped by virulence of three nematode populations on resistant
genes (Rhal, Rha2, Rha3, Crel) and on nonresistant genes, varieties and lines.
Both Daxing and Huangyuan populations were avirulent to Ortolan (Hal). Bar-
ley cvs. Ortolan, Siri, Morocco, Bajo Aragon 1-1, and Martin 403-2 were all re-
sistant to both populations. Cultivars Herta, Harlan 43 and wheat Iskamish-K-
2-light were all susceptible to the Huangyuan population. All of them, however,
were resistant to the Daxing population. The other five oats were all resistant to
the two tested CCN populations. Except for Iskamisch K-2-light, all the other
wheat cultivars (Capa, LorosxKoga, AUS 10894 and Psathias) were susceptible
to the Daxing population. Because the pathotypes of the two CCN populations
in Beijing and Qinghai were not identical as any of the 13 pathotypes previously
reported and named, we identified the new pathotype as Ha91 (Cui et al. 2015).

More than 200 cultivars were tested and evaluated for resistance to H. av-
enae and H. filipjevi in the greenhouse or in the field, respectively. The results
showed that no immune cultivars were found to the any of the two species.



Five cultivars including VP1620, BATAVIA, SUNR23, AUS4930 6.5/GS50a
and Taikong 6 were highly resistant to the CCN Beijing populations (Peng,
unpublished data).

MOLECULAR CHARACTERIZATION, PUTATIVE
EFFECTORS AND TRANSCRIPTOMES

A cDNA libarary from the J2-stage of H. avenae was constructed for exploring
more candidate parasitism genes. We generated 5,800 ESTs and obtained 2,568
unigenes. The transcriptomes of different developmental stages of H. avenae
isolated from Taian were sequenced by HiSeq 2,000 and were analyzed. Over
49, 46 and 47 million high-quality reads were obtained from pre-parasitic J2s,
J4s, and adult females, respectively. These resulted in 66962 transcripts with
average transcript length of 1,546 bp, 43,953 transcripts with average tran-
script length of 1,029 bp, and 62,697 transcripts of average transcript length of
1,068 bp with Trinity assemblers, respectively. There were 45.42%, 46.64% and
43.10% of transcripts of ]2, J4, and adult females successfully annotated in Nt,
KEGG, Swiss-Prot and Nr databases, respectively (Peng, unpublished).

Six parasitism genes of H. avenae, including three -1,4-endoglucanase genes
(Ha-eng-1a, Ha-eng-2 and Ha-eng-3), one expansin gene (Ha-exp-1), one cel-
lulose binding protein new gene (Ha-cbp-1), and a new acid phosphatase gene
(Ha-acpl).

The cDNA of Ha-eng-1a encoded a deduced 463-amino acid sequence contain-
ing a catalytic domain and a cellulose binding module separated by a linker.
The genomic DNA of Ha-eng-1a is 2,129-bp long, containing eight introns
ranging from 56 bp to157 bp and nine exons ranging from 70 bp to 299 bp.
Southern blot analysis revealed that two copies of the Ha-eng-1a gene are pres-
ent in H. avenae. In-situ hybridization showed that the Ha-eng-1a transcripts
specifically accumulated in the two subventral gland cells of the second-stage
juveniles (Long et al. 2012). Two new [-1,4-endoglucanase genes (Ha-eng-2
and Ha-eng-3) of H. avenae were cloned. Both of the predicted proteins have
a putative signal peptide for secretion and a catalytic domain. Neither pep-
tide linkers nor cellulose binding domains were present. In-situ hybridization
showed that the transcripts of Ha-eng-2 and Ha-eng-3 accumulated specifical-
ly in the two subventral gland cells of H. avenae. RT-PCR analysis confirmed
that their transcriptions were strong in the pre-parasitic and early parasitic
second-stage juveniles, and were undetectable at the late parasitic stages of
the nematode. Cellulase activities of the recombinant proteins HA-ENG-2 and
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HA-ENG-3 were confirmed in vitro. Knocking down Ha-eng-2 using RNA in-
terference reduced nematode infectivity by 40%. The results indicate that these
B-1,4-endoglucanases can be secreted into plant tissues and play an important
role in the wall degradation of plant cells during penetration and the migration
of J2s in host roots (Long et al. 2013).

A new expansin gene (Ha-expbl) of H. avenae was cloned. Southern blot anal-
ysis suggested that Ha-expbl is a member of a multigene family. The deduced
protein Ha-EXPB1 consists of a signal peptide, a CBM II and an expansin do-
main, and was significantly similar to expansins and expansin-like proteins
from Globodera rostochiensis and Bursaphelenchus spp. In-situ hybridisation
showed that the Ha-expb1 transcript specifically accumulated in the two sub-
ventral gland cells of the J2s. Developmental expression confirmed that its
transcript abundances were high in the motile juvenile stages and low in the
sedentary stage of the nematode (Long et al. 2012).

The cDNA sequence of Ha-cbp-1 (GenBank accession GQ178086) was cloned
by RACE kit based on the homologous cloning method. The results showed
that the cDNA sequences of Ha-cbp-1 contained an open reading frame,
which encoded 131 amino acids with a predicted signal peptide sequence for
secretion and a cellulose-binding domain. The DNA sequence of Ha-cbp-1
contained two introns with the length of 932 bp. The predicted HA-CBP-1
amino acid sequence had 60% identity and 75-76% similarity with HS-CBP-1
and HG-CBP-1 (Gu et al. 2011).

A new acid phosphatase gene (Ha-acp1) of H. avenae was cloned and the char-
acteristics of the gene were analyzed. Results showed that the gene had a pu-
tative signal peptide for secretion and in-situ hybridization showed that the
transcripts of Ha-acpl accumulated specifically in the subventral gland cells.
Southern blot analysis suggested that Ha-acp1 belonged to a multigene family.
RT-PCR analysis indicated that this transcription was strong in the pre-para-
sitic juveniles. Knocking down Ha-acpl using RNA interference technology
could reduce nematode infectivity by 50%, and suppress the development of
cysts (Liu et al. 2014).

INTEGRATED MANAGEMENT
CEREAL CYST NEMATODES

The CCNs Heterodera avenae and H. filipjevi are the most economically im-
portant plant-parasitic nematodes on cereal crops in the wheat production



area of China. These CCNs have been confirmed to be distributed in 16 prov-
inces in China. Yield losses estimated were 18-35% in Henan, 11-18% in He-
bei, and 15-28.24% in Qinghai. The population dynamics and life cycle of H.
avenae was one generation.

Dababat et al. (2015) reviewed the management strategies to control cereal
cyst nematodes in wheat in Turkey including cultural practices, chemical, bi-
ological and resistant germplasm. In our study of control practices for CCN
on wheat in China, six kinds of seed-coatings treatments were used; Gannong
seed coating I, Gannong seed coating II, Gannong seed coating III, abamectin
seed coating AV1, abamectin seed coating AV2, and 5.76% emamectin ben-
zoate. Wheat seeds were coated with eight different treatments before sowing
and the changes in number of cysts in soil and wheat yield were compared
after harvesting. The results showed that the numbers of cysts in soil collected
from different treatments were clearly reduced after seed-coating. The highest
reductions in cysts were 56%, 53% and 47% obtained with the Gannong seed
coating III (1:35), Gannong seed coating I (1:50), and Gannong seed coating II
(1:35), respectively. The yields were increased when compared to the control.
The wheat yields were increased with Gannon seed coating III (1:35), Gannon
seed coating I (1:50), Gannon seed coating II (1:35), and Gannon seed coat-
ing I (1:35), by 37.6%, 19.4%, 17.9% and 17.7%, respectively. The self-patented
Gannong seed coating III not only has the better efficacy on controlling CCN,
but also has characteristics of environmental safety, lower toxicity, labor and
cost saving, which is suitable for wide application in practical disease control.
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SUMMARY

In Jordan, 50% of the utilized agricultural area is grown with cereals. Barley
and wheat have occupied 70 and 20% of the total cereals sowing area in Jordan,
respectively. Cereal cyst nematodes (CCN) and root lesion nematodes (RLN)
are the most common nematodes attacking cereals and causing serious damage
worldwide. Therefore we aimed to review the current status and impacts of those
two nematodes on cereals in Jordan. The earliest report of nematodes attacking
cereals in Jordan was in 1978, by Bridge, who recorded the presence of RLN at-
tacking wheat. Since then and up to now several surveys of nematodes associated
with roots of cultivated crops were conducted and revealed the presence of RLN
on wheat and barley roots. However these surveys were limited and primitive
since not all cereal production areas were sampled to detect RLN. An intensive
survey of CCN was conducted on barley growing regions and showed that the
Mediterranean cereal cyst nematode (MCCN), Heterodera latipons, is the only

*  Al-Banna L, Al Abded A, Fattash I, Khrfan W, Lafi H, Abu Shweimeh T, Mazrawi D, Abu Al Ragheb I (2015)
Current status of cyst and root lesion nematodes attacking cereals in Jordan. In ‘Nematodes of Small Grain
Cereals: current status and research. (AA Dababat, H Muminjanov and RW Smiley) pp. 25-34. (FAO: An-
kara, Turkey).
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CCN species in Jordan so far. The MCCN was detected in 66% of the barley fields
sampled in Northern and Southern Mediterranean regions and Eastern Desert,
with moderate to severe infestation levels. The MCCN was also detected on sites
of wheat growing areas. Etiological and epidemiological studies were performed
including life cycle, cloning parasitism genes, virulence of geographical isolates,
and effect of environment on the biology and pathology of this MCCN. Cereals
genotypes were screened against MCCN with collaboration with experts in in-
ternational organizations (ICARDA and CIMMYT). The current status of RLN
on cereals in Jordan is primitive and much work is needed on the distribution,
epidemiology and on the management issues. In contrast, the current status of
MCCN in Jordan showed good initiatives and future research must be continued
in the laboratory and in field experiments.

INTRODUCTION

For the last twenty years, a total area of 130 thousand hectares is sown annually
with field crops which comprise 50% of the utilized agricultural area in Jordan
(Annual Agriculture Statistics, 1994-2013). Barley and wheat have occupied 70
and 20% of the total field crops cultivated areas in Jordan, respectively (Annual
Agriculture Statistics, 1994-2013). The production of those two cereal crops is
considered relatively low, which can be related to environmental stress includ-
ing pests. Plant-parasitic nematodes alone cause 10% annual cereal crop losses
(Nicol 2002, Whitehead 1998). Cereal cyst nematodes (CCN) and root lesion
nematodes (RLN) are recorded to be the most common nematodes attacking
cereals and causing serious damage (Franklin 1969, Nicol et al. 2003, Philis
1995, Safari et al. 2005). In this context, we aimed to overview the history, cur-
rent status and impacts of CCN and RLN on cereals in Jordan. Certainly, this
overview will help us to identify the gaps to be filled by future research.

HISTORY

Cereals were already grown in the Fertile Crescent, which includes part of
Jordan, as long as 9,000 years ago. Plant-parasitic nematodes associated with
cereals may have coevolved with cereals in this region or they might have
been introduced. The first record of nematodes associated with cereals was
reported in 1970’. Hashim (1979) reported the presence of the RLN Praty-
lenchus thornei on roots of wheat grown in Northern phytogeographical re-
gion at one site in the Irbid and Jordan valley area. Bridge (1978) recorded
undescribed species of Pratylenchus associated with wheat roots in the east-



ern rainfed area. Several general surveys were conducted since 1994 till now
to investigate the presence of plant parasitic nematodes attacking cultivated
crops in Jordan (Yousef and Jacob 1994, AL-Abed et al. 2004, Karajeh and
Al-Ameiri 2010, AL Banna et al. unpublished data). Only AL-Abed et al.
(2004) conducted a survey on CCN in barley production areas. Tables 1-4
show the distribution of CCN and RLN in Jordan so far.

STATUS AND IMPACT

Root Lesion Nematodes: The general surveys of plant parasitic nematodes
revealed the presence of the RLN ‘P. neglectus’ on cultivated barley roots at
the AL Karak area in the Southern Mediterranean phytogeographical region.
Individuals of Pratylenchus sp. were found in the roots of wild barley in the
eastern desert at Safawi site (Table 1). Wheat surveys revealed the presence of
RLN (Pratylenchus sp. and P. thornei) on sites of the Northern Mediterranean
phytogeographical region and the Northern Jordan Valley region (Table 2).
However, it was noticed that RLN were found in high numbers in certain fields
while in other fields, they were present in few numbers. Results showed that
surveys were preliminary and did not cover all cereal production areas or even
the wild species of cereals such as oats, barley and goat grass. Not only that but
also, to our knowledge, no other epidemiological or management studies have
been performed on RLN attacking cereals in Jordan.

Cereal Cyst Nematodes: Surveys of CCN on barley and wheat were more spe-
cific (Tables 3 and 4). The cyst nematode species was identified as the Mediter-
ranean cereal cyst nematode (MCCN) and belongs to the species H. latipons.
The identification to the species level was based on morphological characters
and was confirmed later using the D2-D3 and ITS of rRDNA sequences (AL-
Abed et al. 2004, Khrfan 2012). AL-Abed et al. (2004) showed that H. latipons
was detected in 66% of the barley fields sampled in the Northern Mediterra-
nean and Southern Mediterranean regions and in the Eastern Desert, but it
was not found in the Northern Jordan Valley or in the Southern Desert area
(Table 3). The incidence of MCCN in the two Mediterranean areas ranged
from 50% in Jarash and At-Tafilah, to 100% in Ar-Ramtha, with moderately
severe to severe infested fields. In the Eastern Desert the MCCN was found in
only 30% of fields sampled, but infestation was severe.

On the other hand, surveys of wheat were less intensive and all regions were
sampled. Those general or preliminary surveys showed that the MCCN was
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Table 1. Distribution of root lesion nematodes (Pratylenchus sp.) in barley producing regions in Jordan

Phytogeographical region Collection sites Pre-sent! RLN species References
Ar-Ramtha NS
Irbid NS
Northern Mediterranean | Madaba and Amman ) AL Banna, and others
unpublished
Jarash ) AL Banna, and others
unpublished
+ P. neglectus, Pra- | Karajeh and Al-Ameiri
AL Karak + tylenchus spp. (2010)
Southern Mediterranean At-Tafilah NS
Ash-Shawbak NS
Dier Allah NS
Northern Jordan Valley
North Shuna NS
Mafraq NS
Eastern Desert ) AL Banna and Abu Shwe-
Safawi + Pratylenchus spp. imeh, unpublished
Southern Desert AL Mudawwarah NS

'Present or absent: + = present, - = absent, NS = not sampled

Table 2. Distribution of root lesion nematodes (Pratylenchus sp.) in wheat producing regions in Jordan

Phytogeographical region Collection sites Pre-sent’ RLN species References
Ar-Ramtha . Pratylenchus AL Banna and Khr.fan,
spp. personal observation
Irbid + P. thornei Hashim (1979)
Irbid + Pratylenchus AL Banna and Fattash,
Northern Mediterranean spp. unpublished
Madaba and Amman + Prat);l;}r)lchus Bridge J (1978)
Jarash ) AL Banna and Fattash,
unpublished
AL Karak NS1
Southern Mediterranean At-Tafilah NS
Ash-Shawbak NS
Karameh NS
Dier Allah i AL Banna, a.nd others
unpublished
Northern Jordan Valley
North Shuna + P. thornei Hashim (1979)
Baqura ) AL Banna and Fattash,
q unpublished
Eastern Desert Mafraq NS

'Present or absent: + = present, - = absent, NS = not sampled




detected on different sites of the Northern Mediterranean phytogeographical
region and the Northern Jordan Valley region with variation in infestation lev-
els (Table 4).

Our observation also showed that the MCCN completed only one cycle during
the growing season in all areas in Jordan, as reported by other workers in Cy-
prus and other countries (Mor et al. 1992, Philis 1999).

Virulence studies of three Jordanian geographical isolates of the MCCN
showed that these isolates varied on their virulence on the two cultivars of
barley (Abed et al. 2004). Moreover, morphometric studies were conducted
to differentiate those isolates (AL Abed et al. 2004, Lafi et al. 2015). In vitro
epidemiological studies of MCCN were performed. Such studies included the
effect of temperature and moisture on hatching and penetration of the second
stage juveniles, on the development of the MCCN inside roots of barley and
wheat, and on the production of cysts (AL Abed et al. 2004, Khrfan 2012).
Other epidemiological studies included the study of soil texture and structure
on the production of cysts of the MCCN (AL Abed et al. 2004).

The parasitism of MCCN at the molecular level was investigated. Lafi and
his colleagues (2009) were able to clone candidate parasitism genes from lo-
cal populations of H. latipons. These targeted genes encode secretory protein
products. The 18 clones were analyzed and they showed similarities to putative
proteins such as digestive gland protein, glutamyl transpeptidedase and pu-
tative ubiquitin. The cloned ubiquitin sequence from the Jordanian isolate of
MCCN has a high similarity to ubiquitin from the sugar beet cyst nematode,
H. schachtii, and the soybean cyst nematode, H. glycines.

Management of MCCN was studied by Wafa Khrfan (MSc. Student) with the
collaboration of Dr. Francis Ogbonnaya, the previous head of the Biotechnol-
ogy Research Section at the International Center of Agricultural Research in
the Dry areas (ICARDA) who served as her co-advisor. She evaluated 56 wheat
genotypes comprised of landraces of hard (durum), common bread wheat cul-
tivars, synthetic hexaploid wheat and wheat-related species for their resistance
against the Jordanian isolate of MCCN. The study showed that the tested wheat
genotypes varied in their reactions to the MCCN. Results also revealed that
genotypes carrying the Cre3 resistance gene expressed a high level of resistance
to MCCN while the genotypes carrying the Crel resistance gene varied in their
levels of resistance to MCCN. On the other hand, other commercial cultivars
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Table 3. Distribution of the MCCN (Heterodera latipons) in barley producing regions in Jordan

Phytogeographical region Collection sites Present' References
Abu Gharbieh and AL Banna, personal observa-
Ar-Ramtha + tion; AL-Abed et al. (2004); AL Banna and Abu
Shweimeh, unpublished
Northern -
Mediterranean Irbid + AL-Abed et al. (2004)
Madaba and Amman + AL-Abed et al. (2004)
Jarash + AL-Abed et al. (2004)
AL Karak + AL-Abed et al. (2004)
Southern AL-Abed et al. (2004); AL Banna and Mazrawi,
Mediterranean At-Tafilah * unpublished
Ash-Shawbak + AL-Abed et al. (2004)
Karameh - AL-Abed et al. (2004
Northern .
Jordan Valley Dier Allah - AL-Abed et al. (2004
North Shuna NS!
Eastern Mafraq + AL-Abed et al. (2004)
Desert Safawi + AL Banna and Abu Shweimeh, unpublished
Southern Desert AL Mudawwarah + AL-Abed et al. (2004)

'Present or absent: + = present, - = absent, NS = not sampled

Table 4. Distribution of the MCCN (Heterodera latipons) in wheat producing regions in Jordan

Phytogeographical region | Collection sites Pre-sent’ References
Ar-Ramtha N AL Banna and Mazrawi, unpublished
AL Banna and Abu Al Rhageb, unpublished
Irbid
Northern
Mediterranean Madaba and N AL Banna and Mazrawi, unpublished
Amman AL Banna and others, unpublished
Jarash . AL Banna and Mazrawi, unpublished
AL Banna and Abu Rhageb, Unpublished
AL Banna and Mazrawi, unpublished
AL Karak ) AL Banna and Abu Al Rhageb, unpublished
Southern
Mediterranean At-Tafilah NS1
Ash-Shawbakbak NS
Karameh NS
Northern ]
Jordan Valley Dier Allah NS
North Souna + Yousef and Jacob (1994)
Eastern Desert Mafraq NS

'Present or absent: + = present, - = absent, NS = not sampled




and improved genotypes were resistant to RJHL and do not have Cre3 or Crel.
They may posses other uncharacterized Cre genes against MCCN and thus
they represent potentially new sources of resistance genes that could be used
for wheat improvement against H. latipons.

Screening more wheat genotypes as well as barley and oat cultivars against
MCCN was continued with the collaboration with Dr Abdelfattah Dababat,
the leader of the Soil Borne Pathogens Program at the International Maize and
Wheat Improvement Centre (CIMMYT ), and the Jordanian team from the
University of Jordan and the Ministry of Agriculture. Results of the screening
showed that resistance was noticed in some cultivars that are also resistant to
other CCN species (Jaabari et al. Unpublished).

The search for bioagents against MCCN is still in its prelimary stages. Only
one fungus was isolated from MCCN cysts and was fully characterized. This
fungus was a good candidate for biological control of MCCN but further bio-
assays are needed.

No field studies were conducted to assess yield loss or even the management
demonstration to farmers.

PROSPECTS AND RECOMENDATION

The current status of RLN and MCCN enabled us to identify gaps for future
research. These gaps and future research to overcome such gaps are summa-
rized as follows:

RLN: There is a lack of knowledge of the distribution and pathology of RLN
species attacking cereals in Jordan. Thus, initially intensive surveys of RLN
species on cultivated and wild cereals in Jordan should be conducted. Con-
sequently the pathology of RLN and other epidemiological studies should be
investigated to understand the impact of such nematodes on cereals in Jordan.
Once these epidemiological studies are investigated, management strategies
can be set and control means can be employed. Such means include the screen-
ing of international and local cereal genotypes against RLN.

MCCN: There is a lack of complete information about the MCCN and maybe
also other CCN species attacking wheat. Thus, a more intensified survey is
needed to include all wheat growing areas. More studies are needed to un-
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derstand the parasitism of MCCN to employ management to this nematode.
Yield loss and control means at the field level are not yet assessed and they
should be performed urgently. The staft at the Ministry of Agriculture and the
researchers at the universities should conduct field studies and demonstrations
to help farmers suppress the effect of this nematode. There should be contin-
ued screening tests of more international genotypes.

In Jordan, wheat and barley production is small compared to other countries
due to severe abiotic stresses presented by drought, heat, and low precipitation
per year. However, the understanding of the occurrence, distribution, and the
population dynamics of the cereal nematodes attacking those two economical-
ly important crops are considered the main biotic stresses in Jordan and their
control could increase the two crop’s productivity. Moreover, and given that in
Jordan a standard environment for abiotic stresses affecting wheat and barley,
results from that area could be of high value to other research groups in the
region and around the world.

All of this future research is needed to integrate efforts of all local researchers
at the Ministry of Agriculture, University of Jordan, the private sectors, and
with the collaboration with experts of international organizations.
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International Winter Wheat Improvement Program (www.iwwip.org) is a
partnership between Ministry of Food, Agriculture and Livestock of Turkey,
CIMMYT and ICARDA to develop new winter wheat varieties for the region
of Western and Central Asia. The main breeding priorities are broad adapta-
tion, rust resistance and grain quality. Soil borne pathogens are also a high
priority. Annually 800-1000 crosses are made which are subjected to con-
ventional multi-locational breeding framework in Turkey. Around 500 new
varieties and breeding lines are submitted to IWWIP by its collaborators for
evaluation in Turkey and distribution through the international nurseries. The
best advanced lines as well as the best introduced lines are annually distributed
through FAWWON (Facultative and Winter Wheat Observation Nursery) to
more than 100 cooperators in around 50 countries. Till now, around 60 vari-
eties were released in the region occupying more than two million hectares.
Cereal cyst nematodes (CCN) represent a high priority for IWWIP breeding

*  Morgounov A, Akin B, Dababat AA, Erginbas-Orakgi G, Keser M, Ozdemir F (2015) International Winter Wheat
Improvement Program: Breeding modern germplasm, landraces and synthetics for soil borne pathogens. In
‘Nematodes of Small Grain Cereals: current status and research’ (AA Dababat, H Muminjanov and RW Smiley)
pp. 35-36. (FAO: Ankara, Turkey).
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especially for rainfed conditions. Several thousands of genotypes have been
screened and around 100 CCN-resistant entries have been identified and eval-
uated for a number of traits. Most of them are higher yielding with resistance
to stripe rust. The breeding system is based upon utilization of proven sources
of resistance with widely grown varieties and advanced high-yielding lines, de-
velopment of the segregating populations up to F, without nematode pressure,
the selection of the best plants under CCN pressure in Yozgat, and consequent
testing and retesting of resistant progenies. The best resistant germplasm is
offered to IWWIP cooperators globally.

(A full-length version of this paper was not available at the time of printing).
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SUMMARY

Wheat is one of the most important agricultural commodities in Turkey, and
the country ranks among the top ten producers in the world. It is a staple and
strategic crop, and an essential food in the Turkish diet. Wheat seed gall nema-
tode, Anguina tritici, was the first plant parasitic nematode to be observed and
described. Wheat gall nematode attacks plants and move up to the spikes via a
film of moisture to affect new grains. Damage and yield loss are dependent on
the initial nematode population. Wheat gall nematode cause significant yield
losses and affect grain quantity and quality, yet they remain under-researched.
Wheat gall nematode is one of the sporadically important pests of cereals par-
ticularly for wheat in Turkey. In Turkey, the first documented study wheat gall
nematode were from surveys conducted in the mid-sixties. The infestation rate
estimates were 0.2% in the Eastern Anatolia, 1.6 to 55.2% in the Western part,
25.4% in the Marmara, 3.6% in the South East Anatolia, and none at Aegean
and Eastern Mediterranean region. The yield loss estimates were 0.2% in the

* Tulek A, Kepenekci I, Dababat AA, Cift¢igil TH, Ozturk I, Morgounov A (2015) History and current status of the wheat
gall nematode [Anguina tritici (Steinbuch) Filipjev] on wheat in Turkey. In ‘Nematodes of Small Grain Cereals: Current
Status and Research’ (AA Dababat, H Muminjanov and RW Smiley) pp. 37-44. (FAO: Ankara, Turkey).
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Eastern Anatolia and up to 60.0% in Central Anatolia. However a study ap-
proximately ten years later, checking in the seed lots of the same region in Cen-
tral Anatolia, showed the losses of only 0.01%. In 2012, the seed gall nematode
was detected in wheat fields of the Thrace region of Turkey. Yield losses in the
four wheat varieties Kate-A, Pehlivan, Selimiye, and Glibolu were estimated as
51.3%, 53.2% 56.6%, 59.6%, respectively, with seed infection levels by A. tritici
of 21.4%, 20.9%, 24.4%, and 18.3%, respectively. In Turkey, wheat gall nem-
atode has been seen and has constituted losses in areas where seed cleaning
systems and certificated seedlings are not used.

Key words: Wheat gall nematode, Anguina tritici, wheat, Triticum aestivum L.
yield losses, distribution, prevalence

INTRODUCTION

Wheat (T. aestivum and T. durum) is the third largest cereal staple with pro-
duction of 713Mt each year. The three largest producers are China, India and
the USA. It is considered the key crop of importance for food security in the
regions of West Asia and North Africa. Wheat is a particularly important crop
in Turkey; it is considered an essential basic food and is cultivated on an area
of 7.8 million ha, producing 22 million tons with an average grain yield of 2.8 t/
ha (FAO 2014). Globally, wheat yields are affected by various biotic and abiotic
factors (McDonald and Nicol 2005, Nicol et al. 2006, Dababat et al. 2014). The
seeds are the most prevalent form of exchanged or traded agricultural com-
modity and seed-transmitted pests use this to their advantage and spread.

Anguina tritici [Steinbuch] causes ear-cockle disease of wheat, turning the
seed into seed galls. Other species of Anguina attacks other crops. Needham,
in 1743, observed soft white fibrous wool on brushing blackened wheat and,
when separated in a drop of water, observed larvae within the galls. It is a large
nematode, ranging from 3-5 mm in length. Anguina tritici has a three-part
esophagus and the esophageal glands do not overlap with the intestine. The
female body tends to be thickened and curved ventrally. It has a short stylet (8-
11 pm). Females have one ovary and the vulva located posterior. Males possess
small spicules and small bursae or alae (Tiwari and Khare 2000).

Common hosts are wheat (Triticum aestivum), emmer (Triticum monococ-
cum), rye (Secale cereale), spelt (T. spelta), and Lolium temulentum. Barley
(Hordeum vulgare) is a very poor host. There is no evidence that this nematode
reproduces on oats (Avena sativa) and other grasses.



The symptoms are characterized by enlargement and swelling of the basal part
of the stem, near the soil base, visible in 20-25 days old infested seedings. The
leaves emerging from such seeding are twisted and crinkled. Frequently, some leaf
sheaths are observed to be folded or twisted with their tips held near the growing
point. Such leaves, however, recover almost too normal, 30 to 45 days after they
have emerged from the growing point. In severe infections, all seeds in an ear may
turn into green and soft galls in the beginning but become hard and brown to black
in colour on crop maturity. The infected culms either die in the young stage of
growth or may grow until the heading stage. In the latter case, either the emerging
spike is narrow or short with grains partially or completely replaced by the bacteri-
al mass or it may fail to emerge from the boot leaf. The glumes are spread out in the
diseased ears. The stalk is always distorted when such infected ears show the bac-
terial infection. One of the common observations for the nematode infested wheat
plants is that they are dwarfed, have more tillers and in the initial stages, the growth
rate is comparatively more than in the healthy plants (Tiwari and Khare 2000).

Anguina tritici acts as both an ecto- and endo-parasite during growth of wheat
plants. Perpetuation of the nematode takes place in seed galls. Nematode galls
which fall in soil along with the contaminated seed at the time of sowing or
may be present already from the previous season, absorb moisture and become
soft, facilitating the release of the second stage larvae. Germinated wheat seed
starts sprouting within three days after planting and the earliest release of lar-
vae from galls is on the 4th day, which is always preceded by release of the juve-
niles in the soil. Juveniles (J2) emerge from the seed galls in the soil and move
onto the newly germinated seedlings. These galls may fall into the soil at har-
vest and may serve as the source of new infections in the following season, if
wheat is produced in the same field. However, a majority of the galls remain as
contaminants of the harvested seed and serve as the source of new infestation
with the use of the contaminated seed for sowing (Tiwari and Khare 2000).
The J2 stage penetrates flower primordia and develops through the third and
fourth stages to adulthood. The final molt to adulthood occurs only after the
seed gall has formed. Galls can develop from undifferentiated flower buds, sta-
men tissues, and various other tissues. Galls contain up to 80 adultsin a 1:1 sex
ratio. Reproduction is amphimictic; mating occurs and females produce up to
2000 eggs per individual over several weeks. Thousands of J2s are present in
seed galls. Galls fall to the ground, absorb water, and release juveniles in spring
time, or galls may be harvested and stored with seed. Juveniles within drying
galls can enter a cryptobiotic state; viable juveniles have been recovered for up
to periods as long as 38 years. Galls appear darker, shorter, and thicker than
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seed kernels. When galls become wet and absorb water, juveniles are activat-
ed. For nematodes forming seed galls, one generation is produced per year;
more than one generation per year can be produced for nematodes that form
leaf galls and more stages may be found in the gall. Ectoparasitic feeding of A.
tritici may cause leaf rolling, curling, and spiraling. Plants mature more slowly,
and produce smaller seed heads.

Crop rotation for 1 to 2 years with a non-host eliminates A. tritici from the soil.
The nematode does not survive by feeding on fungi. Seed can be cleaned by
placing it in a 20% brine solution; galls float to the surface where they can be
separated. The seed is then rinsed and dried (heat treated). Mechanical separa-
tion is also effective in removing galls from seed. So far, there are no resistant
varieties of wheat to A. tritici.

Generally known as ear cockle, A. tritici has been reported in West Asia, North
Africa (Sikora 1988), and some regions of eastern Europe (Tesic 1969, Swarup
and Sosa-Moss 1990), as well as specifically in Australia, Brazil, China, Egypt,
England, Ethiopia, France, Germany, India, Iraq, Italy, Hungary, Netherlands,
New Zealand, Pakistan, Romania, Russia, Sweden, Switzerland, Syria, Tur-
key, Turkmenistan, USA, and Yugoslavia (Yiiksel et al. 1980, Magbool 1988,
Stephan 1988, Esser et al. 1991, McDonald and Nicol 2005). Generally, infec-
tion by A. tritici is more common in fields lacking modern agronomic practic-
es and/or certificated seed, and can cause significant economic losses.

Anguina tritici was the first plant parasitic nematode to be described in the
literature in 1743. Yield losses up to 70% have been reported, which ranged
from 30-70%. Threshold of 10,000 juveniles /kg soil develop disease and are
considered a damaging level. The damage is negligible in countries adopting
modern mechanical and cleaning procedures to separate the nematode galls
from wheat seeds. The use of high quality pathogen-free seeds has nearly erad-
icated this nematode from developed countries. The nematode also causes se-
vere crop losses to rye 35- 65% (Anwar et al. 2001, Leukel 1929, 1957) in 3rd
world countries, where poor agricultural practices, monoculture, and the use
of poor quality seeds are used in sowing. Byars (1919) reported 30-80% yield
loss due to cockle disease of wheat and the annual monetary loss was estimated
as 2-3 crores rupees in India (Dhawan and Pankaj 1998).

In Turkey, the first documented study wheat gall nematode were from surveys
conducted in the mid-sixties. A survey was conducted by Oztiiziin (1970) after



harvesting in the storages, in the Southeastern part of Turkey in the year of
1967. According to the survey; 1 out of 12 seed samples were found contam-
inated in Hilvan district of Urfa province, 10 out of 11 seed samples in Surug
district of Urfa Province, 4 out of 19 seed samples in central district of Urfa
Province, 1 out of 5 seed samples in Akcakale district of Urfa Province, 1 out
of 5 seed samples in Nusaybin district of Mardin Province, 1 out of 3 seed sam-
ples in Tatvan district of Bitlis Province, and 3 out of 3 seed samples in Ercis
district of Van Province.

Another survey was carried out in Black Sea region in the years of 1961-1968.
The Tokat Province and its district were found contaminated with Anguina
tritici (Bora 1970)

During 1976-1980, samples were collected from 1126 villages of 78 counties in
eastern Anatolia (Yiiksel ef al. 1980). It was reported that levels of gall-infected
wheat grains (caused by A. tritici) were highest in Erzurum and Kars plateaus
(0.58% grain infection) and lowest in the Samsun-Amasya basin (0.03% grain
infection). In the Eastern Part of Anatolia an average more than 0.20% of the
wheat yield is lost by wheat gal nematode. Besides the other factors, the dam-
age caused by wheat gall nematode fluctuates according to the sowing season
and of wheat being irrigated or not. The destructiveness of the nematode on
winter wheat is two or three times more than spring wheat and also the dam-
age on wheat grown in irrigated conditions is more than the wheat grown un-
der dry conditions.

In another study investigating the spread and severity of A. tritici infections
in the wheat fields of Bilecik and its districts during 1983-84, Agdac1 and Efe
(1986) found that 74 of 291 tested areas were infected with A. tritici, with per-
centage of infected fields being 25.4%. In storages, 294 tons of crops were in-
spected and wheat gal nematode contamination was found to be 1-15%. At the
result of the surveys 292 samples were examined from nine provinces in the
region and only eight samples were found contaminated with nematode. Six of
the eight samples belong to Bilecik and the one to Kiitahya and the other one
belongs to Kirklareli.

More recently, Elmali (2002) investigated the wheat growing areas of 27 prov-
inces and found that 22 of them (81.58%) were infected with A. tritici. Per-
centage of infected seed samples was highest in Aksaray (55.22%) and lowest
in Bursa (1.6%).
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Ozberk et al. (2011) studied on the effects of A. tritici on grain yield, quality
and marketing price of durum wheat in the region of Viransehir, Anatolia,
Turkey during the 2008-2009 growing season. Grain yield losses due to A.
tritici were reported up to 32%. Seed-gall also reduced the number of grains
spike™, grain weight spike™, test weight (kg hl"), and 1000-kernel weight (g),
but had no effect on SDS protein content (%). This effect on quality impacts the
price of wheat; when levels of A. tritici contamination rose from 5% to 20%, the
price of durum wheat fell from US $335 to US $297 per ton.

Another study in Turkey evaluated effects of A. tritici on four bread wheat
varieties widely cultivated in Turkey, and found larger than expected losses in
yields. Yield losses caused by wheat seed-gall nematode infection were found
to be significant. For example, variety Gelibolu averaged grain losses of 59.6%
and seed infection ratios of 18.3%. The 215 spikes of the Pehlivan variety se-
lected at harvest for signs of nematode damage (folds and leaf shape deforma-
tions) were threshed separately. For these spikes, grain infection ratios ranged
from 0-100%, with an average of 61.81% (Tulek et al. 2015).

FUTURE PERSPECTIVES

As a consequence, it is inevitable that breeding for resistance and perhaps tol-
erance is the major strategy for long-term and environmentally sound control
of this pathogen. Hence there is a great need for global collaborative research
programmes. Furthermore, the adoption of molecular tools to assist both in
pathogen identification and plant breeding will become an integral part of fu-
ture research developments and ultimate control of these important pathogens.
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SUMMARY

The cereal cyst nematodes (CCNs), Heterodera avenae, H. mani and H. zeae
were first reported in spring wheat (Triticum aestivum) and maize (Zea mays)
in 1981 in Pakistan. A new CCN species, Heterodera pakistanensis specific to
wheat was also reported from Pakistan in 1986. Several surveys were carried
out to assess the geographic distribution and estimate yield losses caused by
CCNs. In 1986, a survey documented 40 nematode species associated with
wheat and 22 with barley. The survey reported crop losses caused by various
CCNs with 15-20% of the losses by H. avenae alone, which has emerged as
a serious menace for wheat production worldwide. In the 2003-2004 survey;,
39% of the surveyed area was found to be infested with cyst nematodes with
relatively high distribution and host range of corn cyst nematode, H. zeae. To
date, no molecular identification and phylogenic studies have been carried
out for characterization of CCNs and their pathotypes in various geograph-
ical zones of Pakistan. However, recently at the plant nematology lab at Uni-
versity of Agriculture, Faisalabad started preliminary work on the molecular

* Smiley RW (2015) Effects of cropping systems on dominance of individual species of Pratylenchus. In ‘Nematodes
of Small Grain Cereals: current status and research. (Eds AA Dababat, RW Smiley) pp. 45-56. (FAO: Ankara,
Turkey).
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characterization of cyst nematodes associated with cereals and other crops.
The genetic diversity for cereal cyst nematode resistance was assessed in
spring wheat genotypes using RAPD and SSR markers by Erum et al. (2013).
Moreover, the association of XGWM 301 locus with the presence of Cre3
gene was also worked out. Additionally Meloidogyne graminicola has also
been isolated from rice and wheat plants from the rice growing areas of Cen-
tral Punjab. It has been estimated that this nematode can cause 17-20% yield
losses in rice. It is now being reported as an emerging threat to cereal crops
in the areas where the rice-wheat-cropping system has existed for decades.
This paper covers the status of cereal nematodes research in Pakistan and
provides the prospects and recommendations for future research on nema-
todes to protect wheat and other cereals.

INTRODUCTION AND HISTORY

Bread wheat (T. aestivum) is the most important cereal crop in Pakistan. Pa-
kistan is the 7" leading producer of wheat after EU, China, India, USA, Russia
and Canada in 2013 (Economic Research Service, USDA). Wheat is grown on
a large area in the country and it covers the most of the cultivated land as com-
pared to any other crop, and is followed by cotton and rice (Table 1).

The area under wheat cultivation in the world during 2007-2008 was 192 million
ha, with production of 726 million tones and average yield 2823 kg ha™! (USDA,
2014), where as in Pakistan area under this crop was 9.199 million ha, and pro-
duction was 25.98 million tones with grain yield of 2824 kg ha' (Pakistan Bureau
of Statistics) (Table 2). However, there is a very big gap between New Zealand
(which is giving the highest production in terms of per unit area) and Pakistan
(327 position in terms of production per unit area) (USDA, 2014).

The wheat grain is being used as staple food for almost all populations of the
country. Wheat breeders in Pakistan have been striving to enhance its produc-
tion with the passage of time since the dawn of so-called “Green Revolution” in
the 1960s. However, on the other hand, the country’s population also increased
at the same rate with the passage of time (Figure 1). So it is very important
to devise the strategies to enhance wheat production in the country to feed
this ever-increasing population. This could be achieved by developing varieties
with high productivity and incorporation of resistance against various abiotic
and biotic agents including cereal cyst nematodes.
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Table 1. Area under important crops as per each decennial agricultural census (million ha)*

Crops / Year 1972 1980 1990 2000
Wheat 6.479 7.260 8.166 9.469
Rice 1.789 2.238 2.420 2918
Cotton 2.388 2319 2.679 3.201
Sugarcane 0.498 0.652 0.720 0.882
Maize 0.680 0.542 0.826 0.874
Oil Seed 0.542 0.490 0.449 0.457
Pulses 1.611 1.465 1.052 1.275
Fodders 2.728 2.719 2.756 2.485
Potato 0.032 0.049 0.109 0.097
Vegetables 0.279 0.279 0.530 0.478
Orchard 0.166 0.235 0.384 0.380
*Taken from Pakistan Bureau of Statistics- Agriculture Census
Table 2. Area and production of important crops in Pakistan (Pakistan Bureau of Statistics, 2014)
Crops 2011-12 2012-2013 2013-2014
Area Production Area Production Area Production
(000 ha) (000 ton) (000 ha) (000 ton) (000 ha) (000 ton)
Wheat 8649.8 23473.4 8660.2 242114 9199.3 25979.4
Maize 1087.4 4338.4 1059.5 4220.1 1168.5 4944.2
Rice 2571.2 6160.4 2308.8 5535.9 2789.2 6798.1
Sugarcane 1057.5 58397.0 1128.8 63749.9 1172.5 67460.1
Cotton 2834.5 13595.0 2878.8 13030.7 2805.7 12768.9
E=Preduction (000 Ton)
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Figure 1. Comparison of wheat production and population growth in Pakistan (Courtesy: Wheat Research Institute,

AARI, Faisalabad)
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The per unit area production of wheat in Pakistan is lower than other countries
due to several reasons; i.e., delayed planting, improper management, shortage
of irrigation water, diseases and insect attack. There is a variety of devastating
pathogens that attack wheat crops at different growth stages after planting and
cause various diseases like rusts, smuts, bunts, bacterial leaf blight and crown
rot. Wheat is also attacked by variety of plant parasitic nematodes; i.e., cereal
cyst nematode (CCNs), root lesion nematodes (RLN), root-knot nematodes,
and seed gall nematode. These nematodes are obligate biotrophic parasites
which exert detrimental effects on agricultural production worldwide. Cereal
cyst nematodes within the family Heteroderidae and root lesion nematodes
(Family: Pratylenchidae) are especially dangerous for cereal crops.

Among these, CCNs are a serious threat to wheat crop by causing direct or indi-
rect losses in Pakistan. Rice (Oryza sativa) and maize (Zea mays) are second and
third most important and the most grown cereal crops after wheat respectively
(Table 1 and 2). The production of these cereal crops is also affected by infesta-
tions of parasitic nematodes. There are several nematode species which affect
cereal crops. Around 45 of the stylet bearing nematode species were recorded to
be associated with wheat and barley; however, most of them have no impact on
grain yield (Magbool 1986). Ear-cockle disease caused by gall cyst nematode An-
guina tritici in wheat, cereal cyst nematode (H. avenae) and corn cyst nematode
(H. zeae) are major pests of cereals in the country (Magbool 1997).

In 1917, seed gall nematode, Anguina tritici was firstly reported from the prov-
ince of Punjab, however, after the foundation of Pakistan this species was re-
ported in the districts of Dera Ghazi Khan, Muzaftargarh and Jhang in the
Punjab Province (Magbool 1997). Similarly, cereal cyst nematode (H. avenae)
was first reported by Magbool (1980, 1981) in the fields of wheat and maize in
the province of NWFP (Now, Khyber-Pakhtunkhwa). In the same report, H.
mani, H. mothi and H. zeae were reported in wheat and maize Magbool (1981).
Very recently, M. graminicola was reported by our research group from the
rice growing districts of Central Punjab (Jabbar et al. 2015). It is now being re-
ported as an emerging threat to cereal crops in the areas where the wheat-rice
cropping pattern has prevailed for decades.

STATUS

The nematode problems are serious and complex in Pakistan. The main rea-
son for this is the wide diversity of climatic conditions in the country, which



range from tropical to temperate. However, mainly, Pakistan lies in the tropical
region where the climatic conditions are suitable for the activity and reproduc-
tion of nematodes throughout the year. Moreover, the soil type (i.e., sandy and
warm), as found in the arid zone is most favorable for nematode development
and infestation. Similarly, cultivation of perennial crops in irrigated areas and
monoculture year after year has resulted in huge nematode development in
these areas. The climatic changes over the last two decades are so diverse that
they could lead from economical losses to sudden epidemic in the country and
might be a big issue of the future that interrupts a sustainable supply of this
commodity on which entire nation relies for their primary food needs.

In a very early survey done to determine the infestation and occurrence of
cereal cyst nematodes, several nematode species were found to be associated
with wheat and barley. Forty five stylet bearing nematode species were found
to be associated with wheat and barley; however, most of them have no impact
on grain yield (Magbool 1986). This survey demonstrated 45 nematode spe-
cies were associated with wheat and 22 with barley.

Cereal cyst nematodes, Heterodera avenae, H. mani, H. mothi and H. zeae are
quite prevalent in wheat and barley fields in Pakistan (Magbool 1980, 1981,
1986, 1997). Similarly, Aphelenchus avenae, Hirschmanniella oryzae and Dity-
lenchus angustus were predominant in rice fields. Helicotylenchus sp., Hoplolai-
mus sp., Pratylenchus zeae and Heterodera zeae were widespread and abundant
plant-parasitic nematodes on maize. Magbool (1997) reviewed the occurrence
of cereal nematodes and provided a list of the 60 new nematode species asso-
ciated with cereal crops in Pakistan.

According to a survey done in 2003-2004, 39% of the surveyed area was found
to be infested with cyst nematodes with relatively wide distribution and host
range of corn cyst nematode, H. zeae (Shahina and Erum 2007). In many ar-
ticles, it is considered that the host range of H. zeae is limited to the family
Graminae. On the other hand, in Pakistan, the presence of H. zeae has also
been reported on plants of economic importance belonging to other important
families such as sweet pepper (Capsicum annuum), citrus, jute (Corchorus cap-
sularis), pear (Pyrus communis), almond (Prunus dulcis), small radish (Rapha-
nus sativus) and tomato (Solanum lycopersicon) (Shahzad and Ghaffar 1986,
Shahina and Erum 2007).
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Similarly, the host range of root lesion nematode; Pratylenchus zeae, was studied in
Pakistan and it was demonstrated that this nematode invades the roots of a variety
of plant species from different families (Hashmi and Hashmi 1989). It was report-
ed that this nematode species infects the roots of radish, carrot, tomato, chickpea,
wheat, potato, onion, barley and different varieties of maize. Anwar et al. (1993)
provided a comprehensive report on the nematode species infesting rice plants and
weeds in rice field. They concluded that there was massive occurrence of Aphelen-
choides besseyi, Hirschmanniella sp., and Pratylenchus sp. in these fields.

The prevalence of Meloidogyne graminicola is now alarming the producers of
wheat and rice in the wheat-rice cropping zone. It is now being reported as
an emerging threat to cereal crops in the areas where the wheat-rice cropping
pattern has prevailed for decades (Jabbar et al. 2015).

The incorporation and evaluation of resistance against cereal nematodes in
wheat is priority research subject in Pakistan for plant breeders and patholo-
gists. The microsatellite marker XGWM 301 was found to be associated with
the presence of Cre3 gene. On the basis of this information, screening of 120
wheat cultivars and lines against cereal cyst nematodes was carried out (Erum
and Shahina 2010). This study revealed that out of these 120 wheat lines, 30
were found to be resistant due to the presence of the XGWM 301 marker.
However, recently the genetic diversity for cereal cyst nematode resistance was
assessed in spring wheat genotypes using RAPD and SSR markers (Erum et al.
2013). On the basis of RAPD markers, 6 CCN resistant wheat genotypes (TD-
1, SD-8006, Marvi-2000, Moomal-2002, Inqilab-91 and Bhittai) were found to
be genetically diverse. However, Marvi-2000 was found the most diverse on
the basis of 46 SSR primers and was identified as the most resistant genotype
against CCN (Erum et al. 2013). Erum et al. (2013) recommended that the
potential of Marvi-2000 should be utilized for breeding resistant lines against
CCN. The strategies like chemical control, biological control and use of resis-
tant wheat cultivars are being employed to manage nematodes in Pakistan.

Unfortunately, to this date, very little work has been carried out on molecular
identification and phylogenic studies for characterization of CCNs and their
pathotypes in various geographical zones of Pakistan. Now our group at the
Plant Nematology Lab, in the Department of Plant Pathology at the University
of Agriculture, Faisalabad, is establishing the facilities for molecular identifica-
tion and characterization of CCNs and other nematode species.



IMPACTS

Plant-parasitic nematodes cause serious reduction in crop yields resulting in
annual crop losses worth over $150 billion worldwide (Abad et al. 2008). Alto-
gether, plant-parasitic nematodes can cause up to 20% yield losses in individ-
ual crops, which can be overwhelming for low-income farmers in the develop-
ing countries (Atkinson et al. 1995). Crop losses caused by CCNss rely heavily
on environmental conditions and could be up to 92% in some environments
(Nicol et al. 2011). The CCN H. avenae is a dangerous species resulting in the
yield losses worldwide up to 92%. However, this nematode causes 15-20% yield
losses in wheat in Pakistan (Magbool 1988). On the other hand, minute eco-
nomic losses (2-3%) are caused by the seed gall nematode, A. tritici, in bread
wheat in Pakistan (Magbool 1987). The corn cyst nematode, H. zeae, results
in 13-73% suppression of maize growth and yield (reviewed by McDonald and
Nicol 2005). In Pakistan, the yield losses caused by H. zeae are around 15% in
barley (Magbool 1987). Recently we have estimated that M. graminicola can
cause 17-20% yield losses in rice (Jabbar et al. 2015). Figure 2 indicates the
rice field infested with M. graminicola. On the right side in Figure 2, hook like
knots (arrows) caused by M. graminicola are quite visible. The host range and
crop losses caused by this nematode are being worked out at our department.
Rao and Biswas (1973) estimated that after the addition of every 1,000 M. gr-
aminicola larvae, rice yield decreased at the rate of 2.6%. Corn cyst nematode
H. zeae has shown a wide host range, which could result in serious crop losses
due to this nematode especially in hot and dry areas. Similarly, lesion nem-
atodes like Pratylenchus brachyurus, P. thornei, P. zeae and P. penetrans have
wide host ranges. These lesion nematodes also infect weed hosts that highly
influence the development of nematode inoculum in infested fields. Wide host
range of nematode species associated with cereal crops is very devastating be-
cause the nematodes are able to perpetuate on other crops/weeds and are ready
to infect the next season’s crop. P. thornei has been widely studied worldwide
and has caused crop losses up to 75% (Nicol and Rivoal 2008), but the yield
losses due to this species are not still estimated in Pakistan.

PROSPECTS

From the previous reports and from our own findings, it is quite evident that
nematodes are a serious threat to cereal crops, and specifically to wheat. But
the knowledge regarding diversity, virulence, alternative host crops and prev-
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Figure 2. A. Above-ground symptoms in rice field infested with M. graminicola; B. Roots infected with M. gramini-
cola, the hook-like knots (arrows) caused by M. graminicola are quite visible (reproduced from Jabbar et al. 2015).

alence of these plant parasites is not established to such a stage as to draw a
logical consequence regarding the local conditions of the Pakistan. To answer
such questions, and keeping in mind the diversity of nematodes worldwide,
comprehensive surveys in the core areas of cereals along with noncore areas
in Pakistan are important. Such surveys will provide very basic information
about the diversity if these surveys are based on the modern sophisticated mo-
lecular techniques and on controlled-virulence testing. Since the nematodes
need hosts to grow in the lab, stock keeping and maintaining the cultures is
still a challenge. The study of plant-nematode interactions at the molecular
level to find the basis of resistance in plants and various defense pathways in-
volved in the incompatible interactions is still to be worked out for CCNs.
If the resistance against nematode is supported by different set of genes or
gene families, then in the future gene pyramiding would be a tool to address
the problem in a more aggressive way. In this regard, conventional breeding
and molecular biology could be valuable approaches. A lack of expertise and
knowledge for identification and recognition of CCNs is an important factor
that limits wheat production potential, coupled with improper breeding strat-
egies and slow screening processes that reduce genetic gains for resistance to
CCNs (Dababat et al. 2014). So the available wheat germplasm and advanced
lines of wheat could be challenged against CCNs (especially H. avenae) for
characterization in response to CCN, which up to the date, has not been per-
formed in Pakistan. Recently, Dababat et al. (2014) developed management
strategies against H. avenae and H. filipjevi, two important CCNs, by using
wheat cultivars and their wild relatives in Turkey. This kind of strategy must be
explored and utilized in Pakistan for the management of CCNs.



National and international collaboration will be helpful to further explore the
basic and applied issues in nematology research in Pakistan. Such basic under-
standings of nematode virulence and diversity will provide a platform for the
selection of more resistant plant types from our germplasm and will boost our
yield in future.

ACKNOWLEDGEMENTS

The authors would like to thank CIMMY T-Turkey and CIMMY T-Pakistan for
financial support to attend this workshop in Ankara, Turkey. Moreover, the
authors extend thanks to the Higher Education Commission for supporting
the studies. The authors also acknowledge Endowment fund, UAF for financial
support. The authors acknowledge the scientific support from Wheat Research
Institute, AARI, Faisalabad.

REFERENCES

= Abad P, Gouzy ], Aury JM, Castagnone-Sereno P, Danchin EGJ, Deleury
E, Perfus-Barbeoch L, Anthouard V, Artiguenave F, Blok VC et al. (2008)
Genome sequence of the metazoan plant-parasitic nematode Meloidogyne
incognita. Nature Biotechnology, 26, 909-915.

= Anwar SA, Dorsi S, Rauf CA (1993) Nematode diseases of rice in Punjab,
Pakistan. Pakistan Journal of Agricultural Research, 14(2&3), 184-191

= Atkinson HJ, Urwin PE, Hansen E, Mcpherson MJ (1995) Designs for En-
gineered Resistance to Root-Parasitic Nematodes. Trends in Biotechnology,
13, 369-374.

= Dababat A, Imren M, Erginbas-Orakci G, Ashrafi S, Yavuzaslanoglu E,
Toktay H, Pariyar SR, Elekcioglu HI, Morgounov A, Mekete T (2015) The
importance and management strategies of cereal cyst nematodes, Heterod-
era spp., in Turkey. Euphytica, 202, 173-88.

= Erum YI, Shahina F (2010) Validation of XGWM 301 microsatellite mark-
er against cereal cyst nematode gene. Pakistan Journal of Nematology, 28,
143-144.

= Erum YI, Kazi AM, Kazi AG, Shahina F (2013) Genetic diversity assess-
ment of cereal cyst nematode resistant wheat genotypes using different
molecular marker systems. Pakistan Journal of Nematology, 31, 139-152.

= Hashmi S, Hashmi G (1989) Host status of several economic plants to
Pratylenchus zeae from Pakistan. Nematropica, 19, 195-197.

53



54

Jabbar A, Javed N, Khan SA, Ali MA (2015) Meloidogyne graminicola an
emerging threat to rice and wheat in Punjab province in Pakistan. Pakistan
Journal of Nematology, 33(2), 227-228

Magbool MA (1981) Occurrence of root-knot and cyst nematodes in Paki-
stan. Pakistan Journal of Nematology, 13, 448. [abstract]

Magbool MA (1988). Present status of research on plant parasitic nem-
atodes in cereals and food and forage legumes in Pakistan. In: ‘Nema-
todes Parasitic to Cereals and Legumes in Temperate Semiarid Regions’
(Eds. MC Saxena, RA Sikora, JP Srivastava) pp. 173-180. (ICARDA,
Aleppo, Syria).

Magbool MA (1997) Plant nematode problems and their control in the
near east region. FAO Plant Production and Protection Paper 144. FAO,
1997 (http://www.fao.org/docrep/v9978e/v9978e0j.htm).

Magbool MA, Shabina F (1986) New species of cyst nematode Heterode-
ra pakistanensis (Nematoda: Heteroderidae) attacking wheat in Pakistan.
Journal of Nematology, 18, 541-548.

Magbool MA (1980) Occurrence of eight cyst nematodes on some agricul-
tural crops in Pakistan. Journal of Science, 8, 103-108.

Magbool MA (1986) Classification and distribution of plant parasitic nem-
atodes in Pakistan. National Nematological Research Centre, University of
Karachi, Karachi-75270, Pakistan.

Magbool MA (1987) Present status of research on plant parasitic nema-
todes in cereals, food and forage legumes in Pakistan. Proceedings of the
Workshop Nematode Parasitic to Cereals Legumes in Temperate Semi-arid
Regions, Cyprus, pp. 173-180

McDonald AH, Nicol JM (2005) Nematode parasites of cereals. In: ‘Plant
Parasitic Nematodes in Subtropical and Tropical Agriculture. (Eds. M Luc,
RA Sikora, ] Bridge) pp. 131-191. (CABI Publishing, Wallingford, UK).
Shahina F, Erum YI (2007) Distribution of cyst nematodes in Pakistan.
Pakistan. Journal of Nematology, 25, 29-35.

Nicol JM, Rivoal R (2008) Global knowledge and its application for the inte-
grated control and management of nematodes on wheat. In ‘Integrated Man-
agement and Biocontrol of Vegetable and Grain Crops Nematodes. (Eds. A
Ciancio, KG Mukerji) pp. 243-287. (Springer Academic Publishing)

Nicol JM, Turner SJ, Coyne DL, den Nijs L, Hockland S, Tahna Maafi Z
2011. Current nematode threats to world agriculture. In: Genomics and
Molecular Genetics of Plant-Nematode Interactions. (Eds. J Jones, G
Gheysen, C Fenoll) pp. 21-43. (Springer, Heidelberg, Germany).




Rao YS, Biswas H (1973) Evaluation of yield losses in rice due to the root-
knot nematode Meloidogyne incognita. Indian Journal of Nematology, 3, 74
Shahzad S, Ghaffar A (1986) Tomato, a natural host of Heterodera zeae in
Pakistan. International Nematology Network Newsletter (USA), 3, 38.

55






SOINVNAd NOILLVINdOd dNV
HONVILIOdINI OIINONOOH

PART 2






Nematodes of Small Grain Cereals. Current status and research

CURRENT OCCURRENCE OF CEREAL
CYST NEMATODES IN SOME FIELDS
OF NORTHERN ALGERIA

FATIMA HADDADI** AND AISSA MOKABLI*

'Faculty of Biological Sciences, USTHB, Algiers, Algeria. *Faculté des
Sciences de la Nature et de la Vie et des Sciences de la Terre, Université
de Khemis Miliana, Ain Defla, Algeria. *Corresponding author email:

fatima.haddadi@yahoo.fr

SUMMARY

The occurrence and distribution of the cyst nematodes belonging to the
Heterodera avenae Group in the cereal growing areas of Algeria was stud-
ied during 2009-2011. Forty soil samples collected from cereal plots spread
over 22 localities throughout the country were analyzed. The survey includ-
ed wheat and barley fields. The results showed that cereal cyst nematodes
(CCNs) are widely distributed and were present in 92.5% of the soil sam-
ples. Population densities of CCN in soil varied widely between localities and
even within plots at an incidence of 3.6 - 281 cysts per kg soil. The highest
levels of infestation are noted in areas with cereal vocation, located in the
highlands as at Bouandas (Sétif) and Tamlouka (Guelma) where they were
about 281 and 267 cysts/kg of soil, respectively.

*  Haddadi F, Mokabli A (2015) Current occurrence of cereal cyst nematodes in some fields of northern Algeria. In
‘Nematodes of Small Grain Cereals: current status and research’ (AA Dababat, H Muminjanov and RW Smiley)
pp. 59-66. (FAO: Ankara, Turkey).
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INTRODUCTION

Cereals are the most important food source in the world. About 70% of the
land intended for food crops are devoted to cereal crops (Riley et al. 2009). In
Algeria, cereal food is of interest and is important socio-economically. Winter
cereals (durum wheat, soft wheat and barley) are of strategic importance in
human nutrition and animal feed. Cereals and their derivatives provide more
than 60% of the caloric content and 75 to 80% of protein intake in the diet.
Cereal products consumption is around 205 kg/capita/year (Chehat 2007). The
grain land (fallow included) occupies about 80% of the agricultural area. The
area sown to cereals is between 3 and 3.5 million ha annually. But only a third
of the acreage is located in the bioclimatic floor that has an average annual
rainfall greater than 450 mm (Djermoun 2009).

National production reached 49.12 million quintals in 2013, representing a
yield of 18.11 t/ha (OAIC, 2013). It remains low and does not cover the needs
of the population, hence the recourse to imports. Grain farming in Algeria
is facing the combined effects of abiotic (including drought and poor crop
management technology) and biotic (fungal diseases and pests) stresses.
Among these, the cereal cyst nematodes (CCNs) Heterodera avenae Group
are the main limiting factor for grain production (Rivoal and Cook 1993).
This group contains at least 12 species that affect cereals and grasses. Three
main species (H. avenae, H. filipjevi, and H. latipons) are the most econom-
ically important cyst nematodes attacking cereals (Rivoal and Cook 1993,
Nicol 2002, Dababat et al. 2015).

Since the discovery of H. avenae in 1962 by Scotto La Massese, many un-
published works were carried out on cyst nematodes and that work demon-
strated the wide distribution of these pests through the cereal growing areas
other than the irrigated areas in the Adrar region in the south of the country
(Haddadi 1999).

Therefore, the objectives of this study were to: 1) determine the current dis-
tribution of cereal cyst nematodes in cereal growing areas by surveying and
collecting cyst nematodes from infested fields of the north and, 2) investigate
population densities of cyst nematodes and their distribution.



MATERIALS AND METHODS

Soil sampling was conducted during the summer period at the diapause of the
parasite. It begins in the formation of cysts and extends to the emergence of the
larvae at the end of autumn. About 1.5 kg of soil was taken from each field at
the depth of 30 cm and consisting of several subsamples of 300 g soil collected
across the two diagonals of the field. Their number depends on the surface of
the treated field. It is about 20 subsamples per ha.

In the laboratory, the soil samples were dried and weighed and cysts were ex-
tracted from 300 g of soil using the Fenwick can method (Fenwick 1940). The
cysts were harvested separately using a brush under a dissecting microscope
(G x 20) and placed in petri dishes. The total number of full and empty cysts is
calculated to estimate the average infestation of the plot (Abidou et al. 2005),
which is expressed by cyst per kg of soil.

RESULTS

Field infestation and population densities: The nematode analysis of soil
samples shows that 37 of 40 surveyed cereal plots are infested with Heterodera
spp., representing a rate of 92.5% infested fields. Only three fields were free of
cysts; these fields were located in the localities of Isser (Boumerdes), P2 Lamtar
(Sidi Bel Abbes) and El Maleh (Ain Temouchent).

The infestation levels are highly variable between localities and even between
the fields of the same locality. They ranged from 3.6 cysts/kg soil in the Tad-
mait plot to 281 cysts/kg of soil at Buouandas (Setif). The infestation levels are
noted in fields cropped with wheat and barley especially when their preced-
ing crops were cereals. This case is found in Ouled Rahmoun, ITGC Khroub,
Bouandas, Plof Tipaza and Tamlouka, where the total numbers exceeded 100
cysts/kg of soil.

The respective fields of Draa El Mizene, P1 of Tadmait, Lamtar, Oum Bouaghi,
Oued Tlilet and P1 of El Ghomri showed infestation levels under to 10 cysts/
kg of soil. In most of the remaining plots, the cyst numbers ranged from 10 to
99 cysts/kg of soil.

The highest levels of infestation were noted in areas with cereal vocation, locat-
ed in the highlands (as Setif and Guelma) where they were around 300 cysts/kg
of soil and exceeded 100 cysts/kg of soil at Constantine and Tlemcen.
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Other fields have expressed relatively high levels of infestation (more than
50 cysts) as Tleghma (Mila), (P2 and Brahimi Belkacem (Tipaza), Mansoura
(Borj Bouariridj) Djendel (Ain Defla) Bechloul, Ain Bessam (Bouira) and Kais
(Khenchela) (Table 1).

Species involved: Cyst nematodes were identified on the basis of morpho-
logical and morphometric characters of the cyst vulval cone (Wouts and
Baldwin 1998). The collected cysts were typically ovoid to lemon-shaped but
had different sizes. Preliminary results showed that H. avenae was the dom-
inant species in 52% of samples. It was found alone or in mixture with H.
latipons and H. mani.

The results of this survey allowed us to draw a geographical distribution map
of cereal cyst nematodes in the investigated areas, as shown in Figure 1.

Figure 1. Geographical distribution of cereal cyst nematodes in northern surveyed localities of Algeria

DISCUSSION

Our investigations have shown that cyst nematodes belonging to the H. avenae
Group are present in almost all cereal plots surveyed, including those regions
with high potential for grain production of Algeria. Although suggestive be-
cause of the unsystematic sampling procedures related to some circumstances
of sampling (method and number of samples) and to losses during extraction,
this study underestimates the levels of infestation of surveyed fields.

Considering the number of eggs (up to 600) contained in a cyst (Siddiqui
2000), infestation levels recorded in most of the plots can be considered as
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Table 1. Population densities in different localities infested by cereal cyst nematodes

Wilaya and geography* Locality / field Climate* Current crop | Cyst/kg of soil
Blida 36°28°00" N; 2°49°00" E Boufarik Sub-humid Cereal straw 28.72
Boumerdes 36°46 00" N; 3°29'38" E Isser Sub-humid Cereal straw 00
Ouled Rahmoun Semi-arid Wheat 134
Constantine 36°22°02" N; 6°37°08" E ITGC Khroub P1 Semi-arid Wheat 111
ITGC Khroub P2 Wheat 334
Draa Benkheda Sub-humid Oat 23.3
Tizi Ouzou 36°43" N; 4°03°00" E Draa Elmizene Sub-humid Cereal straw 20.3
Tadmait Sub-humid Cereal straw 03.6
Ain roua Semi-arid Cereal straw 281
Sétif 36°9°29”N ; 5°26'34” E Bouandas Semi-arid Wheat 26
Ain Kebira Cereal straw 28.3
Ferme B.Belkacem Sub-humid Cereal straw 71.9
Tipaza 3635'31" N; 2°26°00" E P1 Sub-humid Wheat 100.4
P2 Sub-humid Wheat 98
P3 Sub-humid Barley 41
Ain Bessem Sub-humid Barley 65.7
Bachloul Sub-humid Barley 68.4
Bouira 36°22°48" N; 3°53'5" E El Asnem Sub-humid Wheat 145
Mechedellah Sub-humid Barley 17.7
Route Tikejda Sub-humid Barley 314
Alger 36°42°30" N; 3°3 /34" E ITGC Oued Smar P1 | Sub-humid Wheat 24.5
ITGC Oued Smar P2 | Sub-humid Barley 14.6
Tlemcen 34°52°42" N; 1°18'54" E Ain Khedra Sub-humid Wheat 105.5
Mila 36°27°0"N; 6°16 0" E Tleghma Sub-humid Barley 99
Batna 35°33"' N ;6°10" E Timgad Semi-arid Cereal straw 14.2
Ain Makhlouf Semi-arid Wheat 29.3
Guelma 36°28 58" N; 7°26 2" E Tafira Semi-arid Barley 43.7
Tamlouka Semi-arid Wheat 267
Ain Defla 36°15°55"N; 1°58 ‘13" E Djendel Semi-arid Wheat 69.4
Sidi Bel Abes 35°11'38" N; 0°38'29" E Lamtar P1 Sub-humid oats 06
Lamtar P2 Sub-humid Oats 00
Mostaganem 35°5°59" N; 0°5°25" E Mostaghanem Sub-humid Wheat 25.4
AinTemouchent 35°4°0” N; 1°08 28" E El Maleh Sub-humid Cereal straw 00
Oran 35°4227" N; 0°38°57" E Oued T lilet Sub-humid Wheat 15.5
Borj Bouariridj 36°04°00" N; 4°46 00" E Mansoura Semi-arid Wheat 71.2
Khenchela 35°25°55" N; 7°8°40" E Kais Semi-arid Wheat 59
Souk Ahras 36°17°15" N; 7°57°15" E Ain Dalia Sub-humid Barley 88.8
OumBouaghi 35°5239" N; 7°06 49" E Oum Bouaghi Semi-arid Cereal straw 06.3
Mascara 35°23°00" N; 0°09°00" E El Ghoumri P1 Semi-arid Barley 21.7
El Ghoumri P2 Semi-arid Wheat 18.8

63



64

high and can have a negative impact on yields. Smiley and Yan (2010) reported
that the decline in wheat yields can occur when the number of eggs and larvae
of H. avenae contained in cysts plus larvae already present in the soil exceeds
five nematodes per gram of soil. These high infestations are due to several fac-
tors such as monoculture (cereal after cereal) practiced for several consecutive
years, the absence of fallow and the rotations. Indeed, repeated cultivation of
cereals on the same plot contributes to the outbreak of cyst nematodes popu-
lations (Sharma et al. 2007, Renco and Cereukoua 2008).

The low levels recorded Tadmait Mchedellah (Bouira), P1 Oued Smar, Oued
Tlilet (Oran), Timgad (Batna) and P2 El Ghoumri (Mascara) would probably
be due to previous crops that are either fallow or non-host plants for the nem-
atodes, which significantly lower their population numbers in the soil (Brown
1984, Grifhin 1988, Bourdon and Rivoal 2005, Singh et al. 2009). However, this
observation does not apply to the plot Ain Roua where the density of Heterod-
era is low in spite of monoculture commonly adopted.

The absence of cysts in some samples does not necessarily mean that the plots
are free of these parasites. Various factors may cause of this absence include:
1) The recent introduction of cereal crops in these fields, 2) The clay soils such
as in Batna and Tadmait because soil nature has a considerable influence on
the numbers of nematodes in the soil (Trigiano et al. 2004) and Sikora (1987)
reported that CCNs attacks are more severe in light sandy soils than on heavier
soils, 3) The host quality: Some crops limit the development of CCNs, such as
oats which are considered a poor host for H. avenae in Mediterranean coun-
tries, unlike some countries of northern Europe, where they are considered as
preferential hosts (Nicol 2002, Ireholm 1994). These crops could explain the
low densities registered in the localities of Ain Roua (Setif), Ain Makhlouf
(Guelma), El Maleh (Ain Temouchent) and P1 Lamtar.

Also, the plots of P2 ITGC Khroub, Ain Kebira (Sétif), Mechedelah (Bouira)
and Oued T’lilet (Oran) showed a low infestation which is probably related
to the rotation cereal/legume (especially chickpea) practiced in these areas.
This crop is non-host for CCNs therefore it is recommended to introduce it
into the crop system for a year or more if infestations are strong in order to
reduce the densities of these pests below damaging levels (Parker et al. 2011).
At higher densities, the potential for infection could constitute a real threat
to subsequent crops, particularly if no control measures are taken for proper
management of these nematodes in time and in space.
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SUMMARY

Cereal cyst nematode, Heterodera avenae is now recognized as a highly de-
structive pathogen of wheat in China. Investigations of vertical distribution of
second-stage juveniles (J2s) in soil, population dynamic of ]2s, and the infec-
tion cycle of H. avenae were carried out under field conditions in the Beijing
area during the 2010-2012 wheat growing seasons. The results showed that ]2s
were distributed in 0-20cm soil, and the emergence of J2s was bimodal with
a small peak in late autumn and a main peak in spring. The initial infection
occurred in October and the severe invasion occurred in the following spring
with the main emergence of juveniles. Although the egg hatching and infection
occurred twice in one wheat growing season, only one cohort of adults are de-

veloped in the Beijing area. The hatching and infection experiments confirmed

*  Liu SS, Zhao JK, Chen CL, Riley IT, Liu Q, Qi RD, Jian H (2015) Population dynamics of cereal cyst nematode
(Heterodera avenae) in Beijing area. In ‘Nematodes of Small Grain Cereals: current status and research! (AA
Dababat, H Muminjanov and RW Smiley) pp. 67-68. (FAO: Ankara, Turkey).
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that low temperature stimulates egg hatching and emergence of ]2s from the
new season’s cysts. It is also postulated that the nematodes that penetrated in
roots before winter come from the residual cysts that have experienced one or
more winters. These findings help us to better understanding the biology and
ecology of H. avenae and to take effective approach to manage this nematode.

(A full-length version of this paper was not available at the time of printing).
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SUMMARY

The Cereal Cyst Nematode (CCN; Heterodera avenae) is found in at least 16
provinces in China. CCN often damages wheat and barley, causing severe eco-
nomic losses. The Shandong winter wheat region is the second largest wheat
production area in China. CCN was investigated in Binzhou, Jinan, Dezhou,
Heze, Taian and Zaozhuang cities of Shandong Province in 2008, 2009 and
2010. We collected 269 samples from wheat roots and rhizosphere soils. CCN
were found in 11 counties/districts of the six cities. The cyst was not detected
in Shanting and Taierzhuang districts of Zaozhuang city. Occurrence of CCN
was 36.4% in this study. CCN density showed significant differences in differ-
ent regions. There was a higher cyst density in Dawenkou and Hutun town in
Taian city than in other areas. We explored feasible management approaches in
this location. A field in Dawu village, Dawenkou County (35°57 N, 117°06 'E),
as a typical naturally-infested soil, was investigated to determine the horizon-
tal and vertical distributions of the CCN population under local climatic and
planting pattern conditions. The spatial distribution in and between planting
rows was also determined. The results showed that the distribution of cysts
was uneven at the horizontal scale. When the row spacing was 20 cm, higher
numbers of cysts were observed in the planting row and midway between two

*  Qiong H, Wu HY, Peng DL (2015) Investigation of cereal cyst nematode distribution in a naturally infested winter
wheat field. In ‘Nematodes of Small Grain Cereals: current status and research (AA Dababat, H Muminjanov
and RW Smiley) pp. 69-70. (FAO: Ankara, Turkey).
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planting rows. Moreover, 79% cysts were distributed in the 0-20 cm soil lay-
er. These results suggested that the specific site for the effective application of
chemicals or biological control agents was at a 20-cm depth in and between
planting rows. This information can serve as a reference for the development
of an effective and mechanized site-specific management strategy for the con-
trol of CCN in large wheat fields.

This research was sponsored by the Special Fund for Agro-scientific Research
in the Public Interest (201503114).

(A full-length version of this paper was not available at the time of printing)
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INTRODUCTION

The Cereal Cyst Nematode (CCN, Heterodera avenae) is a destructive nema-
tode pest on cereal crops worldwide and causes significant economic yield loss-
es in many countries (Cook & Noel 2002, Smiley and Nicol 2009, Dababat et
al. 2015). Heterodera avenae is considered to be one of the most important cyst
nematodes of cereal crops (Rivoal & Cook 1993) and the losses caused by this
species range from 30 to 100%. In Europe, more than 50% of the fields in major
cereal-growing areas are infested by this nematode (Rivoal & Cook 1993), re-
sulting in staggering annual yield losses reaching £3 million (Nicol and Rivoal
2008). In Oregon, Smiley et al. (2005) have indicated losses on spring wheat of
up to 24%. In 1989, H. avenae was first reported from Hubei Province (Chen
et al. 1992). Subsequent surveys revealed that this species is widely distributed

*  CuiJK, Peng DL, Huang WK, Peng H, Dababat AA, Erginbas-Orakci G, He WT, Kong LA, Ting L, Wu QS (2015)
Resistance identification of different wheat varieties from CIMMYT to Daxing population of Heterodera avenae.
In ‘Nematodes of Small Grain Cereals: current status and research’ (AA Dababat, H Muminjanov and RW Smi-
ley) pp. 71-78. (FAO: Ankara, Turkey).
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and has now been found in more than in 16 provinces including Henan, Hebei,
Beijing, Inner Mongolia, and Qinghai (Peng 1995), Anhui (Zheng et al. 1996)
Shandong (Liu et al. 2009), Shaanxi and Gansu (Peng et al. 2008), Jiangsu (Li et
al. 2010) and Tianjin (Peng et al. 2012), and Tibet and Xinjiang (Li et al. 2012).
More than 4,000,000 ha of the major wheat producing regions were infested
(Peng et al. 2007, Peng et al. 2009). The yield losses of wheat induced by this
nematode can reach 40% in some particularly heavily infested fields (Peng et
al. 2007). In 2013, resistance identification of different wheat varieties from
CIMMYT to H. avenae of the Beijing Daxing population was performed.

MATERIALS AND METHODS

Nematode collection and molecular identification: The soil and roots sam-
ples of H. avenae were collected from wheat fields of Daxing district, Beijing
at the end of the growing season in 2012. Cysts were extracted from the soil
by Cobbss sieving gravity method (Persmark et al. 1992). Nematode genomic
DNA extraction was as described by Peng et al. (2003). Twenty four individual
cysts were selected randomly for further molecular identification with specific
primers which were described previously (Qi et al. 2012);

HaF1 (5"-TGACGAGAACATATGATGGGGAT-3"), and

HaR1 (5'-GAGGGGGTGGGAATGAAATGGAT-3").

Resistance testing: The determined cysts were incubated at 4°C for 60 days,
then at 16°C to stimulate the hatching of pre-parasitic second-stage juveniles
(J2s). The seed were germinated in Petri dishes and transplanted into the PVC
tubes (3-cm diam. x 30-cm length) with 200 cm® sterile soil mixture (compost:
sand = 7:3). Five hundred H. avenae juveniles were inoculated into each tube
immediately after seed was planted and again three hundred ]2 at three-day
intervals, for a final inoculum density of about 800 J2/tube. Plants were grown
in a glasshouse for nine weeks at 15-18°C and with a 16-hour light period.
Plants were irrigated, fertilized and treated with chemicals to control disease
and insect whenever needed to give normal plant growth. Seventy days after
the second inoculation, plants and soil were washed in a gentle stream of tap
water over 250 pm sieves. White females attached to the roots and those col-
lected from the 250 pum sieve were counted under a stereoscopic microscope,
and the mean number of females per plant was calculated.

The cultivars were classified as immune, resistant, moderately resistant,
moderately susceptible, susceptible and highly susceptible to CCN accord-



ing to the Nicol et al. (2009) scale which is based on the number of cysts per
root system: M = Immune (0 females), R = Resistant (0.1-5.0 females), MR =
Moderately Resistant (5.1-10.0 females), MS = moderately susceptible (10.1-
15.0 females), S = susceptible (15.1-25.0 females), and HS = highly suscepti-
ble (>25.0 females).

RESULTS

Using specific sequence characterized amplified region (SCAR) primers, the
species of the Beijing populations were identified by PCR. The results showed
that one single fragment of 1010 bp were amplified from 24 cysts randomly
picked from Beijing Daxing population (Fig. 1). This species-specific frag-
ment is unique for H. avenae according to the molecular diagnosis method
developed by Qi et al. (2012). Morphology combined with SCAR marker
method significantly clarified that the species of Beijing Daxing populations
were H. avenae.

In the present study, there were five wheat entries MILAN, CROC_1/
AE.SQUARROSA(224)//OPATA,CROC_1/AE.SQUARROSA(224)//OPATA,
VP1620 and MIRZABEY2000 that showed resistance to the population. Two
wheat lines FRAME and KATE A-1 were moderately resistant. Additionally,
there were 17 wheat lines that were highly susceptible, one wheat lines showed
moderately susceptible (Table 1). The highly susceptible wheat lines included a
considerable proportion (68%) of the wheat varieties, while the resistant lines
(20%) were a very tiny part.

DISCUSSION

CCN is acknowledged as a global economic problem on cereal production sys-
tems. Key results indicate that CCN is widely distributed in the dryland and
rain-fed wheat production systems and causes significant yield loss on com-
mon cultivars. Global warming will enhance dramatically the noxiousness of
these pathogens in both dryland and rain-fed production of cereals as well as
in intensive production systems in Western Europe. Cultural practices repre-
sent efficient methods based on rotational combinations of non-hosts crops
or cultivars and clean fallows, although this option is limited in the winter
wheat production areas of China. One study indicated that nematode popula-
tion densities decreased by 70% with continued rotation with non-host crops
(Singh et al. 2009). In Australia, over 50% of current cultivars with moderate to
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Table 1. The reaction different wheat varieties from CIMMYT to Heterodera avenae of Beijing Daxing population

Code Line Name SW/WW! | Mean’? | Reaction®
CCNHD 1112-01 | 6R(6D) SW 33.8 HS
CCNHD 1112-02 | FRAME SwW 9.7 MR
CCNHD 1112-03 | SILVERSTAR SwW 45.4 HS
CCNHD 1112-04 | VP5053 SW 31.7 HS
CCNHD 1112-05 | T-2003 SW 25.7 HS
CCNHD 1112-06 |RAJ1 SW 32 HS
CCNHD 1112-07 |ID-2150 SW 73.6 HS
CCNHD 1112-08 | MILAN SW 5.0 R
CCNHD 1112-09 | AUS 4930.7/2*PASTOR SW 39.5 HS
CCNHD 1112-10 | AUS GS50AT34/SUNCO//CUNNINGHAM SW 38.9 HS
CCNHD 1112-11 | VL411R SW 42.8 HS
CCNHD 1112-12 | CROC_1/AE.SQUARROSA(224)//OPATA SW 0.95 R
CCNHD 1112-13 | CROC_1/AE.SQUARROSA(224)//OPATA SW 0.7 R
CCNHD 1112-14 | VP1620 SW 2.7 R
CCNHD 1112-15 | F130L1.12/ATTILA WWwW 54.1 HS
CCNHD 1112-16 | SONMEZ ww 30.1 HS
CCNHD 1112-17 | CPI133859 ww 66.0 HS
CCNHD 1112-18 | CPI133872 [two plots in WNTO05] ww 110.5 HS
CCNHD 1112-19 |KATE A-1 Ww 8.3 MR
CCNHD 1112-20 | PRINS WwW 39.6 HS
CCNHD 1112-21 | MIRZABEY2000 Ww 2.8 R
CCNHD 1112-22 | AU/CO652337//2*CA8-155/3/F474S1-1.1 WwW 73.2 HS
CCNHD 1112-23 | F372 WWwW 83.3 HS
CCNHD 1112-24 | TAIKONG WWwW 46.1 HS
CCNHD 1112-25 | ZHONGYU WWwW 17.4 MS

'SW, Spring Wheat; WW, Winter Wheat. *Data are the means of 10 replicates. *HS = highly susceptible; MS = mod-
erately susceptible; MR = Moderately Resistant; R = Resistant

strong resistance to H. avenae has been deployed and H. avenae has generally
been contained markedly (Riley & McKay 2009).

Integrated management, based primarily on genetic host resistance, seems to
be most effective when two or more soil borne pathogens occur in the soil at
same time (Nicol and Rivoal 2007). According to the identification of thou-
sands of wheat lines, the resistant cultivars were relatively scarce (Cui, unpub-
lished data). The present study also showed similar results. The highly suscepti-
ble wheat lines include a considerable proportion (68%) of the wheat varieties,
while the resistant wheat lines (20%) are a very tiny part. Wang et al. (2012)
reported that the agricultural machinery operation across different areas, and
running water, might be main ways of CCN diffusion. Application of fertilisers
and soil amendments may compensate the reducing effect of nematodes on



wheat yields but their use is frequently limited by financial constraints (Rivoal
and Nicol 2009). Many different control options such as chemical, cultural,
genetic (resistance/tolerance) and biological control are available and their net
effect should be aimed at decreasing and maintaining CCN population densi-
ties below damage thresholds, so as to maintain or reach the attainable yield.

Heterodera avenae caused a reduction of wheat yield valued at 1.9 billion
RMB in China (Peng et al. 2009) and has received considerable attention in
China (Peng et al. 2009, Yuan et al. 2010). With the use of resistant cultivars,
the CCN virulence pathotype could change rapidly, and the population puri-
ty also affects the pathotype (Cook & Rivoal 1998). Cui et al. (2014) studied
the pathotype characterization of Beijing Daxing and Qinghai Huangyuan
populations of H. avenae in China; the Beijing Daxing population pathotype
was Ha91. Nematode biotypes that can infect resistant plants have been iden-
tified (Valerie 1999). With the focus upon host resistance, there are a series
of resistance genes recognized and inserted into cultivars available to farm-
ers (Nicol 2002). To exploit resistant cultivars better, we have to know the
nematode population pathotype and work on morphological and molecular
identification and host resistance tests. The results of the current work can
provide a data reference for resistance breeding to improve wheat produc-
tions in Northern and Northwest China.
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SUMMARY

The cereal cyst nematode (CCN) Heterodera avenae Wollenweber, is an
important nematode pest of wheat. The extent of damage caused by cereal
cyst nematodes depends among others on population densities in the soil.
The objective of this work was to determine the influence of initial nema-
tode population density of H. avenae from Egypt on i) grain yield and plant
growth parameters of different wheat cultivars and ii) on nematode repro-
duction. Plant growth (grain yield, spike weight, shoot dry weight and root
dry weight) was negatively affected by increasing the initial population (P,)
density of H. avenae. The reduction in the grain yield of the Egyptian wheat
cultivars by H. avenae ranged between 16-28% at a P, -value of 5 J2/ml soil,

*  Baklawa M, Niere B, Massoud S (2015) Influence of population density of cereal cyst nematode populations (Het-
erodera avenae Wollenweber) on the nematode reproduction and damage to wheat cultivars under greenhouse
conditions. In ‘Nematodes of Small Grain Cereals: current status and research’ (AA Dababat, H Muminjanov
and RW Smiley) pp. 79-90. (FAO: Ankara, Turkey).
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20-34% at a P, —value of 10 J2/ml soil and 24-40% at a P, -value of 20 J2/ml
soil. The local wheat cultivar ‘Sakha 93" showed tolerance in spite of his high
relative susceptibility to the nematode at a P, -value of 5 and 10 J2/ml soil as
there was no significant reduction in grain yield. The final nematode popu-
lation density was positively correlated with the initial population density
on all the tested wheat cultivars. A negative relationship between the initial
population density and the rate of reproduction was observed. This study in-
dicates that Egyptian populations of H. avenae are serious pests of Egyptian
wheat cultivars in the production of wheat in Egypt.

INTRODUCTION

The cereal cyst nematode (CCN) Heterodera avenae Wollenweber, causes sig-
nificant economic losses in cereal crops. In Egypt, H. avenae has been reported
in wheat fields for the first time by Ibrahim et al. (1986) on barley and wheat
in the Nile Delta and other localities of Northern Egypt. In 2007, Ibrahim and
Handoo reported the occurrence of H. avenae on Egyptian wheat in Alexan-
dria and El-Behera governorates. Recently, H. avenae was detected in wheat
fields of Abu Khalifah, Abu Suwayr, El Kasasen, El Shark (West Sinai), and
Serabeum regions in Ismailia province (Baklawa et al. 2015).

Reductions of wheat yields by H. avenae have been reported from different
regions of the world. In Morocco, H. avenae caused wheat grain yield losses of
about 40-50% (Rammah 1994), up to 90% in Spain (Romero et al. 1988) and
as high as 96% in Tunisia (Namouchi-Kachouri ef al. 2009). In Turkey, signifi-
cant yield losses (average 42%) in several rain-fed winter wheat locations have
been reported (Nicol et al. 2005). Reductions of wheat yield by H. avenae have
been reported from Libya (Siddiqui and Khan 1986), France (Rivoal and Sarr
1988) and Italy (Greco et al. 1993). In Egypt, since the distribution of CCN in
the other wheat growing regions is still unknown, and the local wheat cultivars
which are susceptible to the nematode, are grown in monoculture by most lo-
cal growers; the problem of H. avenae is becoming more serious.

In Australia, H. avenae decreased the yield of wheat by 20% at an initial pop-
ulation density (Pi) of 2 eggs and juveniles/g soil, and 40% at a Pi -value of
16 eggs and juveniles/g soil (Meagher and Brown 1974). In Asia, the damage
threshold of H. avenae in the temperate semi-arid regions of India is consid-
ered to be 5-20 eggs and juveniles/g soil (Pi) for wheat (Gill and Swarup, 1971;
Dhawan and Nagesh, 1987). Mathur et al. (1986) reported loss in wheat rang-
ing from 32.4 to 66.5% in India, due to initial nematode populations densities



(Pi) of H. avenae varying from 4.6 to 10.6 eggs/ml soil. The objective of this
work was to determine the influence of different initial nematode population
densities (0, 5, 10, 20 eggs+ juveniles/ml soil) of H. avenae on plant growth and
yield of wheat cultivars and on nematode reproduction.

METHODS

Nematode populations: One Egyptian population of H. avenae from El Shark
(West Sinai) in Ismailia province was used to examine the effect of increas-
ing initial population densities of H. avenae on plant growth parameters of
wheat cultivars and on nematode reproduction. Nematode cysts were dried at
room temperature (20£2°C) and kept at 7°C until further use. Nematodes were
reared on the Egyptian wheat (Triticum aestivum) cultivar ‘Sakha 93’ and new-
ly formed cysts were used in the experiment. Cysts were squashed according
to Seinhorst and Den Ouden (1966) and the total numbers of eggs and second
stage juveniles (J2) per cyst were counted to determine cyst contents. Cyst con-
tent was on average 131.3£12.1 eggs and J2/cyst.

Plant materials: Three standard wheat cultivars (‘Aus 10894, ‘Capa’ and ‘Iska-
mish K-2-Light’) from the International Test Assortment in addition to three
locally-grown bread wheat cultivars (‘Gemmeza 9, ‘Sahl 1" and ‘Sakha 93’)
from Egypt were used in this study.

Experimental set-up: Plastic pots (500 ml) were filled with a sterilized soil
mixture (2 loam: 1 field soil), fertilized with a granular fertilizer (Osmocote
Exact Standard™ 1.5 g/kg soil). Cysts of H. avenae were added to the pots to
give initial population densities (P)) of 0, 5, 10, 20 eggs and juveniles per ml
soil. Five pots were used as replicates for each initial nematode population
density (P,). Each pot contained five seedlings of the respective wheat cultivar.
For each cultivar, five pots of non-infested soil served as control. Plants were
grown in a greenhouse at 15+3°C (16 h light / 8 h dark) and watered as neces-
sary with tap water.

Data collection and analysis: After 4 months, the final nematode numbers
(P) were determined. Cysts were extracted from the soil using the floata-
tion technique (Shepherd 1986). Counting and separation of cysts from
soil debris and other organic materials retained on the filter paper were
carried out at 25x magnification under a stereoscopic binocular (Leica
MZ8). Cysts were squashed according to Seinhorst and Den Ouden (1966)
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and the number of eggs and juveniles were counted. The nematode repro-
duction factor (Rf) for each replicate was calculated as follows: Rf = P/P;
where P = final population density of eggs and J2/ml soil; P, = initial pop-
ulation density of eggs and J2/ml soil.

Resistance was assessed as relative susceptibility (RS) to the standard suscepti-
ble control cultivar ‘Capa’ (RS= P on the test cultivar/P, on susceptible control
‘Capa’)*100, where Pf= final population density of eggs and J2/ml soil. A rating
system based on the relative susceptibility was used to characterize the host
response of different wheat cultivars (Liicke 1976). Cultivars with RS less than
5% were considered resistant. The cultivars were considered moderately re-
sistant if RS was between 6-20%. Cultivars with 21-50% relative susceptibility
were considered moderately susceptible while cultivars with RS > 51% were
recorded as susceptible cultivars.

Growth parameters (shoot dry weight, root dry weight, spike weight and grain
yield per pot) were recorded to determine the damage potential of H. avenae
populations on wheat cultivars. The percentages of reduction in different plant
growth parameters were calculated as follows: Red (%) = ((CP-IP)/CP)*100,
where Red (%) = percentage of reduction, CP= growth parameters of control
plant, IP= growth parameters of infested plant. The tolerance index of a culti-
var at each nematode initial population density was calculated as follows: TI=
((GCP-GIP)/ GCP)*IOO/Pj, where TI= tolerance index, GCP= grain yield of
control plant, GIP= grain yield of infested plant, P= final population density of
eggs and J2/ml soil. Wheat cultivars with T7 less than 0.5 considered tolerant.
Wheat cultivars were less tolerant when T1 was between 0.5 — 1. Wheat culti-
vars with TT higher than 1, were considered sensitive to H. avenae populations
(Dixon et al. 1990). Levene’s test was used to test homogeneity of variances.
Data were analyzed using ANOVA (SPSS version 19.0, IBM Corporation, New
Orchard Road Armonk, New York, United States). Means were separated us-
ing Tukey HSD test at P < 0.05.

RESULTS

Effect of increasing initial population densities of H. avenae on the final
population densities: The Egyptian H. avenae population (ES) reproduced on
all tested wheat cultivars. As the P, of H. avenae increased, the P, was signifi-
cantly higher on all the cultivars except ‘Aus 10894’ and ‘Sakha 93’ (Table 1).
The P,of H. avenae on the cultivars ‘Aus 10894" and "Sakha 93 were not signifi-



Table 1. Effect of different initial population densities (Pi) of Heterodera avenae on nematode final population den-
sity (Pf), nematode reproduction factor (Rf) and relative susceptibility (RS) of wheat cultivars.

Pi =5 J2/ml soil Pi =10 J2/ml soil Pi = 20 J2/ml soil
Pf1 Rf? | RS® | RR* Pf Rf | RS | RR Pf Rf | RS | RR
Aus 10894 13.542.5a | 2.7a | 192 | (R) | 17.0+2.5a | 1.7b | 18.5| (R) | 21.524.9a | 1.1c | 184 | (R)

Cultivars

Capa 70.4%£10.3a | 14.1a | 100 S 91.5+5.5b | 9.1b | 100 | S | 116.8+11.4c| 5.8c | 100 | S

Gemmeza 9 | 33.1+6.3a | 6.6a | 47.0 | (S) | 56.2+8.7b | 5.6ab | 61.4 | S 83.0+8.2c |[4.2b|71.1| S

Iskamish K-2 | 40.4+4.9a | 8.1a | 57.4 S |48.4+4.2ab| 4.8b |53.0| S 56.4£8.3b | 2.8c | 48.3 | (S)

Sahl 1 224+43a | 4.5a | 31.8 | (S) | 43.7+4.5b | 4.4a | 47.8| (S) | 74.3+4.0c |3.7a | 63.6| S

Sakha 93 63.4%5.9a | 12.7a | 90.1 S 68.1£6.6a | 6.8b [ 744 | S 70.6+4.3a | 3.5¢ | 60.5 | S

'P,= final population density of eggs and J2/ml soil.

*R; (Reproduction factor) = P, (Final population density)/ P, (Initial population density).

P.and R means in a row followed by the same letter are not significantly different based on Tukey test (P < 0.05).
’RS (Relative susceptibility %) = P, on the test cultivar/P; on susceptible control ‘Capa’)*100.

“RR (Resistance ranking) according to Liicke (1976): R, resistant (0-5%); (R), moderately resistant (6-20%); (S),
moderately susceptible (21-50%); and S, susceptible (>51%).

cantly different at all P, levels and ranged between 13.5 — 21.5 and 63.4 - 70.6
J2/ml soil, respectively. Ata P, of 5 and 10 J2/ml soil, the P of H. avenae on the
cultivar ‘Iskamish K-2-Light’ were not significantly different from each other,
while the final population was significantly higher at a P, of 20 J2/ml soil. The
P on the cultivars ‘Capa, ‘Gemmeza 9 and ‘Sahl 1" increased significantly with
increasing P levels. The highest P, was recorded at a P, of 20 J2/ml soil on the
cultivar ‘Capa’ with 117 J2/ml soil followed by the cultivars ‘Gemmeza 9" and
‘Sahl I” with P, of 83 and 74.3 J2/ml soil, respectively.

Effect of increasing initial population densities of H. avenae on the nem-
atode reproduction factor: The reproduction factor of H. avenae decreased
significantly on the tested wheat cultivars in response to increasing nematode
P, except on the cultivar Sahl 1 (Table 1). Nematode reproduction factor at a
P, of 5 and 10 J2/ml soil ranged between 2.7 - 14.1 and 1.7 - 9.1, respectively.
The highest Rfat a P, of 5 and 10 J2/ml soil was reported on the cultivar ‘Capa’
followed by the cultivar ‘Sakha 93’ while the lowest Rf was recorded on the cul-
tivar ‘Aus 10894’ followed by the cultivar ‘Sahl 1’ The reproduction factor of H.
avenae on wheat cultivars ranged between 1.1- 5.8 at a P, of 20 J2/ml soil. The
highest Rfat a P, of 20 J2/ml soil was recorded on the cultivar ‘Capa’ followed
by the cultivar ‘Gemmeza 9’ while lowest Rf was recorded on the cultivars ‘Aus
10894’ and ‘Iskamish K-2-Light.

Effect of increasing initial population densities of H. avenae on the relative
susceptibility of wheat cultivars: A positive correlation between the P, and RS
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was detected on the wheat cultivars ‘Gemmeza 9" and ‘Sahl 1, while a negative
relationship between the P, and RS was detected on the wheat cultivars ‘Aus
10894, ‘Iskamish K-2-Light’ and ‘Sakha 93" At a P, of 5 J2/ml soil, ‘Gemmeza
9" and ‘Sahl 1’ were moderately susceptible cultivars to H. avenae with a RS of
47 and 31.8%, respectively (Table 1). While at a P, of 10, Gemmeza 9 was clas-
sified as susceptible. The cultivar ‘Sahl 1’ changed from moderately susceptible
to susceptible. The cultivar ‘Aus 10894° was moderately resistant at all P, levels
of H. avenae. The cultivar ‘Sakha 93’ was susceptible at all P, levels. Different
response from the wheat cultivar ‘Iskamish K-2-Light’ was recorded at all P,
levels. This cultivar was susceptible at a P, of 5 and 10 ]J2/ml soil, while it was
classified as moderately susceptible at P, of 20 J2/ml soil.

Effect of increasing the initial population density of H. avenae on grain
yield of wheat cultivars: As the P, of H. avenae increased, the grain yield of all
the tested cultivars decreased (Table 2). Reduction in grain yield of the cultivar
‘Aus 10894° was not significant at all P, levels compared to the non-infested
control and ranged between 4 — 11%. Grain yield of the cultivars ‘Capa, ‘Gem-
meza 9" and ‘Sahl 1" was significantly reduced at all P, levels. The highest reduc-
tion in grain yield (55%) was recorded at a P, of 20 J2/ml soil on the cultivar
‘Capa’ followed by the cultivars ‘Gemmeza 9’ and ‘Sahl 1" with reduction of 40
and 39 %, respectively. At a P, of 5 and 10 J2/ml soil, reduction in grain yield
of cultivars ‘Iskamish K-2-Light' (12-18%) and ‘Sakha 93 (16-20%) was not
significant compared to the non-infested control, while the reduction in grain
yield was significant at P, of 20 J2/ml soil.

Table 2. Effect of initial population densities (Pi) of Heterodera avenae on grain yield of wheat cultivars.

0 Pi =5 J2/ml soil Pi =10 J2/ml soil Pi =20 J2/ml soil
Cultivars
Yield (g)1 Yield (g) Red (%) 2 Yield (g) Red (%) Yield (g) Red (%)

Aus 10894 29+04a | 28£05a 03.8 28+04a 05.9 26+03a 11.0
Capa 32+06a | 1.8+0.3b 43.7 1.6 £0.3b 51.1 1.5+0.3b 54.7
Gemmeza 9 39+03a | 28+04Db 27.4 26+04b 34.3 24+05b 39.6
Iskamish K-2 35+05a | 3.1+£0.5ab 12.3 29+0.4ab 18.2 28+04b 214
Sahl 1 36+04a | 29+03b 19.0 2.5+0.4bc 31.1 22+04c 39.3
Sakha 93 37+0.6a |3.1+04ab 15.9 3.0+£0.2ab 19.9 28+04b 24.1

! Yield (g)= Means of grain yield/pot + standard deviation.

Means in a row followed by the same letter are not significantly different based on Tukey test (P < 0.05).

2 Red (%) = Percentage of reduction in grain yield compared to control (0).

Red (%)=((CP-IP)/CP)*100, where Red (%)= percentage of reduction, CP= grain yield of control plant, IP= grain
yield of infested plant.
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Figure 1. Box plot of the tolerance index of wheat cultivars to initial population densities of Heterodera avenae.
Tolerance index (TI) = ((GCP-GIP)/GCP)*100/Pf, where, GCP= grain yield of control plant, GIP= grain yield of
infested plant, Pf= final population density of J2/ml soil Tolerance ranking: tolerant (0-0.5); less tolerant (0.5-1)
and sensitive (>1).

The tested wheat cultivars showed different degrees of tolerance at nematode P,
levels (Figure 1). The wheat cultivar ‘Sakha 93’ was the most tolerant cultivar at
all P, levels as the tolerance index (T1) ranged between 0.2-0.3. Wheat cultivars
‘Iskamish K-2-Light and ‘Aus 10894° were less tolerance and their TT ranged
between 0.3-0.4 and 0.3-0.5, respectively. Tolerance of wheat cultivars ‘Capa’
and ‘Gemmeza 9" was low to all H. avenae P, levels, as TI ranged between 0.5-
0.6 and 0.5-0.8, respectively. The lowest tolerance to the nematode was record-
ed by the cultivar ‘Sahl 1’ and TT ranged between 0.6-0.9.

DISCUSSION

The nematode damage to host plants depends upon nematode population den-
sity in the soil as well as its reproduction in the host plant (Seinhorst 1965;
Barker and Olthof 1976). A positive correlation between final population den-
sities and increasing initial population densities of H. avenae was observed in
this experiment. On the other hand, nematode reproduction was negatively
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correlated with increasing initial population densities. This could be attributed
to the competition for feeding sites and the greater damage of infected roots
with increasing nematode initial density, which decreases the suitable area of
the roots for nematodes to infect, establish and reproduce (Fisher and Han-
cock 1991). These results are in accordance with the previous report of Magi
(1989) who found that the final number of eggs and juveniles increases with
increasing initial density but the reproductive rate decreases. Studies on the
relationship between initial population densities of H. avenae and nematode
reproduction on wheat and barley showed significant negative correlations
(Dhawan and Nagesh, 1987; Rivoal and Sarr 1988). Fisher and Hancock (1991)
reported that the reproduction factor of H. avenae reproduced tenfold at low
initial densities, while it decreased with increasing in initial population densi-
ties of H. avenae.

In this study, increasing the initial population densities of H. avenae led to
increase in the relative susceptibility of the wheat cultivars ‘Gemmeza 9" and
‘Sahl 1" (Table 1). At a P, of 5 J2/ml soil, these cultivars were moderately sus-
ceptible, while they were susceptible at a P, of 20 J2/ml soil. This increase in
susceptibility may due to the significant increase in the final population den-
sity of H. avenae on these cultivars following the increase in P. On the other
hand, increasing the initial population densities of H. avenae led to decrease
in the relative susceptibility of the wheat cultivar ‘Iskamish K-2-Light’ (Table
1). Ata P, of 5J2/ml soil, this cultivar was susceptible, while it was moderate
susceptible at a P, of 20 J2/ml soil. This decrease in susceptibility may due to
the constancy in the final population density of H. avenae on this cultivar in
spite of the increase in P..

Negative relationship between the initial population density and different
plant growth parameters (grain yield, spike weight, shoot dry weight and root
dry weight) was detected in this study. Previous reports have concluded that
losses in the grain yield of wheat caused by H. avenae are mainly due to the
reduction of the number of spikes, number and weight of grains/spike (Goent
1982; Romero et al. 1988; Romero et al. 1991; Zancada and Althofer 1994).

This study indicates that Egyptian populations of H. avenae are serious pests
of Egyptian wheat cultivars. The reduction in the grain yield of the Egyptian
cultivars by H. avenae ranged between 16 - 40% under greenhouse conditions.
The substantial reduction in the grain yield of the Egyptian wheat cultivars
found in this study indicates that even the lowest P, (5 eggs and ]J2/ml soil)



caused significant damage to wheat under greenhouse conditions. On the oth-
er hand, the local wheat cultivar ‘Sakha 93’ showed some degree of tolerance as
the reduction in grain yield was not significant in spite of the high relative sus-
ceptibility to H. avenae at a P, of 5 and 10 J2/ml soil. The grain yield of ‘Sakha
93 was only significantly reduced at a P, of 20 eggs and J2/ml soil.
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SUMMARY

Plant-parasitic nematodes affect agricultural crops worldwide resulting in
heavy losses annually. The families Pratylenchidae and Heteroderidae are of
great economic importance, as they cause substantial crop losses in many
countries. Wheat is one of the most important strategic plant roles as a good
host for the genera of Pratylenchus and Heterodera and is seriously affected in
many wheat-producing areas particularly in rain-fed regions throughout the
world. Heterodera avenae group species and root lesion nematode endopara-
sites of roots are widely distributed in cereal fields in most provinces in Iran.
Surveys on identification, distribution and population density for both genera
were conducted in several provinces. The results indicated Heterodera filipjevi
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is the most abundant species of cereal cyst nematodes in cereal fields, followed
by H. latipons and H. avenae, distributed in the west and southwest. Root le-
sion nematodes P. neglectus and P. thornei are the prevalent species which are
accompanied by Pratylenchoides ritteri in the north east, and Pr. ritteri and
P alkani in the west of the country. The population densities in some cereal
fields are higher than the economic damage threshold determined for these
nematodes in other parts of the world. Assessment of the impact of cereal cyst
and root lesion nematodes on a few wheat cultivars have been performed in
some regions including Khuzestan Province (south west), Kermanshah and
Hamadan provinces (west) and Khorasan Rezavi Province (east). The results
indicated the common species of cereal cyst nematodes i.e. H. filipjevi, H. lati-
pons and H. avenae as well as root lesion nematodes species viz P. neglectus,
P. thornei and Pr. alkani are able to reduce the wheat grain yield significant-
ly under field conditions. The reaction of some current wheat cultivars along
with CIMMYT germplasms against two species of P. neglectus and P. thornei,
revealed resistance in some current wheat cultivars, which needs to be con-
firmed under field conditions. Perspectives of future researches will be focused
on management strategies through seeking resistance sources in Iranian wheat
landraces and commercial cultivars by molecular markers as well as determin-
ing the economic importance of root lesion nematodes and cereal cyst nema-
todes in wheat production under drought stress conditions in different local-
ities. Meanwhile, surveys of the distribution and frequencies of these groups
of soil borne pathogens in other unstudied provinces should be emphasized.

INTRODUCTION

Nematodes affecting cereals are divided in two groups, parasites of under-
ground and aboveground plant tissues. The underground parasitic nematodes
of cereals are soil terrestrial nematodes which invade root systems of cereals
and cause severe damage to plant growth parameters and crop yield. Cereal
cyst nematodes (CCN) and root lesion nematodes (RLN) are categorised into
this group and induce significant crop losses in wheat worldwide. Heterodera
avenae is the most common species of CCN that has a global distribution and
is found in most European countries, Australia, Canada, South Africa, North
Africa, Japan, Saudi Arabia and Turkey (Dababat et al. 2015). Heterodera av-
enae is the most damaging species on temperate cereals (Nicol et al. 2003). Het-
erodera filipjevi is more confined to Asia and has been reported from Russia,
Spain, Turkey, Central Asia, India, and was recently found in the USA (Nicol
et al. 2003, Smiley et al. 2008, Dababat et al. 2015). The Mediterranean cyst



nematode, H. latipons, is mostly found in Mediterranean regions as well as in
North Africa and some northern European countries (Nicol et al. 2003). Root
lesion nematodes are migratory endoparasitic nematodes that have a global
distribution and broad host ranges.

Out of more than 68 valid species of Pratylenchus Filipjevi, 1936 (Castillo and
Vovlas 2007) eight species are found in cereals fields and, of these, P. neglectus,
P. thornei, P. penetrans and P. crenatus have a worldwide distribution (Rivoal
and Cook 1993). Pratylenchus neglectus and P. thornei are the most common
species found in wheat fields in Iran. Moreover, among the group of root lesion
nematodes, Pratylenchoides spp. were frequently found in cereal fields partic-
ularly in the west of Iran. Pratylenchoides belongs to Pratylenchidae family,
however, recently it was moved to the subfamily Pratylenchoidinae, family
Merliniidae (Sturhan 2012). Cereal cyst nematodes and root lesion nematodes
have been frequently reported from cereal fields in different parts of Iran. The
first evidence of the presence of CCN in Iran was revealed when Talatchian
et al. (1976) surveyed sugar beet fields in eleven provinces to detect the sugar
beet cyst nematode, H. schachtii. They found the “H. avenae group” as well as
H. latipons and H. schachtii, but they did not directly identify H. avenae. The
species H. avenae was then reported for the first time by Barooti and Loof
(1990) from wheat fields in Marvast area, Yazd Province; however, it was then
re-identified as H. filipjevi after precise morphological and molecular stud-
ies (Sturhan 1996, Rumpenhorst et al. 1996). Following identification of cyst
forming nematodes in Iran, five species belonging to the “H. avenae group’,
namely H. avenae type B, H. filipjevi, H. hordecalis, H. latipons and Heterodera
sp. 1, were reported from Iran, and H. filipjevi had the dominant distribution
followed by H. latipons and H. avenae type B (Tanha Maafi et al. 2007).

The above-ground parasites, i.e., the family Anguinidae Nicoll, 1935 (1926),
that include Anguina Scopoli, 1777 and Ditylenchus Filipjev, 1936, attack up-
per parts of cereals. Ditylenchus dipsaci Filipjev, 1937 is a migratory endopara-
site and invades the foliage and the base of stems of cereal plants. Oat and rye
are the main hosts for D. dipsaci, and it is widespread throughout western and
central Europe, the USA, Canada, Australia, Brazil, Argentina, and North and
South Africa (Plowright et al. 2002). There are several reports of D. dipsaci oc-
curring in Iran, however it has not been reported from wheat thus far.

Anguina tritici is the causal agent of wheat seed gall and is a migratory ectopar-
asite of leaves and growing points of plants. The juveniles penetrate the flower
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primordium at flowering time and then turn into adults. As a result, ovules and
other flowering parts of a plant are transformed into galls or ‘cockles. The gall
seed nematode currently is not a serious problem in wheat producing areas
where there is use of modern seed cleaning systems. However, farmers who
are using their own seeds encounter problems from the early stages of wheat
growth, even leading to death of new emerged plants. Twisted and waved
leaves are the common symptoms of infection to A. tritici. Wheat is the main
host for A. tritici. It is distributed throughout western Asia and North Africa,
the Indian subcontinent, China, parts of Eastern Europe, Iraq and Pakistan
(Mc Donald and Nicol 2005), and in Turkey (Tulek et al. 2015). The damage
of A. tritici is remarkable occasionally in some wheat-producing areas in Iran
where farm-saved seeds are grown by conventional small-scale growers.

HISTORY

Distribution and abundance of cereal nematodes were carried out by collect-
ing soil and root samples during growing seasons 2008-2012 from wheat and
barley fields in six provinces of cereal-producing areas in the center, east, north
east, west and south east of Iran. The samples were analyzed according to cur-
rent nematology techniques. The population density of cereal nematodes was
determined for the collected samples. The identification of CCN was performed
based on morphological and molecular data (Baldwin and Mundo-Ocampo
1991, Subbotin et al. 1999). The RLN species were distinguished on the basis
of morphological and morphometric characters (Loof 1991) and molecular
characteristics (Waeynberg et al. 2000). The distribution map of cereal nem-
atodes was prepared for the surveyed provinces. The effect of H. filipjevi and
H. latipons on wheat cultivar Sardari was evaluated with different levels of ini-
tial populations under microplot conditions (Hajihassani et al. 2010a, 2010b).
The crop loss assessment of H. filipjevi on some cultivars of wheat and barley
was performed under field conditions in Ramshir region during 2008-2009 in
Khuzestan Province that were either untreated or treated with aldicarb nem-
aticide to reduce nematode potential for damage. Meanwhile, the impact of H.
avenae type B was evaluated in a field trial with four bread and durum wheat
cultivars at Behbahan Agricultural Research Station (BARS) in south west of
Iran during the growing season 2009-2010. Both experiments were arranged
in a randomized complete block design. The biology of H. avenae type B was
determined under BARS during growing season 2009-2010. Investigation on
yield loss caused by root lesion nematodes was assessed on wheat and barley
cultivars at three regions, viz Khorasan Razavi, Neyshabour Agricultural Re-



search Station (NARS) in the east, Hamadan, Ekbatan Agricultural Research
Station (EARS) and Kermanshah, Islamabad-Gharb Agricultural Research
Station (IARS) in the west under field conditions. Moreover some commercial
wheat cultivars and CIMMYT germplasm were screened against P. neglectus
and P, thornei under control conditions.

STATUS

The results showed that cereal nematodes are widely distributed in the sur-
veyed regions. Three species of CCNs were identified, H. filipjevi had the high-
est frequency among the identified species, H. latipons was the second most
abundant species followed by H. avenae. Root lesion nematodes were found
to widespread in the surveyed wheat producing regions. Four species of RLN
were identified; P. neglectus, P. thornei, P. pseudopratensis, Pr. ritteri. The most
dominant species was P. neglectus, however Pr. ritteri had a high frequency
in the north east and in Lorestan Province, which is located in the west of
country, where it was ranked after P. neglectus. In crop loss trials of cereal cyst
nematodes, H. filipjevi caused significant reduction of grain yield, biomass,
shoot weight, shoot height and tillering by 52 (40-73), 40 (14-53), 38 (6-67),
15 (8-21) and 24 (10-39) percent, respectively, on wheat and barley cultivars
in Ramshir region in Khuzestan Province where the average initial population
was determined to be 10 eggs and second-stage juveniles (J2) per g of soil. The
trial conducted at BARS was infested with H. avenae type B, which induced
yield reduction by 11-21% for four wheat cultivars; the average initial popula-
tion density was 62 eggs and J2 per g soil.

The root lesion nematodes caused significant impact of crop yield in three re-
gions where the yield loss assessment trials were conducted. A two-year exper-
iment conducted in IARS contained Pr. alkani and showed a reduction of grain
yield for wheat cultivars Azar 2 and Sardari (22.7% and 20.5%, respectively)
in comparison with the control treatment including nematicide application.
Other treatments, i.e. barley cultivars Sararod 1 and Rizhaw, were damaged as
well by 16.1 and 13% reduction of grain yield, respectively. The results of the
trials done in NARS were infested by RLNs and indicated similar results in
grain reduction for wheat cultivars, Sardari (8%), Sabalan (19%) and Pishtaz
(6%) during a two-year experiment. The field trials in EARS showed 6.7% and
22.3% increase in grain of wheat due to nematicide application in year 2013
and 2014, respectively.
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The evaluation of commercial wheat cultivars to P. neglectus and P. thornei
showed that cvs. Dez, Shiraz, Akbari, Atrak, Parsi, Sivand, Alvand, Pishtaz
and line S-80-18 were resistant to P. thornei. Cultivars Moghan3, Pishtaz, Dez,
Darya, Chamran, Nicknejad, Gascojen, Bam, Bahar, and line CD-5509 had
resistant reactions against P. neglectus. Two commercial wheat cultivars, Dez
and Pishtaz, were resistant to both RLN species.

IMPACTS

Cereal nematode research in Iran was performed in terms of different aspects
to indicate the important role of these groups of nematodes in cereal produc-
tion in Iran. Cereal cyst and root lesion nematodes are widely distributed in
cereal fields. Pratylenchus neglectus showed the highest frequency compared to
other RLN species, however Pr. ritteri was the dominant species in the north
east and in Lorestan and Kermanshah provinces located in the west of country,
where it was ranked after P. neglectus. Pratylenchoides spp. were frequently iso-
lated from roots of wheat, occasionally containing high population densities,
hereupon it should be taken into consideration as a potential RLN in wheat
fields where it occurs.

According to the literature, P. thornei is more capable than P. neglectus for caus-
ing yield loss (Castillo and Vovlas 2007, Vanstone et al. 1998, Nicol et al. 2003,
Smiley et al. 2005a, 2005). Recent investigations showed even more damage
from P. neglectus, with mean yield improvement due to nematicide application
being greater for spring wheat infested by P. neglectus compared to P. thornei,
31% vs 8%, and for winter wheat it was 9 and 11% as a result of infestation
to P. neglectus and P. thornei, respectively (Smiley 2009, Smiley and Machado
2009). The population density of RLN in some collected soil samples was more
than two nematodes per gram soil, which is rather higher than those of the
economic damage threshold reported for these nematodes in other parts of
the world, i.e. for P. thornei in Mexico it was 420 nematodes/kg soil, in western
Australia it was 1000/kg soil, and in Queensland it was 2500/kg soil (Riley and
Kelly 2002, Nicol and Ortiz-Monasterio 2004, Thompson 1993).

The economic damage threshold levels are not available for H. filipjevi, H. lati-
pons and H. avenae type B, nevertheless these species of CCNs showed high
density in some of the regions, occasionally equal or above the levels reported
for H. avenae (Dixon 1969, Gill and Swarup 1971, Nicol and Rivoal 2008), im-
plying crop yield reduction is most likely anticipated in these regions.



Damage caused by cereal nematodes in addition to population density depends
on several factors, i.e. availability of water and nutrition, genotypical factors,
and tolerance and resistance of cultivars which needs to be determined under
different environmental conditions.

PROSPECTS

The sources of genetic resistance to cereal cyst nematodes in Iranian landraces
wheat are unknown. Wheat is originally from the Near East and has been culti-
vated in this region for a long time. At least some landraces are likely assumed
to contain resistance genes, as genetic resistance of Iranian landrace wheat
to root lesion nematode, Pratylenchus thornei, was determined in Australia
(Sheedy & Thompson 2009). Hereupon, prospective future researches will be
focused upon management strategies through seeking resistance sources in
Iranian wheat landraces and commercial cultivars by molecular markers as
well as phenotypic screening.

There is comparatively little information on the economic importance of H.
filipjevi, H. latipons, H. avenae type B, and root lesion nematodes species. The
wide distribution and the preliminary crop loss trials indicate that these spe-
cies can be considered as the most important cereal nematodes in the region
and need intensive researches. The economic importance of RLNs and CCNs
in wheat-production systems under drought stress conditions in different lo-
calities needs additional research. Meanwhile, surveys on the distribution and
frequencies of these groups of soil borne pathogens in other unstudied prov-
inces should be emphasized.
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SUMMARY

Pratylenchus thornei and P. neglectus are the most common root lesion nem-
atodes (RLN) on wheat with economically important damaging capabilities.
On the basis of previous studies both species are prevalent in the province
and are damaging crops especially in rainfed wheat fields. In order to evaluate
yield losses caused by root lesion nematodes on wheat in Hamadan, a two-year
field trial with four split-plot replications on a randomized completed block
design were conducted in a naturally infested field during 2012- 2014. Two
wheat cultivars (Sardari and Azar), two barley cultivars (Makuii and Abidar),
and a triticale cultivar (Juanillo92) were sown in 2 x 5 m plots in 10 lines. Five
lines of each plot were treated with aldicarb 10G, 0.8 g a.i..s/m*soil at sowing
time. Soil samples were taken from each plot by auger one month after sowing
and one month before harvest, and root lesion nematodes were extracted and
counted. For both years the grain yield was recorded for each plot. Analysis
of data with SAS statistical program showed there was a significant difference
between means and nematicidal application which caused 84% and 92% de-

*  Gitti M, Hoseininejad SA, Dababat AA (2015) Evaluation of wheat yield losses caused by root lesion nem-
atodes in Hamadan Province, Iran. In ‘Nematodes of Small Grain Cereals: current status and research’
(AA Dababat, H Muminjanov and RW Smiley) pp. 101-108. (FAO: Ankara, Turkey).
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crease in RLN populations and 6.7% and 22.3% increase of grain of wheat in
the first and second year, respectively. There was a significant linear relation-
ship between RLN density and wheat grain yield of Sardari and Azar cultivars
with the estimated regression equation; Y= 0.1425 x*> - 13.937x + 1513 and R?
= 0.0875, where Y is the grain yield in gr/m? and x is the number of RLN per
gram oven-dried soil. Sardari wheat cultivar was more susceptible than Azar
cultivar whereas barley and triticale revealed less difference in grain yields
with different root lesion nematode densities.

INTRODUCTION

Wheat (Triticum aestivum L.) as a main crop is planted each year on 303000
ha as rainfed with 1103 kg/ha yield in the low-precipitation region (150 to
300 mm) and 103000 ha with 3800 kg production per ha in irrigated fields in
Hamadan Province. In most areas winter wheat is rotated with a 14-month fal-
low (crop-free) period and in some areas winter wheat without fallow (Anon
2014). However, wheat or barley (Hordeum vulgare L.) are sown in rainfed
fields annually while irrigated fields have rotations that include broadleaf crops
such potato, alfalfa, sugarbeet, chickpea or canola.

Root-lesion nematodes (Pratylenchus neglectus (Rensch, 1924) Filipjev Schuur-
manns & Stekhoven, 1941 and P. thornei Sher & Allen 1953) are present in 82%
of the fields in the province and effects of crop management practices on nem-
atode populations have not been clearly defined (Tanha Maafi et al. 2009). Di-
rect associations between Pratylenchus spp. population density and frequency
of cereal cropping have been reported in other countries (Gair et al. 1969, Riley
et al. 2002). A replicated 2-year experiment was established during 2012-2014
to examine the aspects of RLN damage on wheat at a low precipitation site
known to be infested with P. neglects and P. thornei.

METHODS

The experiment was performed at the Ekbatan Agricultural Research Station
(EARS) located 5 km northwest of Hamadan. A uniform crop of winter wheat
was planted over the intended experimental area during 2012 in order to main-
tain the RLN population. The experimental area was divided into 24 plots of 2
x 5 m arranged as four randomized blocks of six plots representing six treat-
ments. Plots had 10 lines, and five lines of each plot were treated with aldicarb
10G, 0.8 g a.i..s/m?>soil at sowing time. The six treatments included biennial



Nematodes of Small Grain Cereals. Current status and research

Figure 1. The experimental site of evaluation of wheat and barley yield losses caused by root lesion nematodes in
Hamadan Province, Iran, 2014

Sardari and Azar winter wheat, biennial Makuii and Abidar winter barley, and
triticale cultivar Juanillo92. All crops were harvested in mid September. Grain
yield was measured using a weigh wagon to determine yield per plot. Routine
soil sampling for nematode extraction was collected each year to assess Praty-
lenchus populations in individual treatments when soil was moist. Soil samples
were taken from each plot by an auger (2.5-cm diameter) one month after sow-
ing and one month before harvest. Samples consisted of 20 cores composited
for each of 24 plots. All soil-dwelling nematodes from 250-g subsamples of soil
plus root fragments were extracted by the Whitehead tray method (Whitehead
and Hemming 1965). Nematodes were washed into 100-ml cups and suspen-
sions were stored at 5 °C before counting. One ml of suspension was placed
on a counting slide, and all plant-parasitic nematode genera on the slide were
counted, identified, and recorded as nematodes/kg of oven-dried soil.

Results were analyzed using one-way analysis of variance (ANOVA). Each
analysis was performed using SAS Statistical Software. Associations of grain
yields and nematode populations were evaluated by regression analysis.

RESULTS

Numbers of isolated RLN were greater than any other plant-parasitic species,
which were detected infrequently and in low numbers. Pratylenchus popula-
tions did not significantly differ (P < 0.05) among treatments during the 2
years of the experiment. Aldicarb reduced (P <0.01) Pratylenchus densities in
soil and roots for two years in treated plots (Table 1). Applying aldicarb caused
a 84% and 92% decrease in RLN populations and 6.7% and 22.3% increase in
grain of wheat during the first and second year, respectively. The yield x aldi-
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carb interaction was significant and when data for control plots (not treated
with aldicarb) were analyzed separately, the varietal difference was significant
at P < 0.05. Grain yields also were improved by aldicarb in each experiment (P
< 0.01). There was a significant negative linear relationship between RLN den-
sity and wheat grain yield of Sardari and Azar cultivars with the estimated re-
gression equation; Y= 0.1425 x* - 13.937 x + 1513 and R* = 0.0875, where Y is
the grain yield in gr/m? and x is the number of RLN per gram oven-dried soil.

Table 1. Density of Pratylenchus in one gram of soil in aldicarb-treated and untreated plants at Ekbatan Agricultural
Research Station during 2013 and 2014

Cereals

Year Sardari (wheat) Azar (wheat) Abidar (barley) Makuii (barley) Triticale

Aldicarb | Check | Aldicarb | Check | Aldicarb | Check | Aldicarb | Check | Aldicarb | Check

2013 0.75 9.30 0.30 10.90 1.05 5.10 1.25 4.35 1.95 4.00

2014 0.65 20.65 0.60 23.15 0.80 6.60 0.85 3.25 1.50 3.00

Table 2. Grain yields of aldicarb-treated and untreated plants at Ekbatan Agricultural Research Station during 2013
and 2014

Cereals

Year Sardari (wheat) Azar (wheat) Abidar (barley) Makuii (barley) Triticale
Aldicarb | Check | Aldicarb | Check | Aldicarb | Check | Aldicarb | Check | Aldicarb | Check

2013 1377 1242 1592 1540 1330 1380 1432 1425 1375 1727
2014 1747 1370 1359 1168 1406 1293 1900 1254 9995 9077
DISCUSSION

We report the first field-derived evidence that Pratylenchus spp. causes eco-
nomic damage to wheat in the west regions of Iran. In soils with high pop-
ulations of Pratylenchus spp., aldicarb application improved yield and grain
weight. Observations of yield differences due to varietal tolerance and resis-
tance to Pratylenchus spp. in the west of Iran are important because they indi-
cate a potential for improving yields of locally-adapted varieties by incorporat-
ing parental lines with improved tolerance and resistance to Pratylenchus spp.
into the breeding programs. However, Sardari and Azar are well adapted to
production systems in the west of Iran.

Compared to non-treated controls, aldicarb treatments yields were higher by
an average of 14.5%. Invasion of roots by Pratylenchus spp. generally does not
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Figure 2. Relationship between numbers of Pratylenchus spp. and yield of Sardari and Azar winter wheat during two
years at the Ekbatan Agricultural Research Station

cause diagnostic symptoms to occur in the foliar canopy. Plants with heavily
damaged roots may exhibit stunting, poor vigor, reduced tillering, and prema-
ture wilt at the onset of moisture stress (Doyle et al. 1987, Orion et al. 1984,
Van Gundy et al. 1974).

Although crop rotation is a preferred management practice, limiting damage
by Pratylenchus spp. through rotation is a continuing challenge because RLN
species infest a wide range of host plant species (Hollaway et al. 2000, Talavera
and Vanstone 2001, Thompson et al. 1999, Vanstone and Russ 2001a 2001b).
In general, most commercial wheat and chickpea varieties are considered good
hosts for P, thornei. Poor hosts include many varieties of barley, durum wheat,
canola, safflower, lupine, lentil, field pea, and flax. Of the listed crops, only
barley is adapted to the Hamadan small grain-production region, where pre-
cipitation has a winter-dominant pattern and temperatures are very low, and
summers are hot and dry. Assessment of barley as a potential break crop is
required. Likewise, much progress and promise exists for breeding wheat va-
rieties with sufficiently high tolerance and (or) resistance to stabilize yields
and reduce the reproductive efficiency for Pratylenchus.spp. Development of
tolerant, locally-adapted varieties is essential for limiting damage by Pratylen-
chus spp. Pratylenchus spp. population densities were strongly influenced by
cropping systems in the low-precipitation region. These results are in agree-
ment with previous observations (Gair et al. 1969, Riley et al. 2002). Although
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populations of Pratylenchus spp. were not monitored in the volunteer cereals
and weed grasses in this experiment, there was ample opportunity for mul-
tiplication of nematodes through the 10-month winter wheat growth cycle
and also, when temperatures permitted, for as many as seven months of cycle.
We conclude that management of Pratylenchus spp. populations in the winter
wheat region of western Iran must include elimination of the bridging and
multiplication potential by unwanted hosts during the fallow period, as has
been shown to be essential for reducing risks posed by other pests and diseases
of wheat roots and foliage.
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SUMMARY

Khuzestan Province has been shifted in first and second rank among the cereal
producing provinces in Iran during recent years with an area of 700.000 ha
and average annual yield production of 2.3 t / ha. The root lesion nematodes
(RLNs), Pratylenchus spp., are distributed throughout the world and can sig-
nificantly impact grain yield in cereal fields worldwide. In a survey to study the
RLNs in cereal fields in Khuzestan Province, 200 soil and root samples were
collected from wheat and barley fields in different districts during 2008-2011.
The soil and root samples were processed by current nematology techniques
and extracted RLNs were subject to identification and determination of popu-
lation density. Two species of RLN, P. thornei and P. neglectus, were identified
based on morphological and morphometric features. We found that P. thornei
was the dominant species in both wheat and barley fields. The result showed
that RLNs were found in 35 and 42% of wheat and barley fields, respectively.
Population densities of RLNs in root samples taken from wheat fields ranged
from 1 to 365 (mean 39) nematodes/g root. The range in soil samples was 0
to 1334 (mean 228) nematodes/250 cm®. Soil and root samples collected from

*  Ahmadi AR, Tanha Maafi Z, Dababat AA (2015) Survey on root-lesion nematodes in cereal field in southwestern
of Iran. In ‘Nematodes of Small Grain Cereals: current status and research’ (AA Dababat, H Muminjanov and
RW Smiley) pp. 109-114. (FAO: Ankara, Turkey).
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barley fields contained rather less population density compared to wheat sam-
ples, it ranged from 3 to 54 (mean 6) nematodes/g root and from 30 to 734
(mean 68) nematodes/250 cm’ soil. Yield damage caused by root lesion nem-
atodes depends on several parameters such as drought stress, wheat varieties,
crop rotation, etc. Further studies are necessary to determine the threshold
values for economic damage of root lesion nematodes in the region.

INTRODUCTION

Cereals are the most important food sources in the world and 58 percent of the
annual global cultivation have been allocated to wheat, corn and rice. By 2030,
world population will reach eight billion, so reliance on cereals will increase
(Fischer et al. 2009). Wheat is cultivated in all parts of Iran over an area of 7
million ha with an annual production of 14 million tonnes, making it the 13th
wheat producing country in the world during 2013 (FAO 2013). The area un-
der wheat and barley cultivation in Khuzestan Province is 0.7 million ha with
a total production of 1.6 million tonnes, making it the second most important
cereal producing province, contributing 17% of the annual production in Iran
in 2012-2013 (Anon 2014). The root lesion nematodes (RLNs) are a major pest
of cereal throughout the world. Eight species of RLNs including Pratylenchus
brachyurus, P. coffeae, P. crenatus, P. neglectus, P. penetrans, P. pseudopratensis,
P. thornei and P. zeae were reported from maize, wheat, barley and rice (Pour-
jam et al. 1998, Ahmadi et al. 2010). Pratylenchus neglectus, P. thornei, P. pseu-
dopratensis and P. penetrans were reported from wheat fields in Iran (Ghaderi
et al. 2010). However, there is not enough information on the status of RLNs in
cereal fields of Khuzestan Province. The aim of this study was to determine the
occurrence, distribution and population density of RLNs in wheat and barley
fields in southwest of Iran.

METHODS

The survey was performed in the cereal growing areas in southwest of Iran for
three years (2008-2011). The survey included 169 wheat and 31 barley fields
that were inspected and sampled in 22 regions during the grain filling period
to harvest time, from mid-February to late May. Root tissue of 10 wheat and
barley plants from each sample were examined under a stereomicroscope to
observe disease symptoms. From each collected soil sample, 250 cm’ soil was
processed with the Whitehead tray method (Whitehead and Hemming 1965).
The species of RLNs were identified based on morphological and morphomet-



ric features (Loof 1991). Distribution of RLNs were plotted on Khuzestan map
with ArcGIS 9.3 software.

RESULTS

Root lesion nematodes occurred in 64 (39%) and 13 (20%) irrigated and rain-
fed wheat and barley fields respectively (Table 1). The results showed that out
of 200 soil and root samples, 77 samples (38.5%) were infested with average
populations of 32 nematode/g of root and 201 nematodes/250 cm® of soil.
Root lesion nematodes species were identified as Pratylenchus neglectus and
P. thornei, which were widely spread in important cereal growing areas in the
provinces, i.e., Ahvaz, Andika, Andimeshk, Baghmalek, Behbahan, Dezful,
Gotvand, Hoveize, Izeh, Lali, Masjedsoleiman, Omidiyeh, Ramhormoz, Ram-
shir, Shadegan, Shushtar and Susa.

Population density of RLNs in soil samples of wheat fields ranged from 0 to
1334 nematodes (mean 228)/250 cm’ soil and 1 to 365 (mean 39) nematodes/g
root. The highest incidence in wheat fields was found in Lali district with 145
(48-242) nematodes/g root and 524 (235-813) nematodes/250 cm® soil. The
lowest incidence was found in district Ramshir 4 (2-8) nematodes/g root and
135 (55-250) nematodes/250 cm’ soil. Only in districts Haftghel, Hendijan and
Korramshar were no RLNs found. Population density of RLNs in soil samples
of barley fields ranged 30-734 nematodes (mean 68)/250 cm’ soil and 3-54
(mean 6) nematodes/g root. The highest and lowest incidences were found in
districts Lali and Ramhormoz, with 100 and 33.3 percent, respectively.

DISCUSSION

The aim of the present study was to determine the current occurrence, distri-
bution and population density of RLNs in wheat and barley growing areas of
Khuzestan province. Disease incidence in the irrigated fields, was more than the
rain-fed fields, that confirms soil moisture and nutrients have a positive effect on
the nematode population. Population density of nematode in wheat fields was
higher than barley fields confirming that barley is rather a poor host for RLN
(Vanstone et al. 2008). The economic damage thresholds for P. thornei and P. ne-
glectus on wheat and barley vary greatly, 420 and 2500 P. thornei/kg of soil have
been reported from different parts the world. Pratylenchus thornei and P. neglec-
tus and mixture of two species were observed in 70, 23 and 13% of the Khuz-
estan surveyed fields respectively. Pratylenchus thornei was dominant species in
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Table 1. Occurrence and incidence of root lesion nematodes in wheat and barley fields of Khuzestan Province, Iran

during 2008-2011

No. of No. of
District total samples infested samples Mean and range Mean and range of
of nematodes/g root | nematodes/250 cm® soil
I R? I R
Ahvaz 13 0 5 0 14 (5-30) 134 (60-240)
Andika 0 5 0 4 65 (14-167) 228 (132-398)
Andimeshk 7 0 2 0 46 (1-91) 242 (35-450)
Baghmalek 7 9 3 5 15 (1-46) 313 (30-500)
Behbahan 12 0 5 0 123 (19-365) 260 (0-534)
Dashteazadegan 14 0 1 0 14 210
Dezful 10 0 3 0 7(6-8) 318 (145-470)
Gotvand 8 0 6 0 19 (1-71) 213 (111-329)
Haftgel 0 5 0 0 0 0
Hendijan 5 0 0 0 0 0
Hoyeyzeh 8 0 2 0 37 (22-52) 326 (221-432)
Izeh 0 7 0 1 61 434
Korramshahr 7 0 0 0 0 0
Lali 1 3 1 2 85 (25-242) 334 (144-813)
Mahshar 5 0 3 0 6 (1-18) 114 (65-172)
Masjedsolaiman 0 2 0 1 77 250
Omidiyeh 5 0 3 0 29 (11-42) 155 (78-253)
Ramhormoz 14 0 8 0 41 (14-130) 256 (89-734)
Ramshir 7 0 4 0 4(2-8) 135 (55-250)
Shadegan 6 0 1 0 2 100
Shushtar 18 5 7 0 36 (1-351) 175 (0- 904)
Susa 17 0 10 0 20 (0-199) 245(98-1334)
Overall & Mean 164 36 64 13 32 (0-365) 201 (0-1334)

'ITrrigated, *Rainfed

both wheat and barley fields. P. thornei is more damaging than P, neglectus in the
world (Smiley 2009). The use of resistant and tolerant varieties of wheat to RLNs
is the most important management practices. This study suggests the need for
more research on the reaction of the bread and durum wheat varieties to RLNG.
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SUMMARY

In order to assess the grain yield loss caused by Heterodera filipjevi on wheat
cultivars an experiment was conducted in a wheat field infested with H. filip-
jevi during 2013-2014 at Kabotarabad Agricultural Research Station, Isfah-
an Province. The experiment was carried out in a split-plot factorial design
with six treatments including three wheat cultivars (viz, Back-cross Rowshan,
Pishtaz and Parsi) with and without applying nematicide (Aldicarb 10G). Each
treatment consisted of a 6 m?* plot which was replicated five times. The tri-
als were performed in two different conditions under normal irrigation and
under drought stress conditions. The initial and final population of each plot
was determined before sowing the seeds and after harvesting. Plant growth
parameters (i.e., yield, yield components, and growth characteristics) were

*  Karimipour Fard H, Pourjam E, Tanha Maafi Z (2015) Assessment of grain yield reduction caused by Heterodera
filipjevi in wheat cultivars under normal irrigation and drought stress in natural field conditions. In ‘Nematodes
of Small Grain Cereals: current status and research. (AA Dababat, H Muminjanov and RW Smiley) pp. 115-120.
(FAO: Ankara, Turkey).
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measured and the nematode reproduction factor was calculated. The mean Pi
was defined as 22.4 eggs + J2/g of soil. The results showed cereal cyst nema-
tode, H. filipjevi, significantly affected grain yield in all three wheat cultivars
in both irrigation conditions. In drought stress conditions, the cultivars Parsi,
Back-cross Rowshan and Pishtaz showed 28.16%, 26.85% and 23.69% yield
reduction, respectively, in comparison to the same cultivars that were treated
with nematicide. The results in the normal irrigation system indicated a sig-
nificant reduction of grain yield by 22.83%, 21.8% and 19.5% in Back-cross
Rowshan, Pishtaz and Parsi, respectively, compared to these varieties treated
by nematicide. The nematode reproduction factor ranged from 1.88 to 0.29 in
plots minus and plus nematicide.

INTRODUCTION

Cereal cyst nematode (CCN) is globally acknowledged to be an economical-
ly important biotic constraint in predominantly rain-fed wheat production
system in many wheat growing regions (Nicol and Rivoal 2008). The studies
carried out on distribution and losses of Heterodera filipjevi in Turkey showed
that H. filipjevi is widely distributed in Turkey and the average yield loss was
40% on wheat which might be even higher particularly in drought condi-
tions (Rivoal and Nicol 2009). The economic importance of H. filipjevi was
investigated at Cifteler and Haymana regions in Turkey, with results showing
average yield losses of 20% and 36% for these two regions respectively (Elek-
cioglu et al. 2009). H. filipjevi is the dominant species of cereal cyst nematode
in most cereal growing areas of Iran and is widespread in different areas
(Damadzahed and Ansaripour 2001, Tanha Maafi et al. 2007). Preliminary
studies of distribution and population density of H. filipjevi in wheat fields of
Isfahan province in Iran showed 51.7% of soil samples taken from different
wheat fields were infested with H. filipjevi, with the mean population of 1658
eggs plus J2/g of soil (Karimipour Fard and Tanha Maafi 2010). The effect of
different initial population levels of H. filipjevi on wheat cultivar Sardari was
investigated in microplot conditions, the results indicated the grain yield loss
was demonstrated even at the lowest population density (2.5 eggs and J2/g of
soil) and reached a maximum loss of 48% with an initial population density
of 20 eggs and J2/g of soil (Hajihasani et al. 2010). There is no information
about the impact of H. filipjevi on wheat cultivars under field conditions in
Isfahan Province. This study was conducted to assess the grain yield reduc-
tion caused by H. filipjevi on three wheat cultivars under normal irrigation
and drought stress in natural field conditions.



METHODS

The experiment was conducted in an infested field in Kabotarabad Agricul-
tural Research Station, 30 km east of Isfahan during the 2013-2014 growing
season. The experiment was carried out in a split-plot factorial design with six
treatments including three wheat cultivars (viz, Back-cross Rowshan, Pishtaz
and Parsi) with and without applying nematicide (Aldicarb 10G). Each treat-
ment consisted of 6 m? plots which were replicated five times, for a total of
60 plots. The trials were performed under normal irrigation conditions and
also under drought stress. Seven irrigations were done for all plots, whilst the
plots under drought stress conditions received the last four irrigation with
10 days delay. The initial and final population of each plot was determined
before sowing the seeds and after harvesting. Plant growth parameters (i.e.,
yield, yield components, and growth characteristics) were measured and the
nematode reproduction factor was calculated. Data were analyzed and the
percentage of yield reduction was calculated for three wheat cultivars under
normal irrigation and drought stress.

RESULTS

The average initial population density of H. filipjevi in experimental plots was
determined to be 23.4 eggs and J2/g of soil. The results showed significant dif-
ferences between plant growth parameters and nematodes indices in treated
and untreated plots. Cereal cyst nematode, H. filipjevi, significantly affected
grain yield in all three wheat cultivars in both irrigation conditions. In drought
stress conditions, the cultivars Parsi, Back-cross Rowshan and Pishtaz showed
28.16%, 26.85% and 23.69% yield reduction, respectively, in comparison to the
same cultivars treated with nematicide (Figure 1). The results in normal irriga-
tion system indicated significant reduction of grain yield by 22.83%, 21.8% and
19.5% in Back-cross Rowshan, Pishtaz and Parsi, respectively, in plots treated
by nematicide (Figure 1). Back-cross Rowshan cultivar treated with nemati-
cide produced the most grain yield (4731.56 kg/ha) in the normal irrigation
system. The nematode reproduction factor ranged from 1.88 to 0.29 in plots
minus and plus nematicide, respectively (Figures 2 and 3).

DISCUSSION

Based on the results in this study, H. filipjevi caused grain yield reduction in
the three surveyed cultivars. The results confirmed that cereal cyst nematode,
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Figure 1. Percentage grain yield reduction caused by H. filipjevi in three cultivars; Parsi (Pa), Pishtaz (Pi) and Back-
cross Rowshan (BR) under drought stress condition (+DS) and normal irrigation (-DS).
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Figure 2. Yield of different treatments; Parsi (Pa), Pishtaz (Pi) and Back-cross Rowshan (BR) cultivars plus (+) or
minus (-) Aldicarb 10G (Ald), and the nematode multiplication rate in the normal irrigation system.
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Figure 3. Yield of different treatments; Parsi (Pa), Pishtaz (Pi) and Back-cross Rowshan (BR) cultivars plus (+) or
minus (-) Aldicarb 10 G (Ald) and the nematode multiplication rate under drought stress conditions.
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H. filipjevi, is an efficient causal agent of reduced wheat production under Is-
fahan conditions, and that this nematode causes severe damage to wheat yield.
Data on damage of cereal cyst nematodes are mainly concentrated on H. av-
enae, the most prevalent species of cereal cyst nematodes in Europe and tem-
perate zones, whilst the impact of H. filipjevi, which is widespread in relatively
warmer regions such as west Asia and the Middle East, has not been adequate-
ly evaluated on wheat. The economic importance of H. filipjevi as a member
of the ‘H. avenae group’ on wheat was proved in this current study, which val-
idated the findings of previous investigations (Nicol et al. 2006, Elekcioglu et
al. 2009). Grain yield reduction percentage under drought stress conditions
was significantly higher than under normal irrigation conditions, indicating
that water stress enhances the severity of injuries in infected plants. This find-
ing corresponds to those provided in previous studies about more losses from
H. filipjevi occurring under drought conditions in Turkey (Rivoal and Nicole
2009). The means of the reproduction factors were inversely related to means
of yield in the different treatments, and plots minus and plus nematicide con-
tained the least and highest multiplication rates, respectively.
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SUMMARY

With the aim of increasing global wheat production by 2030, the potential
wheat yield must be increased up to 30-40%. Each year the crop productivity
must be increased between 1,6-1,8%, including 1% coming from improving
the genetic and breeding methods. To achieve this aim, we must use the wild
relatives of wheat to breed for specific traits, especially diseases. An import-
ant direction for improving the genetic potential of wheat is to involve and
to pyramid genes for resistance to biotic and abiotic stresses. At this study,
a synthetic hexaploid wheat was tested at the experimental base of Kazakh
Scientific Research Institute for Plant Growing and Farming, and at CIM-
MYT-Turkey. Five lines of synthetic wheat were selected which have yield
productivity on a level equal to local standards. In Turkey, the lines were
tested under both field and greenhouse conditions under artificial inocula-
tion for leaf rust, stripe rust, stem rust, common bunt and soil borne nem-
atodes and root rot. Eight out of 49 lines were resistant to crown rot while
13 lines were resistant to nematodes. On lines LANGDON/KU-2144 and
LANGDON/KU-2124 in field conditions nematodes were absent and under
greenhouse conditions there were 2-4 nematodes/plant.

*  Dutbayev Y, Suleymanova G, Lesova Zh, Sultanova N, and Dababat AA (2015) Wheat perceptiveness of study
of spring wheat nematodes in Kazakhstan. In ‘Nematodes of Small Grain Cereals: current status and research’
(AA Dababat, H Muminjanov and RW Smiley) pp. 121-130. (FAO: Ankara, Turkey).
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INTRODUCTION

The FAO 2050 predicts that the world population will be increased to 9 billion
(FAO Statistical Yearbook 2013). Therefore, to satisfy the needs of the global
population by 2030 it is necessary to increase the potential wheat yield by 30-
40%. For this purpose, it is necessary to increase the annual yield by an average
of 1.6-1.8%, including a 1% gain by improving breeding and genetic methods.
This can be achieved by using new genetic sources for resistance to diseases
especially the soil borne diseases. An increase in spring wheat productivity in
Central and Northern Kazakhstan is one of the main goals in the next years.
Also a holistic approach to improve and to increase yield will include reduce
diseases, pests and weeds in wheat. In these regions the most important diseas-
es of wheat are Septoria blotches, Helminthosporium blotches, and common
root rot. The yield losses can reach 30% and more (Koyshibayev 2002). Howev-
er, effects of nematodes on wheat is still not well investigated. The average yield
in Kazakhstan is still very low especially due to the short season. Attempts to
study nematode dynamics in the Kazakhstan wheat growing areas will be of
significant importance for increasing the yield. If those diseases are reported
we will need to start breeding to develop resistant lines.

It is necessary to improve the phytosanitary situation to understand the biol-
ogy of soil borne pathogens. These agents were previously reported as faculta-
tive parasites. The best methods to control the soil borne pathogens is by the
use of resistant varieties, which is easy to handle, cheap and safest. In a study
carried out in the 1980s and 1990s by scientists of Kazakh Research Institute of
Plant Protection and the Kazakh Research Institute of Grain Farming, inves-
tigations were conducted on common root rot of spring wheat (Koyshibayev
2002, Gorodilova and Shevtsov 1972, Tupenevich 1970, Djiembayev 1971, Be-
dina 1974, Alzhanov 1977, Kotova 1977). The main agent of common root rot
is the fungus Bipolaris sorokiniana Sacc. (Helminthosporium sativumP.K. et B.).
This fungus and Fusarium spp. were determined to be the soil borne agents of
diseases in previous crops. Studies included black grain fallow, grain grasses,
and green manure crops, as well as elements of technologies for wheat culti-
vation, such as rates and dates for sowing seeds, rates of application of organic
and mineral fertilizers, and systems of fallow tillage.

In 2004-2008, Dutbayev studied B. sorokiniana in Almaty using artificial in-
oculations and in naturally-infected fields in North Kazakhstan and Aktobe
oblasts. Studies included evaluations of CIMMYT’s nursery of wheat (103



samples) with sources of resistance to root rot (Dutbayev and Tsigankov 2007).
During wheat maturity 22 lines were resistant (frequency of root rot was up to
5%). A local cultivar Saratovskaya had 42% root rot, and the average root rot
for the 22 lines was up to 12-20%.

In the present days soil biology is changing; pathogens, chemical and biolog-
ical contents of soil are changing, and methods of agent identification are im-
proving. Cereal cyst nematodes (CCNs) are plant parasites that significantly
limit global cereal production. The most frequently reported pathogenic spe-
cies are Heterodera avenae, H. filipjevi, and H. latipons. So far, one of the most
cost-effective, environmentally friendly, and easily adopted control measures
to control the cereal cyst nematodes is the use of genetic host resistance, which
maintains nematode populations below the economic damage threshold level.
Many effective sources of resistance to CCNs have been identified in cereals,
however, their effectiveness and usefulness is dependent on the interaction of
the specific putative resistant accession and the CCN pathotype found in a
specific region. At CIMMYT, in a study conducted by Dababat et al. (2014),
719 wheat lines from the Facultative and Winter Wheat Observation Nurser-
ies, representing a broad geographical spectrum of breeding lines and varieties
from Europe, Central Asia, and the International Winter Wheat Improvement
Program, were screened against H. filipjevi under controlled conditions. The
results indicated that 114 and 90 genotypes were ranked resistant and mod-
erately resistant, respectively, representing 15.8% and 12.5% of the screened
genotypes. The frequency of resistant genotypes observed in the germplasm
varied significantly among the original countries of origin, and was highest for
genotypes that originated from Bulgaria (59.3%). From those phenotyped ger-
mplasms, a set of 289 lines was genotyped to understand if resistance sources
are located at the same site or originate from different locations in the genome.
Twelve lines from Kazakhstan included one that was highly resistant, three
that were resistant, and seven that were susceptible. Luckily, the International
Winter Wheat Improvement Program (IWWIP) at CIMMY T-Turkey is dis-
tributing international nurseries to more than 150 collaborators representing
more than 50 countries around the world, and most of the germplasm was
screened for soil borne diseases in Turkey.

That’s why we need to identify resistance in spring wheat to increase grain
production in the main grain regions of Kazakhstan to reduce yield losses as-
sociated with soil borne pathogens, including plant-parasitic nematodes and
root rotting fungi.
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MATERIALS & METHODS

Cereal Cyst Nematodes: The Soil Borne Pathogens Program at CIM-
MYT-Turkey annually receives 1000 lines of winter wheat lines to be
screened for the CCNs (Heterodera avenae, H. filipjevi, and H. latipons),
with a main focus on H. filipjevi. In Turkey, in 2014, the nursery of synthetic
wheat 13JAP-SYNT (49 samples) was screened at the Soil Borne Pathogens
Program under greenhouse conditions for Heterodera filipjevi using multiple
replications. Each plant was inoculated with 400 second stage juveniles (J2)
one week after sowing. Based on one year of screening under growth room
and greenhouse conditions, lines were rescreened in the field using both nat-
urally-infested and artificially-inoculated plots.

At Almaty Technological University, we are going to survey wheat growing
regions to identify nematodes to the species level and also determine the pre-
dominant causal agents of root rots in spring wheat in northern and central
Kazakhstan. The biology of the nematode population dynamics will be re-
searched. This will require a comprehensive survey of spring wheat produc-
tion areas in central and northern Kazakhstan to determine the distribution of
spring wheat nematodes and root rots. The main target is to train three scien-
tists at CIMMY T-Turkey on pathological methods of working with nematodes
and, in general, with soil borne pathogens. In Kazakhstan, we are lacking the
expertise to work on soil borne pathogens, and especially nematodes. The next
step will be to evaluate Kazakh-released varieties, breeding lines and intro-
duced germplasm for resistance to nematodes and root rots under greenhouse
and field conditions. For artificial inoculation, the nematodes will be extracted
from infested fields and used as a source for inoculum in the screenings. In
laboratory and greenhouse conditions, we will study the fungicidal influence
of nanoparticles of AgNPs against diseases of wheat.

The same methods will be followed at the Soil Borne Pathogens Program at CIM-
MYT-Turkey. Soil samples will be collected from wheat growing fields and cysts
will be extracted by using the Fenwick-Can technique (Fenwick 1940). Cysts
will be collected by hand picking and will be surface sterilized with 0.5% NaOCl
for 10 min and rinsed several times in autoclaved distilled water. Cysts will be
stored at 4°C in distilled water on a special sieve to enhance hatching. Juveniles
will be obtained by placing the cysts on Baermann sieves over tap water at room



temperature for 7 days to stimulate hatch. After seed germination, 400 J2 of H.
filipjevi in one ml of distilled water will be inoculated into three 2-cm-deep holes
made into the soil around the base of the seedling. Plants will be incubated in a
growth chamber at 25°C with a 16 h of photoperiod of light and with a relative
humidity of 70%. Plants will be top watered whenever needed, and fertilised
with NitrophoskaSolub/Hakaphos (N: P: K, 8:12:24). The plants will be harvest-
ed nine weeks after nematode inoculation. Two weeks before harvest, irrigation
will be stopped to allow the soil to dry for better extraction of cysts. Cysts will be
extracted by a modified floatation method (Coyne et al. 2007). Roots will be first
washed carefully with a stream of water to remove surrounding soil. The roots
will be then washed thoroughly with a strong stream of water to separate white
females and/or mature cysts from the roots. These will be collected in a small
container. The soil in the bucket will be then stirred for 10 s and left for about 30
s to allow the heavy sand and soil debris to settle and then poured through sieves
of 850 um and 250 pm aperture for cyst collection. The process will be repeated
three times to ensure that all cysts are extracted. Cysts will be collected from the
250um sieve. The total number of cysts will be counted under a binocular micro-
scope and recorded. Wheat genotypes will be recorded with mean cyst number
and classified into five groups as per Dababat et al. (2014), according to the check
lines used. The groups are: resistant (R = equal or fewer cysts than in a known re-
sistant check), moderately resistant (MR = slightly more cysts than in a resistant
check); moderately susceptible (MS = significantly more cysts than in a resistant
check but not as many as in the susceptible check, susceptible (S = as many cysts
as in the susceptible check and number of cysts per root system considered dam-
aging, and highly susceptible (HS = more cysts than in the susceptible check).

Common Root Rot: The ratings of common root rot have been conducted
during wheat maturity. Development of diseases were conducted by using the
M. Koishibayev technique (2004), using artificial infection to screen for one
year under growth room and greenhouse conditions, and planting in the field
under both naturally-infested and artificially-inoculated conditions. Diseased
plant samples were collected from Ankara. B. sorokiniana conidia were ex-
tracted by using the Ledingham and Chinn technique (1955).

RESULTS

CIMMYT and Kyoto University developed lines of synthetic hexaploid wheats
(SHWs) using diverse accessions of the D genome donor Aegilops tauschii.
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Studies of synthetic hexaploid wheat lines were conducted since 2014 at the
Kazakh Scientific Research Institute for Plant Growing and Farming and at
several research institutes in Turkey. In Kazakhstan, the nursery 13JAP-SYNT
was sown in autumn 2013. In spring 2014 on naturally-infected areas of winter
wheat, diseases of local winter wheat cultivars Zhetisu, Azharly and Farabi de-
veloped levels of stripe rust up to 10-20%, leaf rust up to 5-10%, and leaf spot
blotches up to 5-20%. Stem rust was absent. Forty one of 50 lines showed no
rust at heading. We selected 5 lines with yield levels similar to, or above, local
standard cultivars. Field and greenhouse tests in Turkey identified 43 of 49
lines (88%) resistant to leaf rust, 24 lines (49%) resistant to stem rust, four lines
resistant to stripe rust, 23 lines resistant to common bunt, eight lines resistant
to root rot, and 13 lines resistant to soil nematodes. In Turkey, in field and in
greenhouse conditions, under artificial inoculation by soil borne nematodes and
root rot, we conducted evaluations of wheat diseases. Resistance showed in 43
of 49 lines (88%) for leaf rust, in 24 lines of 49 (49%) for stem rust, four lines for
stripe rust, 23 lines for common bunt, eight lines for root rot, and 13 lines for
nematodes. On lines LANGDON/KU-2144 and LANGDON/KU-2124 nema-
todes were absent under field conditions, and in the greenhouse there were 2-4
nematodes/plant. In Kazakhstan up to present time soil borne diseases including
nematodes on wheat have never been studied before (Table 2).

Table 1. Promising lines from the International Winter Wheat Improvement Program (IWWIP) nursery synthetic
wheat 13JAP-SYNT (49 samples), Kazakhstan-Turkey during 2014

sy Cross name o‘g;i?r: / Le.ngth of | Number of Dens.ity of Weigh? of 1000
i) spike (cm) ears spike grain (g)
20 GEREK 0.91 11.18 14.17 1.51 20.80
7 LANGDON/KU-20-8 1.12 10.21 14.25 1.40 24.20
41 LANGDON/KU-2109 1.07 12.52 13.25 1.07 42.16
42 LANGDON/KU-2132 1.02 11.94 17.17 1.44 26.64
26 LANGDON/AT 55 1.02 10.01 16.00 1.62 36.61
16 LANGDON/KU-2098 0.97 13.02 13.58 1.04 32.35
33 LANGDON/KU-2078 0.94 11.44 15.67 1.37 42.68
17 LANGDON/KU-2100 0.93 10.18 13.50 1.35 28.49
38 LANGDON/KU-2093 0.88 10.78 14.62 1.36 26.59
47 LANGDON/KU-2816 0.86 10.87 13.67 1.44 21.56
24 LANGDON/KU-2829A 0.82 10.51 15.33 1.47 19.32
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Table 2. Evaluation of samples of synthetic wheat of nursery 14JAP-SYNT (CIMMY T-Turkey, 2014)

Development of wheat diseases

No. of . . Rusts Nematodes/plant

S Cultivar, line Common | Common -

leaf | stripe | stem bunt root rot field house
1 Bezostaya (local) 10MS 20S 40MS 51,0 3,7 12 20
2 Gerek 5MS 80S 50MS 11,0 4,3 14 10
40 Karahan 20MS 408 80S 21,0 3,7 9 14
6 LANGDON/IG 131606 | 5MS 80S 10MS 11,3 4,0 2 4
37 LANGDON/KU-2091 5MS 90S 10MR 0,0 2,7 4 6
38 LANGDON/KU-2093 | 5MS 90S | 10MR 16,5 1,7 10 11
39 LANGDON/KU-2103 5MS 90S 60S 16,9 4,3 4 7
14 LANGDON/KU-2096 | 5MS 100S R 18,0 2,0 8 6
23 LANGDON/KU-2159 R 90S 60S 9,6 3,0 6 6
4 LANGDONY/IG 48042 | 10MS 80S R 11,0 1,7 10 8
44 LANGDON/KU-2155 | 10MS 70S | 50MS 0,0 4,0 2 5
46 LANGDON/KU-2158 | TMS 90S | 40MS 20,0 3,0 6 9
12 LANGDON/KU-2088 | 5MS 100S 0 0,0 3,7 3 8
48 LANGDONY/PI 499262 | 10MS 0 80S 3,2 2,0 20 26
49 LANGDON/PI 508262 R 20MR | 20MR 48,5 2,0 26 24
22 LANGDON/KU-2144 R 10MR R 0,0 33 0 5
21 LANGDON/KU-2124 R 10MS R 0,0 0,0 0 2
32 LANGDON/KU-2076 R 90S | 20MS 0,0 3,0 5 6

DISCUSSION

We are aiming to improve our capacity building by sending students from Ka-
zakhstan to at CIMMY T-Turkey to be trained to study soil borne pathogens.
So far, Kazakhstan lacks the expertise to work either on cereal nematodes or
on root rot diseases caused by fungal pathogens. Upon their return to Kazakh-
stan, the students will survey spring wheat production areas in central and
northern Kazakhstan to determine the distribution and species identities of
the nematodes and root rots. Kazakh-released varieties, breeding lines and in-
troduced germplasm will be evaluated for resistance to nematodes and root
rots under greenhouse and field conditions. We aim to identify a new source(s)
of resistance to control soil-borne pathogens on spring wheat in Kazakhstan.

Due to the short season for wheat production in Kazakhstan, the yield is less
than 1 ton/ha. Finding resistant lines in the cultivated cultivars will be of great
values to increase yields to higher levels.
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SUMMARY

Plant-parasitic nematodes, especially Heterodera and Pratylenchus species,
cause significant yield losses for wheat growing areas worldwide. This study
was conducted during the 2014-2015 growing season to determine the gen-
era of plant-parasitic nematodes associated with barley and wheat in the Bolu
Province of Turkey. Population densities of plant-parasitic nematodes were
determined in 100 soil and root samples collected from 75 cereal growing dis-
tricts. Thirteen genera of plant-parasitic nematodes and free living nematodes
were found associated with cereals. Among the plant-parasitic nematodes Het-
erodera, Pratylenchus, Pratylenchoides, Paratylenchus, Merlinius, Helicotylen-
chus and Tylenchorhynchus were the main nematodes found to be associated
with cereal crops. The most important and damaging plant-parasitic nema-
todes were found to be Heterodera (82.6%) and Pratylenchus (73.3%). Results

*  Imren M, Yildiz §, Kasapoglu E, Toktay H, Kiititk H, Dababat AA (2015) The plant-parasitic nematodes
associated with cereal crops in Bolu, Turkey. In ‘Nematodes of Small Grain Cereals: current status and re-
search. (AA Dababat, H Muminjanov and RW Smiley) pp. 131-140. (FAO: Ankara, Turkey).
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also indicated that the genus Pratylenchoides (66.6%), Paratylenchus (26.6%),
Merlinius (78.6%), Helicotylenchus (38.8%) and Tylenchorhynchus (37.3%) were
widely distributed. In addition, all the genera are reported comprehensively
for the first time in cereal areas in Bolu Province. This study highlights the
distribution of the plant-parasitic nematodes associated with cereals in cold
regions of the Bolu. Therefore, further comprehensive surveys are indispens-
able to define the distribution, frequency and identification of plant-parasitic
nematodes species more accurately, and define particularly the Heterodera and
Pratylenchus species in Bolu.

Keywords: Wheat, cereal nematodes, occurrence, frequency

INTRODUCTION

Turkey is one of the ten largest wheat producers in the world, but has low aver-
age yields of around 2.3 t/ha (Anonymous 2014). The Turkish Central Anato-
lian Plateau (CAP) is the main wheat production area of Turkey, with over five
million hectares of cereals being under rain-fed and limited irrigation. Bolu is
the important wheat production province of CAP with over 1 million hectares
of wheat that produces around 120 thousand tons of grain (Anonymous 2014).

Bolu Province, having 1.015% of the area of Turkey [8,276 km? (827,600 ha)],
is located in the western Black Sea region. Approximately 18% of the Province
is comprised of agricultural land. Cereal monoculture prevails, as practiced
under an annual fallow system. Plants are often under water stress as they
depend on the long-term average annual rainfall between 400-450 mm and
limited supplementary irrigation in Bolu Province (Anonymous 2014). Under
these constrained growing conditions, the combined effects of abiotic and bi-
otic stresses are known to affect cereal productivity (Nicol and Ortiz-Monaste-
rio 2004). Disease caused by the sedentary cereal cyst nematodes (Heterodera
spp.) and the migratory root lesion nematodes (Pratylenchus spp.) are globally
important plant-parasitic nematodes on small grain cereals (Nicol et al. 2003).

The genus Heterodera contains as many as 70 species, including a complex of
12 species known as the Heterodera avenae group. Species in this group invade
and reproduce only in living roots of cereals and grasses (Rivoal and Cook
1993, McDonald and Nicol 2005). They do not reproduce on any broadleaf
plant. In Turkey, the most economically important species on cereals are H.
avenae Wollenweber, H. filipjevi (Madzhidov) Shelter, and H. latipons Franklin



(Sahin et al. 2009, Imren et al. 2012, 2015, Dababat et al. 2015). Recent studies
have estimated that up to 25% and 50% yield loss caused by H. avenae and H.
filipjevi to commonly cultivated spring and winter wheat varieties in the East-
ern Mediterranean Region and CAP, respectively (Nicol and Ortiz-Monasterio
2004, Imren and Elekcioglu 2014, Dababat et al. 2015).

At least eight species of Pratylenchus are parasitic on small grain cereals (De
Waele and Elsen 2002, Nicol 2002, Nicol et al. 2003, McDonald and Nicol 2005,
Castillo and Vovlas 2007). Four species (P. crenatus, P. neglectus, P. penetrans
and P. thornei) occur throughout the world in temperate cereal-producing re-
gions and are the most economically important (McDonald and Nicol 2005).
Also, P, fallax, P. crenatus, P. neglectus, P. thornei and P. penetrans are found in
wheat and barley growing regions including the Eastern Mediterranean, South
East Anatolian and CAP (Imren and Elekcioglu 2008, Sahin et al. 2009, Kilic
et al. 2012, Ocal 2012).

Nonetheless, little information is available about plant-parasitic nematodes
especially cereal nematodes in barley and wheat fields of the CAP as well as
Bolu Province; a survey of plant-parasitic nematodes was carried out to (i)
identify the plant-parasitic nematodes associated with cereal-producing fields
of the Province, and (ii) determine the frequency and population density of
plant-parasitic nematodes in Bolu Province.

MATERIALS & METHODS

Sampling locations: A survey was conducted in Bolu Province to determine
the frequency and abundance of plant-parasitic nematodes associated with ce-
reals. Barley and wheat fields in Gerede, Yenicag, Dortdivan, Mudurnu and
central Bolu were surveyed in May and August of the 2014-2015 growing sea-
son. More than 75 soil samples were collected in the five locations (Figure 1).

Each sample consisted of a composite of 20 soil cores (2.5-cm-diam. x 20-cm-
deep) taken in an evenly spaced systematic zigzag sampling pattern from a 10-
ha section of each field (Lawrence and McLean 1999). Composite soil samples
were sealed in plastic bags and stored less than 4 hours in a cooled iced chest
for transport from the field and then transferred to a 5°C refrigerator. Each
sample was thoroughly mixed, and a 100-cm® subsample was collected for
nematode extraction. All samples were processed within 7 days of collection.
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Figure 1. Sampling locations in Bolu Province, Turkey

Nematode extraction and identification: Migratory nematodes were extract-
ed from 100 cm® of soil by using a modified “Petri-dish” Baermann funnel
method. Collected nematodes were transferred to graduated cylinders, al-
lowed to settle for 8 hours and then placed in 15 ml tubes. Nematodes were
counted under a light microscope at 100x magnification and identified to the
genus level. Their incidence and abundance were expressed as a percentage of
their occurrence and as the number of nematodes/100 cm’ of soil, respectively.
After recording, nematodes were heat killed at 70-75 °C for 45 seconds and
fixed in TAF (Hooper 1986). Preserved specimens were embedded in anhy-
drous glycerin and mounted on wax-circled glass slides.

Sedentary nematodes were extracted using the modified Fenwick can method
(Fenwick 1940) from a 250-g soil sample. The cysts and soil residues were col-
lected on a 250 pum pore sieve, transferred to cones of filter paper and stored
dry at laboratory temperature. Cysts and soil residues were later floated on
water in a vessel two-thirds filled with tap water and covered on its vertical
interior sides with a band of filter paper. To help the cysts and soil debris move
to the periphery of the vessel, a drop of liquid soap was added to the water
surface. The filter paper band was then gently removed along with the attached
cysts and soil debris and laid on a plastic sheet for examination under a stereo-
microscope. The cysts were separated from other residues with a brush, and



transferred to a moist filter paper in a Petri dish. All nematodes were identi-
fied to genus level based on key morphological features (Siddiqi 2000, Handoo
2000, Handoo et al. 2007).

RESULTS

The total survey area represented 6.3% of the barley and wheat hectarage in
Bolu Province. Plant-parasitic nematodes were present in 85% of soil samples.
Thirteen genera of plant-parasitic nematodes were identified, including Het-
erodera, Merlinus, Pratylenchus, Pratylenchoides, Amplimerlinus, Helicotylen-
chus, Paratylenchus and Tylenchorhynchus (Table 1). Additionally, free-living
nematodes were detected in all soil and root samples.

Table 1. Frequency and density of plant-parasitic nematodes associated with cereals in Bolu Province, Turkey

Density
Genus Frequency (%)
Average Range
Heterodera (cyts) 13 1-87 82.6
Pratylenchus spp. 140 20-840 73.3
Merlinus spp. 120 20-740 78.6
Amplimerlinus spp. 80 20-380 64.5
Pratylenchoides spp. 70 20-360 66.6
Helicotylenchus spp. 80 20-360 38.8
Paratylenchus spp. 60 20-220 26.6
Tylenchorhynchus spp. 70 20-280 37.3
Ditylenchus spp. 200 40-920 97.5
Tylenchus spp. 90 20-320 77.3
Aphelenchoides spp. 80 20-560 74.4
Filenchus spp. 40 20-160 70.6
Aphelenchus spp. 30 20-80 24.6

Among the plant-parasitic nematodes, Heterodera and Pratylenchus species
had a very high occurrence, being found in 82.6% and 73.3% of the samples,
respectively. Additionally, cyst and root lesion nematodes were found together
in the same location in 68.8% of the sampling areas. Frequency of the other im-
portant genera, Merlinus, Pratylenchoides, Amplimerlinus, Helicotylenchus, Ty-
lenchorhynchus and Paratylenchus, were 78.6, 66.6, 64.5, 38.8, 37.3 and 26.6%,
respectively.

For Heterodera, we found an average of 13 cysts (range of 1-87) in 250 cm® of
soil. Also the average eggs/cyst conservatively would be 180, and the range of
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number of eggs or juveniles of Heterodera would be 1-62 per g of soil. Praty-
lenchus was also widely distributed, with a mean density of 140 juveniles and
adults (range of 20-840) per 100 cm’ of soil.

DISCUSSION

This survey provides information on the occurrence and density of plant-par-
asitic nematodes associated with cereal cultivation areas in Bolu Province. It is
clear that cereal cyst nematodes and root lesion nematodes have widespread
distributions in Bolu barley and wheat growing areas. Also, cyst and root le-
sion nematodes were found as mixed populations with a high density in many
locations. Hence it is paramount to study their incidence, effect and control
together. The complexity of these nematodes and the conditions in which
they occur makes it essential to seek a realistic approach for their manage-
ment. Such integrated management approaches include breeding for durable
nematode resistance, production and distribution of healthy seed, developing
appropriate crop management practices, monitoring nematode diversity, and
applying recent advances in biotechnology to overcome disease losses. In addi-
tion, significant efforts are needed to better understand the influence of crop-
ping systems and their interactions on the spread of nematodes.

In Turkey, the H. avenae group causes important economic losses in small grain
crops. Heterodera avenae, H. filipjevi and H. latipons are the three economical-
ly important species of this group (Sahin et al. 2009, Imren et al. 2012, 2015,
Dababat et al. 2015). Heterodera filipjevi is the most widespread species and
generally occurs alone, but mixtures with H. latipons have been found in CAP
(Abidou et al. 2005, Sahin et al. 2009). Additionally, Abidou et al. (2005) and
Sahin et al. (2009) reported the occurrence of H. filipjevi in 85% and 78% of
samples, respectively, in CAP. The frequency of recovery of this genus (82.6%)
in our study was similar across the five growing areas in Bolu Province.

Root lesion nematodes, especially P. thornei, P. neglectus and P. penetrans, also
appear to be of importance in world wheat cropping areas (Mc Donald and
Nicol 2005). Pratylenchus thornei and/or P. neglectus was found in CAP in Tur-
key (Abidou et al. 2005, Sahin et al. 2009). The results from this survey indi-
cate that the genus Pratylenchus is likely to be of economic concern wherever
cereals are grown in these five locations and may be involved with suppression
of cereal yields.



Moreover, Pratylenchoides, Merlinus, Amplimerlinus, Paratrophurus and the
other tylenchid nematodes were the most predominant genera of plant-par-
asitic nematodes in some wheat producing areas. Pratylenchoides sheri, Mer-
linius brevidens, Amplimerlinius vicia, Paratrophurus striatus and P. acristylus
were determined to be in wheat growing areas of the Southeast Anatolian re-
gion of Turkey (Imren and Elekcioglu 2008). Therefore, the reported genera
are probably of great economic importance to cereals in Bolu Province.

Andersen (1961) reported that damage thresholds for H. avenae in temperate
regions were 0.2, 1 and 5 eggs + juveniles/g of soil for oats, wheat and barley,
respectively. The frequency of recovery of this genus was high across the five
some growing areas. Also, soil populations of P. thornei of more than 2.5 nem-
atodes per g soil are considered to be damaging population densities in Austra-
lia (Vanstone et al. 1998). In some parts of Bolu, the genus Pratylenchus would
be higher than that economic threshold. The damaging threshold for cereal
cyst and root lesion nematodes are unknown in Bolu Province.

This survey provided important background information for planning and ad-
ministering nematode management strategies in cereal fields of Bolu Province.
The population density encountered in this survey may present a potential risk
to cereal crops. Further research is required (i) to determine the significance
of plant-parasitic nematodes and especially the cyst and the root lesion nem-
atodes species on cereals, and (ii) to determine their interaction with different
barley and wheat varieties. Accurate identification of the genus Heterodera and
Pratylenchus to the species level is an essential prerequisite for using a control
tactic that is based on selection of a resistant variety. Because identification
with a microscope is difficult and time consuming, diagnostic labs typically
identify cereal cyst nematodes only to the genus level. Molecular procedures
using nematode DNA are now available to precisely differentiate individual
species. Molecular procedures using DNA extracted from soil have been de-
veloped to simultaneously identify and quantify species.

Global complementation among regional or national research programs has
proven to be highly beneficial for identifying and deploying germplasm with
higher levels of resistance and tolerance to cereal cyst and root lesion nema-
todes. However, these global efforts currently lack effective funding and co-
ordination, limiting the ability to realize the benefits already known to exist.
Greater collaboration is therefore needed between advanced research institu-
tions, international organizations such as CIMMYT and ICARDA, and sci-
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entists in countries where these nematodes are known to be a problem. These
collaborative efforts will provide greater understanding of the complexity, eco-
nomic importance, and control of Heterodera and Pratylenchus populations,
and of pathotype evolution or selection for Heterodera species.
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SUMMARY

Plant-parasitic nematodes are one of the important major biotic agents that
cause economical global yield loss in wheat growing regions. Nematode dam-
age is predominantly found in rainfed growing areas where water stress exists.
Cereal cyst nematode is identified by cysts forming on root systems. Root le-
sion nematodes cause lesions on the root system and those injuries help in
the penetration of other root pathogens. These two nematodes are the most
important pests of wheat all over the world. Recent studies showed that cereal
cyst nematodes cause yield losses up to 5-50% and the root lesion nematodes
cause yield losses up to 19-70% in Turkey. East Anatolian Region is one of the
most intensive winter wheat cultivation areas of Turkey. During 2013 and 2014,
a survey on specific composition, frequency and geographical distribution of

*  Toktay H, Imren M, Ocal A, Bozbuga R, Salgut Y, Demirbag H, Elekgioglu IH, Dababat AA (2015) Occurrence and
distribution of cereal nematodes in East Anatolian Region of Turkey. In ‘Nematodes of Small Grain Cereals: current
status and research! (AA Dababat, H Muminjanov and RW Smiley) pp. 141-148. (FAO: Ankara, Turkey).
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wheat nematodes, especially cereal cyst nematodes and root-lesion nematodes,
attaching and associated with cereals was conducted in East Anatolia, Turkey.
Heterodera filipjevi, Pratylenchus neglectus and P. thornei appeared to be the
most common species in wheat fields of Elazig, Malatya, Sivas, Erzurum, Er-
zincan, Igdir, and Kars provinces. Among the cyst nematodes, H. filipjevi is
more frequently distributed than H. latipons. It was observed that H. latipons
was less widespread in a few fields of Erzincan, Elazig and Malatya, whereas
H. filipjevi infestation was highest in Elazig Province with 60%. Highest infes-
tation rate in root lesion nematodes was 42.5% in Erzurum Province while the
lowest 17.14% was in Sivas Province. Now we are screening some commercial
Turkish bread wheat varieties and determining pathotype of cereal cyst nema-
tode with an East Anatolian wheat nematode project (Tubitak, 1120565).

Key words: Cereal cyst nematodes, root-lesion nematodes, identification, East
Anatolia

INTRODUCTION

Wheat is a strategic crop due to its very important global food value in human
diets. Plant-parasitic nematodes damage plants mechanically and chemically by
reducing plant vigor, inducing lesions, rots and deformations, and predispos-
ing plants to infection by root-infecting fungi. The most important plant-par-
asitic species affecting wheat are in the genera Heterodera (cyst), Pratylenchus
(root-lesion), Meloidogyne (root knot), Ditylenchus (stem), Tylenchorhynchus
and Merlinius (stunt), Paratrichodorus (stubby-root), and Anguina (seed-gall)
(Rivoal and Cook 1993, Nicol 2002, McDonald and Nicol 2005). Three species
of cereal cyst nematodes (CCN; H. filipjevi, H. avenae and H. latipons) and two
species of root-lesion nematodes (RLN), occurring either individually or in a
complex, have been found to be associated in wheat growing areas in Turkey
(Rumpenhorst et al. 1996, Subbotin et al. 2010, Nicol 2002, Sahin et al. 2009,
Imren et al. 2012, Toktay et al. 2015, Dababat et al. 2015). Effects of cereal cyst
(Heterodera spp.) and root-lesion (Pratylenchus spp.) nematodes on wheat are
difficult to identify and control.

This study is aimed to determine the distribution and population density and
to characterize cereal nematodes by morphological and molecular tools in the
East Anatolian Region during survey in 2013 and 2014.



METHODS

Surveys were carried out in Eastern Anatolian in Sivas, Erzurum, Erzincan,
Elaz1g, Malatya, Igdir, Agr1, and Kars provinces in 2013-2014 where cereals are
cultivated. Samples were taken two months before wheat harvesting time and
with the help of spade at 15-20 cm depth and a subtotal of 2 kg of soil taken
from capillary root and rhizosphere of wheat plant.

Each sample was then labelled with the following information: receiving date,
area, the crop rotation in the previous year, type of plant, the phenological
stage of plant, etc., and directly brought to the laboratory. Table 1 shows the
provinces where the samples were taken and how many samples were collected
from each province in the Eastern Anatolian Region of Turkey.

The morphologically and morphometric-allometric measurement values were
used for diagnosis of second stage juveniles of CCN and adult males and fe-
males of RLN. For this purpose, the nematodes were killed in the second larval
stage according to the procedure described by Hooper (1986).

The following parameters were used for morphological identification of adult
CCN females: type of fenestration, fenestral length, semi-fenestral width,
bridge width of the vulva, underbridge present or not and vulva slit length
(Hooper 1986). Identification of CCN and RLN species were based on diagno-
ses according to Siddiqi (2000) and Handoo (2002).

For molecular identification of RLN and CCN, only one cyst or a single nema-
tode of RLN was transferred into 45 ul of double distilled water (ddH,0) in an
Eppendorf tube and crushed using a micro homogeniser. After centrifugation
of the crushed nematode content, 40 ul of the mix was transferred into a PCR
tube (0.2 ml). Fifty pl of worm lysis buffer (WLB) and 10 pl of Proteinase K
(20 mg ml-1) were added to each tube (Holterman et al. 2006); the tubes were
frozen at —80°C for at least 10 min. Then the tubes were incubated at 65 °C for
1 h and 95 °C for 10 min consecutively in a thermocycler. After incubation, the
tubes were centrifuged for 1 min at 16400 g and kept at —-20 °C until use (Tanha
Maafi et al. 2003).

For molecular identification, the ITS-rDNA region was amplified. One ng of
DNA was added to the PCR reaction mixture containing 23 ul ddH20, 25 ul
2x DreamTaq PCR Master Mix (Thermo Scientific, Belgium) and 1 uM of each
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forward primer (5-CG TAACAAGGTAGCTGTAG-3’) and reverse primer
(5-TCCTCCGCTAAATGATATG-3’) (Ferris et al. 1993). The DNA thermal cy-
cler program consisted of 5 min at 95 °C; 40 cycles of 94 °C for 30 s, 45 °C for 45 s
and 72 °C for 45 s; followed by a final elongation step of 8 min at 72 °C. Following
PCR amplification, 5 pl of each PCR product was mixed with 1 ul of 6x loading
buffer (Fermentas Life Sciences, Germany) and loaded on a 1.5% standard TAE
buffered agarose gel. After electrophoresis (100 V for 40 min) the gel was stained
with ethidium bromide (0,1 pg ml-1) for 15 min, visualised and photographed
under UV-light. The remaining PCR product was stored at -20 °C.

Ninety pl of PCR product was loaded on a 1% agarose gel for electrophoresis
(100 V, 40 min). The purification was carried out as described in the manufac-
turer’s instructions (Wizard® SV Gel and PCR Clean-Up System Kit, Promega).
Purified PCR-product from each sample was sequenced (Macrogen, Amster-
dam, The Netherlands) in both directions to obtain overlapping sequences of
both DNA strands. Species were identified using the BLAST tool on the NC-
BI-website (www.ncbi.com).

RESULTS

Heterodera filipjevi, H. latipons, Pratylenchus neglectus, and P. thornei were iden-
tified using molecular and morphological methods to determine the cereal nem-
atodes associated with the wheat growing area of the East Anatolian Region of
Turkey. H. filipjevi was the most frequently and widely distributed species in this
region. However, H. latipons was found only in three provinces (Elazig, Malatya
and Erzincan), which have temperate climatic conditions, which was an unex-
pected result of our project. Among the RLN species, P. neglectus was the more
prevalent species in soil and root samples, compared to P. thornei.

A total of 280 soil samples were investigated for RLN and CCN and the results
showed that 33.93% and 32.50% were infested with CCN and RLN, respective-
ly (Table 1). Highest infestation rate in RLN was 42.50% in Erzurum Province,
and lowest in 17.14% in Sivas Province. CCN infestation was highest in Elazig
Province 60%, and was lower (15%) in fields of Erzincan Province.

DISCUSSION

Cereal cyst and root-lesion nematodes were found to be the most common
plant-parasitic nematodes for wheat production areas in the East Anatolian
Region of Turkey. Cereal cyst nematode H. filipjevi was found in 32.5% of the



surveyed areas. Cereal cyst nematode was identified as H. filipjevi except the H.
latipons was also identified in three provinces; Elazig, Malatya and Erzincan.
In similar climatic conditions, Sahin et al. (2009) reported 78% incidence of
cyst nematodes belonging to H. filipjevi except one location in Yozgat, which
was H. latipons in the Central Anatolian Region of Turkey.

Table 1. Number of fields and occurrence of cereal cyst nematodes (H. filipjevi and H. latipons) and root-lesion nem-
atodes (Pratylenchus neglectus and P. thornei) in wheat and barley fields surveyed in East Anatolian Region in Turkey

Root-lesion nematodes Cereal cyst nematodes
(P. neglectus and P. thornei) (H. filipjevi and H. latipons)
Province
# fields Infested Infestation # fields Infested Infestation
surveyed fields rate (%) surveyed fields rate (%)
Sivas 70 12 17,14 70 23 32,86
Erzurum 40 17 42,50 40 9 22,50
Erzincan 40 9 22,50 40 6 15,00
Elazig 30 11 36,67 30 18 60,00
Malatya 35 23 65,71 35 16 45,71
Igdlr 25 13 52,00 25 7 28,00
Kars 40 10 25,00 40 12 30,00
Total 280 95 33,93 280 91 32,50

Some H. avenae species which were identified by Yiiksel (1973) in the past are
today the same species identified as H. filipjevi by classical and morphological
methods in the East Anatolian Region of Turkey. H. avenae was not identified
in this survey, unlike the past identifications of that species in this region.

Root-lesion nematodes are also important nematode pests for wheat cropping
systems in Turkey. P. thornei and P. neglectus are the most frequently studied
species all over the world. Sahin et al. (2005) found that 43% of soil samples
were infected with P. thornei and/or P. neglectus in the Central Anatolian Re-
gion of Turkey.

The population densities of CCN and RLN have been found to be above the
critical threshold for damage in a proportion of the samples, so some crop
losses could be expected.

In conclusion, CCN and two RLN species are widespread in many wheat grow-
ing areas of the East Anatolian Region of Turkey. Research is needed to further
determine the economic importance and to improve resistant varieties against
these pathogens.
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SUMMARY

In this study, occurance and distribution of plant-parasitic nematode species in
barley and wheat fields in Adiyaman Province were investigated. In 2010-2011,
during the spring and summer period, a total of 221 soil and plant root samples
were taken from different locations and nematodes were extracted by using a
modified Baerman Funnel method and Fenwick method. Extracted nematodes
were slide-mounted, identified and morphological and allometric measurements
were preformed for each specimens. A total of 17 species were determined, of
which species were in 11 genera belonging to nine subfamilies within seven fami-
lies of Tylenchoidea, Anguinoidea, Hoplolaimoidea, Dolichodoridea and Aphel-
enchoidea superfamilies of Tylenchina, Hoplolaimina and Aphelenchina subor-
ders of Tylenchida and Aphelenchida orders. The most abundant plant-parasitic
nematodes detected were Merlinius brevidens, Scutylenchus quadrifer, Heterode-
ra latipons, Pratylenchus thornei, and Aphelenchus avenae.

*  OCAL A, ELEKCIOGLU IH (2015) Plant parasitic nematode species associated with barley (Hordeum vulgare)
and wheat (Triticum spp. 1.) in Adiyaman Province. In ‘Nematodes of Small Grain Cereals: current status and
research’ (AA Dababat, H Muminjanov and RW Smiley) pp. 149-156. (FAO: Ankara, Turkey).
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INTRODUCTION

Plant-parasitic nematodes are one of the major biotic agents that cause econom-
ical yield losses in barley and wheat growing regions. These nematodes play an
important role in limiting the productivity of wheat crops (Sasser 1987). They can
cause significant plant damage ranging from negligible injury to total destruction
of plant material (Williamson and Gleason 2003). Cereal cyst nematodes (CCN)
and root lesion nematodes (RLN) are important plant-parasitic nematodes of bar-
ley and wheat. These nematodes occur in most of the cereal growing regions of the
world. CCNs are identified by cysts forming on plant root systems. RLNs cause
root lesions and help other root pathogens to penetrate roots systems. Nematode
damage from both the sedentary CCN and migratory RLN are documented to be
economically important nematodes of wheat production systems in several parts
of the world, especially under rainfed or water stressed conditions (Williamson
& Gleason 2003). Recent studies showed that CCN and RLN cause yield losses
between 5-50% and 70% in Turkey, respectively (Nicol 2002, Gozel 2001, Toktay
2008). Wheat (Triticum aestivum L.) is the dominant crop in temperate countries,
and is used for human food and livestock feed. Turkey is one of the ten largest
wheat producers in the world with an average annual production of 21 million
tonnes with average grain yield of 2,3 tonnes ha™ (Anon. 2010). It is a staple and
strategic crop and an essential food in the Turkish diet, consumed mostly as bread,
but also as bulgur, yufka (flat bread) and cookies.

Many researches on the distribution of plant-parasitic nematodes in cereals
(Gozel 2001, Nicol et al. 2002, Imren et al. 2009, 2010, 2011, 2014, Kilig 2011,
Kasapoglu 2012, Ocal and Elekcioglu 2012) were conducted in different parts
of Turkey and species from Tylenchida and Aphelenchida orders were detect-
ed. Documented yield loss from CCN species and their importance have been
reviewed (Nicol 2002, Dababat et al. 2015). Losses ranged from 15 to 20% on
wheat in Pakistan, 40 to 92% on wheat and 17 to 77% on barley in Saudi Ara-
bia, and 20% on barley and 23 to 50% on wheat in Australia.

The present paper reports the results of an investigation conducted to deter-
mine the occurrence and distribution of plant-parasitic nematodes in wheat
growing areas of Adiyaman Province.

MATERIALS AND METHODS

A survey on the incidence of plant-parasitic nematodes was carried out in bar-
ley and wheat fields in Adiyaman, Besni, Celikhan, Golbasi, Gerger, Kahta,
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Samsat, Sincik, Tut districts. A total of 221 soil samples (Table 1) were taken
between 2010-2011 from different locations.

Nematodes were extracted by using a modified Baerman Funnel Method (Pe-
tri Dish) to extract vermiform nematodes and Fenwick Can Method to extract
sedentary nematodes (Hooper 1986). Cereal cyst nematode was extracted
from 250 g dry soil. In petri dish method, as shown in Fig. 1, 100 g of soil was
taken after mixing the soil sample and evenly spreading it on a circle of sin-
gle-ply paper towel supported on a coarse-meshed plastic screen standing in
a 20-cm diameter petri dish. Water was added to the petri dish to get the soil
thoroughly wet. Then petri dish was covered with larger petri dish to reduce
evaporation of the water. After 48 hours the soil was removed and nematodes

Table 1. Number of soil samples to the plant parasitic nematodes in Adiyaman province

Districts Samples
Adiyaman 65
Kahta 59
Sincik 6
Tut
Celikhan 2
Besni 43
Golbagt 16
Gerger 8
Samsat 13
Total 221

Figure 1. The Map of Adiyaman
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Figure 2. A-B) Petri dish method, and C) Fenwick method used to extract nematodes from the soil samples.

were collected. Extracted nematodes were fixed according to De Grisse (1969)
and specimens were mounted in glycerol as described by Seinhorst (1959). The
slides of specimens except root knot nematodes were prepared according to
Hooper (1986). Slides of root knot nematodes were prepared according to the
modified method of Hartman and Sasser (1985). Finally, after measurements
and morphological identifications, the taxonomic classification was followed
according to Siddigi (2000).

RESULTS

A total of 17 species (Table 2) were determined, of which species were 11 gen-
era belonging to nine subfamilies within seven families of Tylenchoidea, An-
guinoidea, Hoplolaimoidea, Dolichodoridea and Aphelenchoidea superfami-
lies of Tylenchina, Hoplolaimina and Aphelenchina suborders of Tylenchida
and Aphelenchida orders.

The most abundant plant parasitic nematodes detected were Merlinius brev-
idens, Scutylenchus quadrifer, Heterodera latipons, Pratylenchus thornei, and
Aphelenchus avenae. Heterodera latipons is an important nematode in wheat
growing areas, occurring mostly throughout the Mediterranean region but
also in Asia and Europe (Peng et al. 2007). Yield losses caused by cereal cyst
nematodes could be up to 90% in severely infested fields (Rivoal & Cook 1993).
This nematode was identified in Turkey by different researchers (Imren et al.
2009, 2010, 2011, 2014; Kilig 2011; Ocal and Elekcioglu 2012). In our study this
nematode was observed in different locations of G6lbasi and Kahta districts.

DISCUSSION

Cereal cyst (CCN) and root lesion nematodes (RLN) are the most common
plant-parasitic nematodes in many parts of the world where barley and wheat
plants are produced. These nematodes are also present in the south-east-



Table 2. Determination and identification of plant-parasitic nematodes in Adiyaman province

Species Location
Amplimerlinius vicia Adiyaman, Besni
Aphelenchus avenae Adryaman, Besni, Golbasi, Kahta, Sincik, Tut
Ditylenchus myceliophagus Adryaman, Besni, Golbasi
Filenchus thornei Besni
Filenchus cylindricus Besni
Filenchus cylindricauda Adryaman, Gélbast
Heterodera latipons Golbagi, Kahta
Merlinius brevidens Adryaman, Besni, Golbasi, Kahta, Samsat, Sincik
Merlinius microdorus Adiyaman, Besni, Gélbasy, Sincik, Tut
Paratrophurus acristylus Adiyaman, Besni, Kahta, Samsat
Paratrophurus loofi Kahta
Paratrophurus striatus Adiyaman, Kahta, Samsat
Pratylenchoides alkani Adiyaman, Besni, Golbasi, Kahta, Samsat, Sincik
Pratylenchus neglectus Golbagi, Kahta
Pratylenchus thornei Adiyaman, Besni, Kahta
Rotylenchulus macrosoma Adryaman, Kahta
Scutylenchus quadrifer Adiyaman, Besni, Golbasi, Kahta, Tut

ern region of Anatolia. The important species of CCN, Heterodera avenae,
H. latipons and H. filipjevi, were determined found in wheat fields of the
Eastern Mediterranean and the South-eastern Anatolia regions. CCNs have
been found in many countries and have caused significant economic damage
to wheat, especially under sub-adequate moisture conditions (Nicol et al.
2003). In this study, finding H. latipons in these areas was unexpected, as the
majority of fields were at high elevations in Turkey, and this species is gener-
ally found in fields on the Mediterranean coast or regions having a Mediter-
ranean climate (Imren et al. 2015). In these growing areas, barley and wheat
are continuously cultivated on the same land as monoculture. The intensity
of the incidence and impact of CCN depends on the type of host and soil,
nematode pathotype, ecotype and climatic conditions of the area (Rivoal &
Cook 1993). The growing of cereals as a monoculture has resulted in a grad-
ually increasing population of CCN that influence the amount of yield losses
in infected fields. It appears that existence of environmental conditions suit-
able for the completion of the life cycle of these nematodes can be an import-
ant factor for posing a threat to cereal production in Adiyaman Province.
To maintain the population densities of these species of nematodes below
damaging levels, appropriate management measures are necessary, such as
rotational schemes and the use of resistant varieties. A number of resistance
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sources for breeding purposes have been found in domestic cereals and their
wild relatives, and express resistance to both Heterodera species (Dababat et
al. 2015). In conclusion, The CCN H. latipons and the two RLN species (P,
neglectus and P. thornei) are widespread in many barley and wheat breeding
areas of the South-east Anatolian region of Turkey.
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SUMMARY

Development of disease resistant cultivars is one of the most cost-effective and
environmentally friendly methods for disease control in crops. In the last few
decades, the use of molecular markers has played an increasing role in plant
breeding and genetics. Molecular marker technologies gained momentum with
the advent of SSR markers and recently with next generation sequencing. These
procedures have influenced plant protection methods for breeding resistant cul-
tivars. In Turkey, use of DNA molecular markers in plant breeding is limited
particularly in tagging the quantitative trait loci (QTL) for disease resistance. In-
troduction of resistance genes through plant breeding remains an important and
effective method for protecting crops from diseases. Plant species commonly
carry genes for disease resistance within their collective germplasm base. Mark-
er-assisted breeding provides an opportunity for wheat breeders to introgress/
pyramid genes of interest into breeding lines and to identify genes and/or QTL
loci in germplasm to be used as parents. Markers are equally well suited for the
pyramiding of resistance genes and many functional markers have been devel-
oped and are being used in marker-assisted breeding for diseases.

*  Baloch FS, Cémertbay G, Ozkan H (2015) DNA molecular markers for disease resistance in plant breeding with
example in wheat. In ‘Nematodes of Small Grain Cereals: current status and research! (AA Dababat, H Mumin-
janov and RW Smiley) pp. 159-166. (FAO: Ankara, Turkey).

159



160

INTRODUCTION

One of the main problems for agricultural crop production is the damage
caused by biotic stresses including attack by bacteria, fungi, nematodes, or vi-
ruses, each of which may cause a serious economic loss for the farmers. Patho-
gens are mostly controlled by three different ways; 1) Husbandry techniques,
2) Use of agrochemicals, and 3) Use of resistant varieties. Chemical control is
the most widely used method to control diseases and other harmful agents,
however, chemical control could be the best and effective method for some
pathogens but could be poor for other pathogens like bacteria, and to have
no effect mostly on viruses. Moreover use of agrochemicals has many limita-
tions for health and could be a source of air pollution. Reduction in applying
chemicals to control diseases and pests will benefit both the farmer and con-
sumer. The use of the same chemical for control of a disease or pest may cause
development of a resistance mechanism in insects, pests and pathogens. Now
our world is moving towards organic farming that is intended to develop agri-
cultural practices without the use of agro-chemicals and fertilizers. Therefore,
other means to control pathogens, insects, and pests are indispensable for the
farmers and as well as for the consumers. That is why production of high qual-
ity and environment friendly products using sustainable production practices
requires the development of resistant varieties as a principal tool for reducing
damage caused by pathogens, insects and pests.

Disease resistant varieties have been developed in many crops by convention-
al breeding techniques during the 20" century. Varieties that are resistant to
one or more diseases are now available in most agricultural crops of econom-
ic importance. For example, wheat breeding resulted in cultivars resistant to
many diseases, although they vary in stability and level of resistance because of
environment interactions. Conventional breeding had a significant impact on
plant breeding and resulted in resistance to many diseases. However, it is time
consuming to select parents, make crosses and back crosses, and select desired
progeny, making it difficult to react adequately for pathogens.

Since 1980s, DNA markers have been widely used as a principle tool for breed-
ing and in selecting desired parents. DNA markers are now commonly used for
identification and tracking the loci and genomic regions in crop breeding pro-
grams, as large numbers of molecular markers that are tightly linked to disease
resistance traits are available in most major crop species. Molecular markers are
utilized in mapping genes, marker-assisted selection, and map-based cloning of



genes of interest. Different types of markers have been developed in the past
few decades and are now widely used in plant improvement programs. Of the
various classes of existing markers, microsatellites have emerged as the markers
of choice for plant breeding applications. In wheat, great work has been realized
to find markers linked to disease resistance genes. The application of molecular
markers has enabled breeders to select superior genotypes for traits that are dif-
ficult to select based solely on phenotype, or to pyramid desirable combinations
of genes into a single genetic background. Marker-assisted backcrossing (MAB)
also offers the opportunity to improve responses from selection because molecu-
lar markers can be applied earlier in the life cycle; for example, gametic selection
in the F1 seedling stage. MAB not only contributes to improved precision for
selection of specific traits but is also cost-effective compared with conventional
plant breeding procedures. MAB also offers the opportunity to hasten transfer
of desirable alleles from un-adapted genetic backgrounds into a desirable germ-
plasm through cross-breeding. To date, 30 different loci responsible for traits like
resistance to various diseases, quality and agronomic traits (plant height, photo-
period response, grain weight, tolerance to abiotic stress, etc.) have been cloned,
and 97 functional markers have been developed to categorize 93 alleles based on
gene sequences (Liu et al. 2012).

During the past decade, six genes for disease resistance were cloned in wheat
(Laroche et al. 2000, Feuillet et al. 2003, Feuillet and Keller 2004, Huang et al.
2003, Yahiaoui et al. 2004, Fu et al. 2009, Krattinger et al. 2009). Among them,
functional markers are available for alleles at the Pm3 locus for reaction to
powdery mildew and for the Lr34/Yr18/Pm38 locus for resistance to leaf rust,
stripe rust and powdery mildew (Tommasini et al. 2006, Lagudah et al. 2009).
These markers have been successfully used in the discriminating the allelic
variation for powdery mildew and leaf rust (Table 1).

The effective utilization of resistance genes requires the phenotypic and genotyp-
ic characterization of the mapping population under study. This has been widely
exploited in many genetic studies, either through the use of classical bi-paren-
tal crosses and linkage mapping to determine the number and chromosomal
location of stripe rust resistance genes (Yang et al. 2003) or the use of recent
approaches such as genome-wide association mapping (GWAM) which involves
a collection of adapted germplasm. The advantages of GWAM over bi-paren-
tal mapping population includes higher mapping resolution, increases in allele
number, and time saving in establishing a marker-trait association and imme-
diate application of its results in a breeding program (Flint-Garcia et al. 2003).
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Baloch, Comertbay, and Ozkan

Table 1. Diagnostic markers for some disease resistance genes in wheat'

Locus Marker

Primer sequence

Allele

Expected PCR
Product Size

Pm3a

Pm3a/F: GGAGTCTCTTCGCATAGA
Pm3a/R: CAGCTTCTAAGATCAAGGAT

Pm3a

624

Pm3b

Pm3b/F: GGCACAGACAAAGCTCTG
Pm3b/R: TCGAGTAGCTCGGGAATC

Pm3b

1382

Pm3c

Pm3c/F: CTAGTGGAGGTAGTTGAC
Pm3c/R: AGTCGTTCAAGAGAACGGC

Pm3c

846

Pm3? Pm3d

Pm3d/F: TGACTATTCGTGGGTGCA
Pm3d/R: GACTGCGGCACAGTTCAGC

Pm3d

1109

Pm3e

Pm3e/F: GGAATCCCTTTGGCTTGT
Pm3e/R: CTAGCAGAGCAGTGCAAG

Pm3e

524

Pm3f

Pm3{/F: GGAGTCTCTTTGCTTAAG
Pm3f/R: CAGCTTCTAAGATCAAGGAT

Pm3f

624

Pm3g

Pm3g/F: GAATCCCTTTATCTTGAC
Pm3g/R: ATTCCCCTAGCAGAGCAGAA

Pm3g

540

cssfrl

L34DINT9F: TTGATGAAACCAGTTTTTTTTCTA
L34PLUSR: GCCATTTAACATAATCATGATGGA

+Lr34

517

cssfr2

L34DINTOF: TTGATGAAACCAGTTTTTTTTCTA
L34MINUSR: TATGCCATTTAACATAATCATGAA

-Lr34

523

cssfr3

Lr34DINT9F: TTGATGAAACCAGTTTTTTTTCTA

Lr34PLUSR: GCCATTTAACATAATCATGATGGA

csLV34F: GTTGGTTAAGACTGGTGATGG

csLV34R: TGCTTGCTATTGCTGAATAGT

+Lr34
-Lr34

517+150
229

Lr34/
Yri8/ cssfrd
Pm38®

Lr34DINTOF: TTGATGAAACCAGTTTTTTTTCTA

Lr34MINUSR: TATGCCATTTAACATAATCATGAA

csLV34F: GTTGGTTAAGACTGGTGATGG

csLV34R: TGCTTGCTATTGCTGAATAGT

+Lr34
-Lr34

150
5234229

cssfr5

Lr34DINT9F: TTGATGAAACCAGTTTTTTTTCTA

Lr34MINUSR: TATGCCATTTAACATAATCATGAA

Lr34SPF: GGGAGCATTATTTTTTTCCATCATG

Lr34DINT13R2: ACTTTCCTGAAAATAATACAAGCA

+Lr34
-Lr34

751
523

cssfr6

cssfr6_f: CTGAGGCACTCTTTCCTGTACAAAG
cssfr6_r: GCATTCAATGAGCAATGGTTATC

+Lr34
-Lr34

652
649

cssfr7

cssfr7_f: GCGTATTGTAATGTATCGTGAGAG
cssfr7_r: CATAGGAATTTGTGTGCTGTCC

+Lr34
-Lr34

247
214

! This table was taken from Liu et al. (2012).
2 The Pm3 locus confers resistance to powdery mildew and is located on chromosome 1AS (Tom-
masini et al. 2006).
? The Lr34/Yr18/Pm38 locus confers resistance to leaf rust, stripe rust and powdery mildew, and is
located on chromosome 7DS (Lagudah et al. 2009).




Lev-Yadun et al. (2000) proposed a “core area” for the origins of agricul-
ture within the Fertile Crescent. This was based on the proposition that wild
einkorn and wild emmer from that area are genetically more closely related
to the domesticated wheat plants than elsewhere (Ozkan et al. 2010). Wheat
landraces are an important potential source of new resistance genes since
relatively few landraces have been used in modern plant breeding. Studies
have demonstrated that wheat landraces can be a good source of resistance to
diseases. Therefore, it is possible that, through use of some of the landraces,
some early and advanced cultivars may contain some of the resistance genes.
There are some good examples (Escinas —Alcazar 1993) about the impor-
tance of plant genetic resources from the Mediterranean Region and their
contribution in the development of elite cultivars throughout the world. One
local variety of wheat found in Turkey, collected by J. R. Harlan in 1948, was
ignored for many years because of its many negative agricultural characteris-
tics, but it was discovered in the 1980s that this variety carries genes resistant
to fungi such as Puccinia striiformis, 35 strains of Tilletia caries and T. foetida,
10 strains of T. controversa, and is also tolerant to certain species of Urocystis,
Fusarium and Typhula. It has therefore been used as a source of resistance to
a whole array of diseases (Kronstad 1986).

Evaluation of landraces from the areas of domestication and diversity of any
species can provide useful information for the understanding the pattern of
evolution and how socio-economic and geo-ecological factors of those areas
have influenced their genetic structuration (Baloch et al. 2014). These landrac-
es serve great purpose as: 1) they can serve as the sources of new genes or new
variations (alleles), 2) they possess high variation at inter- and intra-popula-
tion levels and this intra-population diversity is very important because it can
provide a buffering capacity against increasing stochastic environmental vari-
ation, and 3) their genetic structure could provide very useful insights towards
better understanding the role of society, and possess valuable alleles for various
diseases and other biotic stresses.

In many cases, it was observed that resistance genes are present in wheat culti-
vars or genotypes however the cultivar is susceptible to that particular disease.
That mean some other genes are responsible for the resistance of the cultivar
for that disease. Therefore, it is important to identify more genes. For this there
is a need for more collaboration and for more detailed genome-wide associa-
tion mapping using diverse germplasm from the Fertile Crescent, particular-
ly from its area of diversity. Recent advances in next-generation sequencing
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(NGS) and single-nucleotide polymorphism (SNP) genotyping promise to
greatly accelerate crop improvement if properly deployed. High-throughput
SNP genotyping offers a number of advantages over previous marker systems,
including an abundance of markers, rapid processing of large populations, a
variety of genotyping systems to meet different needs, and straightforward al-
lele calling and database storage due to the bi-allelic nature of SNP markers.
We now genotyping our collection on wheat landraces for DArTseq and will
use this data for association studies for important diseases in diverse wheat
germplasm from Turkey. We will try to find new linked markers for important
diseases that could further be used in marker assisted selection.

To date, around 50 genes having monogenic nature and hundreds of QTL con-
ferring disease resistance have been reported in wheat. Marker-assisted breed-
ing could be easily applied for monogenic traits, but mostly marker-assisted
selection is not used because the germplasm is selected phenotypically. How-
ever in quantitative disease resistances, MAS would be very useful. Molecular
markers linked to many monogenic and a few quantitative disease resistances
have been reported; for details please see Miedaner and Korzun 2012. Despite
these efforts, there is generally a lack of reports concerning MAS and the use-
fulness of molecular markers in breeding. The future of MAS looks promising
and as the technologies become cheaper there is no doubt that MAS will be-
come more integrated into classical breeding programs.
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SUMMARY

Root lesion nematodes (RLN) (Pratylenchus spp.) are associated with signifi-
cant yield losses in Australian wheat crops. During the past 40 years research
has focussed on RLN impact on yield, their distribution and methods of con-
trol. Current research is focussed on developing wheat cultivars with resistance
and/or tolerance of the important RLN species in Australia, while the impact
of rotational crops on nematode densities is also being examined. Molecular
studies are examining the genetic diversity of cultivars and possible sources of
resistance. This paper focuses on recent research and results into the epidemi-
ology and control of root lesion nematodes in Australian wheat crops.

INTRODUCTION

During the 1980s there was recognition of losses in Australian wheat crops due
to root lesion nematodes (RLN), prompting significant research into the epide-

*  Meagher LM, Hollaway GJ, Owen K]J, Fanning JP, Linsell KJ, Nicol JM, Dababat AA, Neate AM (2015) Current research
into root lesion nematodes (Pratylenchus spp.) in Australian wheat. In ‘Nematodes of Small Grain Cereals: current
status and research! (AA Dababat, H Muminjanov and RW Smiley) pp. 167-180. (FAO: Ankara, Turkey).
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miology and control of these important soil-borne pests in Australia (Thompson
et al. 1995). To coincide with the Fifth International Congress of Nematology
(5ICN) in 2008, the current status and recent research of RLN in Australian
wheat crops was reviewed by Thompson et al. (2008) and Vanstone et al. (2008).
The objective of this paper is to provide an update on the current status of RLN
in Australian cropping soils and the current national research activities.

HISTORY

Australian wheat production: With a gross value exceeding A$7.5 billion, and
an annual production of 25 million tonnes, wheat is Australia’s second largest
agricultural commodity grain (ABS 2015). Australia’s wheat is produced on
12.6 million hectares of land in an area that extends from central Queensland,
through New South Wales, Victoria and South Australia and the south-west
of Western Australia (Figure 1). Based on climatic conditions the wheat belt is
divided into three cropping regions: the sub-tropical northern region, which
receives significant summer rainfall, and the temperate southern and western
regions, which have a Mediterranean climate with winter-dominant rainfall
(Fisher 1999). Because of the mild climate in wheat growing areas, the Austra-
lian bread wheat crop is almost exclusively hard white spring wheat which is
planted in autumn and harvested in late spring to early summer.

An important constraint to Australia’s annual wheat production is the presence
of soil borne root lesion nematodes (Pratylenchus spp.) (Castillo and Vovlas
2007, Nicol et al. 2011). Their effects are compounded by limited and variable
rainfall combined with diminished soil fertility, in relation to nutrients, organ-
ic matter and structure, that creates a challenging cropping environment for
Australian growers (Webb et al. 1997).

Species of RLN and their detection: Nationally, there are four species of root
lesion nematode that are known to contribute to production losses (Murray
and Brennan 2009). In south-eastern Australia, the important root lesion nem-
atode species are Pratylenchus thornei and P. neglectus, with the later causing
more yield loss due to its wider distribution (Murray and Brennan 2009, Van-
stone et al. 2008). Conversely, in northern Australia where these two species
are also widespread P, thornei causes more yield loss (Murray and Brennan
2009) due to a greater presence, and density, in fields (Thompson et al. 2010).
In Western Australia, in addition to P. neglectus, both P. quasitereoides (former-
ly P, teres) and P. penetrans also occur; however the losses caused by these two
species are less understood (Riley and Wouts 2001).



Nematodes of Small Grain Cereals. Current status and research

Figure 1. The Australian wheat belt (Fischer et al. 2014).

P, neglectus is the most important and extensively distributed RLN species in the
southern and western cropping regions (Riley and Kelly 2002, Vanstone et al.
2008). In the Wimmera and Mallee regions of the southern cropping region DNA
based diagnostic test (Ophel-Keller et al. 2008) results from 355 fields detected P
neglectus in 97% and P. thornei in 40% of fields without any other RLNs detected
during 2014 and 2015 (Fanning un-published). Previously, in south-west Victo-
ria P. crenatus and P. penetrans were also identified in wheat crops, however they
were not considered important (Hollaway et al. 2008). In the northern cropping
region, P, thornei is the dominant species and is found in 67% of fields sampled,
whereas P. neglectus is found in 32% of fields, with both occurring together in
26% of fields (Thompson et al. 2010). In the Western cropping region, results
from 2,363 paddocks collected since 1997, RLN were found in approximately
65% of cropping fields with the main species identified being P. neglectus, P. qua-
sitereoides, P. thornei and P. penetrans (Wilkinson and Collins 2014).

Traditionally, nematologists and growers have relied on manual extraction of
live nematodes (e.g. Whitehead tray method (Whitehead and Hemming 1965),
and visual quantification using nematode morphology. However, the develop-
ment of commercial DNA based soil testing capability during the late 1990s
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(Ophel-Keller et al. 2008) has been widely adopted by researchers and growers
nationally. This accurate and economical method enables rapid identification
and quantification of nematodes in soils and reduces the need for technicians
skilled in nematode identification to process large numbers of routine research
and diagnostic samples. The tests are species specific and are currently able to
detect the most prevalent RLN species P. thornei, P. neglectus and P. quasitereoi-
des (PIRSA 2015).

In addition to providing estimated nematode numbers to researchers, the diag-
nostic service allows growers to make more informed decisions about the most
suitable crop and cultivar. The prediction of possible losses from soil borne
diseases, prior to a crop being planted, is through the allocation of a disease
risk category based on the level of DNA obtained from samples (Ophel-Keller
et al. 2008). Another advantage of this service is that it identifies and quantifies
a range of other soil borne pathogens which allows a grower to recognise other
potential biotic constraints in their fields.

ECONOMIC IMPACT

The migratory, endoparasitic behaviour of the Pratylenchus genus, combined
with their short generation time, ability to withstand desiccation and their po-
lyphagous nature, has resulted in them regularly being classified as one of the
most economically damaging nematodes (Duncan and Moens 2006, Jones et
al. 2013, Nicol et al. 2011). Murray and Brennan (2009) estimated, through
surveys of plant pathologists nationally, that the two primary RLN affecting
wheat in Australia, P. neglectus and P. thornei, caused annual yield losses ex-
ceeding A$ 73 million and A$ 50 million, respectively. In Western Australia
annual yield losses caused by P. quasitereoides were estimated at A$ 9 million
and A$ 2 million for P. penetrans (Murray and Brennan 2009). The accuracy of
these yield loss estimates may be affected by differences in cultivar tolerance,
nematode population densities and seasonal conditions (Vanstone et al. 2008).

There have been multiple studies demonstrating a negative correlation between
the population density of P. thornei and P. neglectus with wheat yield loss (Nicol
et al. 1999, Owen et al. 2014, Smiley et al. 2005, Smiley et al. 2005, Taylor et al.
1999). Fanning et al. (2014) reported a 5 to 20% yield loss in intolerant wheat
with every additional 10 nematodes per gram of soil present in a paddock prior
to sowing. In the past three decades the implementation of control strategies,
such as, the integration of non-host crop rotations, as well as the development of



tolerant and resistant varieties has been effective in managing and reducing the
impact of RLN. Nationally, a significant focus of current Grains Research and
Development Corporation (GRDC) and state government funding through a
national nematology project (DAV00128) is to establish the economic impacts
of RLN in each cropping region (Hollaway et al. 2014).

STATUS

Chemical control of RLN was studied in field trials in the 90’s, but was not
recommended due to human toxicity of the nematicides, cost in a low value
broad-acre crop and poor efficacy at depth (Taylor et al. 1999, Vanstone et
al. 2008). As a result, the control of RLN is through crop rotation, utilising
resistant cereals or other crops. Where high densities of nematodes are present
tolerant crops or cultivars can be sown to reduce the subsequent yield and eco-
nomic losses associated with RLN.

Tolerance of wheat to RLN: Tolerance is defined as the host’s response and
ability to grow and yield in the presence of high nematode numbers. Whish
et al. (2014) demonstrated that in fields with high P. thornei numbers, plant
growth in intolerant cultivars was restricted between 50-70 days after sowing,
when plants required increased resources for exponential growth. This period
coincided with an increase in nematode numbers and damage to the upper
root layers, consequentially decreasing the plant’s ability to absorb water and
nutrients. Restriction of resources at this early stage in the season resulted in a
yield loss of 34% in intolerant varieties, due to the reduction in above ground
development (Whish et al. 2014).

Each year in the northern and southern cropping regions the tolerance of P
thornei and P. neglectus of wheat cultivars and advanced breeding lines is as-
sessed in the GRDC National Variety Trials by determining relative grain yield
of cultivars grown in high nematode densities in field trials (McKay et al. 2014,
Thompson et al. 2008). From these National Variety Trials a consensus rating
for each line is agreed and is provided in the annual State wheat variety guides.
In the 2015 Queensland variety recommendations, 55% of varieties were rated
as at least moderately tolerant to P. thornei and 22% at least moderately tolerant
to P. neglectus (Lush 2015).

Resistance in wheat: The northern, western and southern cropping regions
annually screen wheat and barley varieties, and breeding lines, for resistance

17



172

A) P. neglectus

60 B MRMS
50 aoMs

8 MSS
40

30
20

10

% Varieties/resistant category

SA

B) P. thornei

60
> B MR
(@]
% 50 B 5 MRMS
5 oMms
~ 40 - B MSS
c W
S e =5
230
o SVS
> 20
(O]
B
(O]
' 10 w
S e
) -
S i
SA VIC QLD
State

Figure 2. Percentage of varieties in each resistance category after assessment of the varieties in each state to A) P.
neglectus and B) P. thornei in the 2014 season. SA = South Australia (26 varieties), VIC = Victoria (41 varieties), QLD
= Queensland (27 varieties) and WA = Western Australia (35 varieties). MR = moderately resistant, MRMS = mod-
erately resistant- moderately susceptible, MS= moderately susceptible, MSS= moderately susceptible- susceptible, S =
susceptible, SVS = susceptible- very susceptible and VS = very susceptible. Hollaway (2015), Lush (2015), Trainor et
al. (2015), Wallwork (2015).



to RLN as part of the GRDC National Variety Trial program. Northern and
southern cropping regions test for resistance against P. thornei and P. neglec-
tus and the western cropping region tests for resistance against P. neglectus
and P. quasitereoides. Standardised data generation, collection and analysis
allows cultivars to be assessed on a nine point scale ranging from Resistant
to Very Susceptible. Sheedy et al. (2014) confirmed that even with different
geographic locations and trial management practices, the three cropping re-
gions ranked cultivars consistently. Figure 2A and 2B display the percentage
of wheat varieties that were classified in each category for P. neglectus and
P. thornei, respectively, by state for the 2014 season. South Australia has the
greatest percentage of varieties that are moderately resistant to moderately
susceptible (MRMS) to P. neglectus, the most damaging RLN in that state.
In Queensland, where P. thornei is the more damaging RLN, 11% of variet-
ies are moderately resistant (MR), while another 11% are MRMS. Out of all
the varieties available only one variety assessed in South Australian offers
MRMS to both P. neglectus and P. thornei.

This information, along with other disease screening results, is then released
as a variety guide for growers to assist in the selection of suitable varieties for
different environmental conditions (Hollaway 2015, Lush 2015, Trainor et al.
2015, Wallwork 2015). The absence of high levels of resistance is notable in
Figure 2. To date only partial resistance to P. thornei and P. neglectus has been
identified in varieties in Australia. Alternative sources of resistance are be-
ing investigated in an effort to increase the available levels of resistance. Wild
relatives of wheat, such as the diploid and tetraploid accessions examined by
Sheedy et al. (2012) and Iranian landraces (Sheedy and Thompson 2009), have
proven to be valuable sources of novel resistance. Simultaneously there is effort
toward ensuring moderate levels of resistance are widely available in cultivars
and widely deployed to ensure that populations of RLN decrease over time.

Additional research has focused on identifying quantitative trait loci (QTL) for
resistance to P. neglectus and P. thornei using different mapping populations.
Zwart et al. (2010) demonstrated that two QTLs for P. neglectus resistance are
present on chromosomes 2BS and 6DS, and three major QTLs for P. thornei
resistance are located on chromosomes 2BS, 6DS and 6DL. These results, and
those from Thompson and Seymour (2011) indicate that up to six genes could
be responsible for resistance to P. thornei. This suggests that resistance is poly-
genic and therefore marker assisted selection is possible. In a doubled haploid
(DH) population, Linsell et al. (2014a) identified eight QTL associated with
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P. thornei resistance, and developed molecular markers for the major QTL on
2B and 6D. These molecular markers could potentially be used in genotypic
selection.

The RInnl P. neglectus resistance gene was first mapped by Williams et al. (2002)
and has recently been fine mapped by Jayatilake et al. (2013). This recent work
confirmed Rinnl is located in the terminal region of chromosome 7AL, and is
very closely linked with the rust resistance genes Sr15 and Lr20 as well as sev-
eral molecular markers, which could also be useful for wheat breeding.

Further molecular developments for the potential control of Pratylenchus spp.
include the finding that P. thornei and Pratylenchus zeae are amenable to RNA
interference (RNAi) gene silencing through soaking the nematodes in double
stranded (ds) RNA (Tan et al. 2013). Reproduction was reduced by up to 80%
when two different genes were silenced. Interestingly dsRNA from either RLN
species was effective at silencing the corresponding gene, therefore in planta
delivery of dsRNA to target nematode genes is potentially a viable source of
resistance (Tan et al. 2013).

Resistance of rotational crops: As stated previously resistant cultivars are
those that impede nematode reproduction. Different crops have been shown
to have varying degrees of susceptibility and resistance to P. thornei and P,
neglectus (Hollaway et al. 2000, Taylor et al. 2000). Owen et al. (2014)K. J.</
author><author>Clewett, T. G.</author><author>Bell, K. L.</author><au-
thor>Thompson, J. P.</author></authors></contributors><titles><title><-
style face="normal” font="default” size="100%">Wheat biomass and yield
increased when populations of the root-lesion nematode (</style><style
face="italic” font="default” size="100%">Pratylenchus thornei</style><-
style face="normal” font="default” size="100%"> recently confirmed that
crop rotation can be used to reduce P. thornei densities and increase wheat
yield. Nematode densities were dramatically decreased, and wheat yield in-
creased after partially resistant canaryseed (Phalaris canariensis) and pani-
cum (Setaria italica) were grown sequentially, prior to the planting of a sus-
ceptible wheat variety. In contrast, nematode densities were more than 15
times greater, and wheat yield 60% less in a field that was first planted with
a susceptible wheat variety, followed by a susceptible crop of soybean and
finally the susceptible wheat variety. The current GRDC national nematology
project (Hollaway et al. 2014) has a significant focus on the use of rotational
crops for the control of RLN.



Crop rotations can have limitations due to the polyphagous nature of Pratylen-
chus. In addition, mixed populations of Pratylenchus are often present in the
same field, and crops and cultivars can differ in their resistance to the different
Pratylenchus species. In the southern cropping region some rotational crops
such as field peas and lentils are moderately resistant to both P. neglectus and P
thornei (Hollaway 2015). A consideration for the northern grain cropping re-
gion is the importance of arbuscular mycorrhizal (AM) fungi for some wheat
crops. Owen et al. (2010) illustrated that although canola was effective in re-
ducing nematode densities, subsequent wheat crops had low AM fungal colo-
nisation which resulted in decreased wheat growth and yield. Stirling (2011)
conducted studies in the northern cropping region which suggested biological
mechanisms of suppression influence multiplication of P. thornei in certain
soils. If soils could be economically managed to increase their suppression
to P. thornei, this could be combined with resistance and rotation to further
reduce the impact of RLN on yields.

RESEARCH PROSPECTS

The importance of resistance is evident from the amount of research invest-
ment by industry to find a simple and efficient genetic method of control for
RLN. Sources of resistance have been identified, QTL have been mapped and
the resistance mechanisms have been investigated for one mapping popula-
tion against P. thornei (Linsell et al. 2014b). Studies conducted at the Univer-
sity of Southern Queensland, in collaboration with the International Maize
and Wheat Improvement Centre (CIMMYT) in Turkey, are investigating the
mechanisms of resistance to P. neglectus and comparing it to the mechanisms
in P. thornei so that in the future, resistance genes with different mechanisms
can be combined into one wheat variety.

Laboratory and growth chamber experiments, utilising fluorescent microsco-
py staining as well as nematode extraction and quantification, are being used
to examine the attraction and penetration behaviour of P. neglectus in suscep-
tible and resistant lines. Additionally, a genome wide association mapping ap-
proach will be employed to identify novel QTL for resistance to P. thornei and
P. neglectus in CIMMYT germplasm. Increased knowledge of the biological re-
sistance mechanisms, and the identification of resistance QTL in unique CIM-
MYT germplasm has the potential to increase the effectiveness of pre-breeding
for resistant breeding lines for both Australia and other wheat production re-
gions where RLN is a known constraint of wheat productivity.
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SUMMARY

Cereal cyst nematode (CCN) Heterodera avenae is one of the most import-
ant cereal pathogens worldwide and causes significant yield losses (Long et
al. 2013). A better understanding of the mechanisms underlying the CCN-
host interactions is important for the development of new control strategies for
control this pathogen (Simonetti et al. 2010). However, studying the complex
molecular interactions between CCN and its host is challenging due to the
lack of suitable model pathosystem. The nematode is not amenable to trans-
formation and no system for gene silencing using RNAi with CCN has been
reported, meaning that characterization of CCN gene function is dependent
on wheat (host)-induced gene silencing (HIGS) (Sindhu et al. 2009). However,
the extremely low-efficiency of genetic transformation and the large and com-
plex genome of wheat make it difficult to investigate CCN gene function using
HIGS and also make study of host gene function in terms of the interactions
with CCN challenging (Delporte et al. 2012). A model pathosystem for CCN
would be of value for the study of the mechanisms of parasitism by CCN and
its interactions with the host.

*  KongLA, Wu DQ, Cui JK, Huang WK, Peng H and Peng DL (2015) A new candidate pathosystem for inves-
tigating the interactions between wheat and the cereal cyst nematode Heterodera avenae. In ‘Nematodes of
Small Grain Cereals: current status and research’ (AA Dababat, H Muminjanov and RW Smiley) pp. 181-184.
(FAO: Ankara, Turkey).
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Brachypodium distachyon is widely used as a model cereal plant (Brkljacic
et al. 2011), and has been used as a model plant to study the interactions
with various cereal pathogens including rice blast fungus Magnaporthe ory-
zae (Parker et al. 2008), wheat head blight disease Fusarium graminearum
(Gibberella zeae) (Peraldi et al. 2011), and wheat root rot Rhizoctonia solani
(Schneebeli et al. 2015). An alternative model may be to use the ancestral
diploid wheat lines 2A, 2B and 2D. Compared with B. distachyon, these an-
cestral diploid wheats are likely to be genetically closely related to hexaploid
bread wheat (Marcussen et al. 2014). The genomes of the ancestral diploid
wheat 2A Triticum urartu and 2D Aegilops tauschii have been sequenced,
providing new insights into the genetic background of polyploid wheat spe-
cies (Ling et al. 2013, Jia et al. 2013). In this study, we investigated the po-
tential of the model cereal Brachypodium distachyon (Bd21-3) and diploid
wheat 2A (G1812) and 2D (AL8/78) as model hosts for CCN.

First, we tested whether B. distachyon could also be used as a host to study its
interactions with H. avenae. Nematode infection results showed that although
some CCN penetrated Bd21-3 roots, CCN failed to develop into the J3 stage
even at 19 dpi within Bd21-3 roots and remained at the J2 stage. By contrast,
nematodes that infected susceptible wheat WEN19 gradually developed to the
following stages by 14 dpi. In addition, the number of CCNs in Bd21-3 roots
was much lower than that in WEN19. The number of ]2 nematodes in Bd21-3
roots declined at later stages and no nematode was detected at 25 dpi. No cyst
was formed on Bd21-3 roots at 90 dpi.

To rule out the possibility that this incompatibility was a specific feature of
the CCN population used in this experiment, we performed similar assays
with different CCN populations from a wide geographical range within China
(Lan-kao county (Henan province), Da-xing district (Beijing) and Tai-an city
(Shandong province). Both populations showed similar results, in that they
failed to develop into the J3 stage, and failed to complete their life cycle in
Bd21-3 roots with no cyst at 90 d. These results indicated that B. distachyon is
a non-host for CCN.

To investigate whether the incompatibility of B. distachyon to CCN was due to
rapid production of reactive oxygen species (ROS), we assayed the ROS con-
tent in Bd21-3 roots infected with CCN J2s at 24 hpi, 3 dpi and 8 dpi, and the
results showed that there was a strong ROS burst in Bd21-3 roots at 3 days
post CCN inoculation. No increased production of ROS was seen at 24 hpi or



8 dpi. Twenty one Class III peroxidase (POX) genes and nine NADPH Oxi-
dase (NO) genes were found in Bd21-3 by alignment with orthologs from rice
(Oryza sativa). To confirm whether POX and NO were also responsible for
the ROS burst in Bd21-3 caused by CCN infection, we examined the relative
expressions of these genes by qRT-PCR. The results showed that 7 of 21 POX
genes were up-regulated in Bd21-3 roots in response to CCN infection. Four
POX genes were significantly up-regulated at 3 dpi compared with those at 24
hpi and 8 dpi. Two NO genes were significantly up-regulated after infection,
while the other 7 NO genes showed no clear change in expression. The results
indicated that POX is likely to play an important role in ROS generation in
response to nematode infection.

Since B. distachyon was a non-host for CCN, we investigated the potential
of both G1812 (diploid wheat 2A) and AL8/78 (diploid wheat 2D) for use as
a CCN-host pathosystem. The nematode infection rate and syncytium for-
mation in G1812 was similar to that in the susceptible wheat line WEN19,
although nematode developmental progress in G1812 was somewhat de-
layed compared to that in WEN19. At 33 dpi, approximately 60% of the CCN
within G1812 roots had developed into the J4 stage, whereas approximately
75% of the CCN in WEN19 had reached J4 at this time point. However, the
cyst numbers that formed on both G1812 and WEN19 were very similar
at 90 dpi. Compared with G1812, AL8/78 was found to show some resis-
tance to CCN, and the number of cysts formed on AL8/78 roots was signifi-
cantly lower than the number in susceptible wheat WEN19. Moreover, the
syncytia formed within AL8/78 roots were smaller than those both G1812
and WEN19. These results showed that both diploid wheat 2A and 2D were
compatible with CCN, and that diploid wheat 2A was more susceptible than
diploid 2D and may therefore be of use as a model plant for the study of the
interactions between CCN and cereal hosts. The availability of an efficient
transformation system for diploid wheat 2A can be used in conjunction with
the pathosystem established here to allow identification and functional char-
acterization of important genes in both CCN and its hosts.
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SUMMARY

We evaluated 12 barley, 5 oat and 23 wheat accessions against a Jordanian iso-
late of the Mediterranean cereal cyst nematode Heterodera latipons. A total of
100 freshly hatched second stage juveniles of H. latipons were added to each
plant of the tested accessions. Plants were harvested 45 days post inoculation.
Number of cysts recovered from both soils and roots were recorded and were
scaled for resistance following Ozarslandan et al. (2010). The screening test
showed that six barley accessions were resistant while five accessions were
moderately resistant with less than 4 cysts/plant recovered. Only one barley
accession was susceptible. On the other hand, only one oat accession did not
support the nematode while the other four accessions varied in their response
from moderately resistant to moderately susceptible. The 23 wheat accessions
varied in their susceptibility; 10 showed resistance against the tested cyst nem-
atode while the other accessions ranged from moderately resistant to suscep-

*  Jaabari AM, Al Abded A, Dababat AA, Al-Banna L (2015) Response of barley, oat and wheat to the Mediter-
ranean cereal cyst nematode H. latipons. In ‘Nematodes of Small Grain Cereals: current status and research’
(AA Dababat, H Muminjanov and RW Smiley) pp. 185-192. (FAO: Ankara, Turkey).
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tible. Our results showed that some cereal accessions that were resistant to the
Jordanian isolate of H. latipons were also resistant to H. filipjevi whereas other
accessions did not have the same response.

INTRODUCTION

The Mediterranean cereal cyst nematode (MCCN), Heterodera latipons, is con-
sidered the most common species of cyst nematodes that limit the production
of wheat and barley in several Mediterranean countries such as Cyprus, Jor-
dan, Palestine, Italy, Libya, Spain, and Turkey (Franklin 1969, Cohn and Aus-
her 1973, Mor et al. 1992, Yousef and Jacob 1994, Philis 1995, Rumpenhorst et
al. 1996, Al-Abed et al. 2004). The use of germplasm that possesses resistant
genes against cereal cyst nematodes (CCN) is considered the most effective
control measures.

Several sources of resistance against CCN have been identified in wheat and its
relatives. Very few studies investigated the resistance of wheat against H. lati-
pons (Bekal et al. 1998, Rivoal et al. 2001, Rivoal 2009, Khrfan 2012). Khrfan
(2012) investigated the reaction of 52 wheat genotypes comprised of landra-
ces of durum, common bread wheat cultivars, and synthetic hexaploid wheat
against a Jordanian isolate (RJHL) of H. latipons. Results of this screening test
showed that some wheat genotypes such as commercial bread wheat cultivars
(Drysdale, Gladius, GS50A and Silverstar) and synthetic hexaploids showed
resistance to the RJHL isolate. Further, 19 out of the 23 Australian synthetic
hexaploids genotypes were also resistant against the RJHL isolate of MCCN.
While other genotypes, including Jordanian landraces, varied in their suscep-
tibility, with some being moderately resistant while others were moderately
susceptible to susceptible genotypes. In this study we aimed to evaluate 12 bar-
ley, 5 oat, and 23 wheat accessions against (RJHL) of H. latipons.

METHODS

A controlled condition experiment was conducted at the University of Jordan,
Jubeiha, Amman, Jordan to investigate the susceptibility of barley, oat and wheat
germplasm against a Jordanian isolate of the MCCN H. latipons (Tables 1,2 and
3). The local wheat cultivar named “Horani Nawawi” was used as a susceptible
control cultivar. To perform the assay, cysts were obtained from a soil sample
that was collected from a field in Ramtha area at the northern part of Jordan.
That isolate was previously identified as H. latipons (Shepherd 1970). The recov-



ered cysts were surface sterilized by soaking in a solution containing 0.5% sodi-
um hypochlorite (NaOCI) for 30 minutes then rinsed with sterilized tap water.
The surface sterilized cysts were then transferred to a 1.5 ml Eppendorf tube and
placed at 4°C for 2 weeks followed by 2 months of incubation at 10°C to achieve
hatching of the second stage juveniles (J2) (Al-Abed et al. 2004, Scholz and Siko-
ra 2004). Freshly hatched ]2 were used in the screening assay.

Cereal seeds were surface sterilized by soaking these seeds in 96% ethanol for
six minutes followed by soaking in a solution of 4.5% NaOCI for 10 minutes
and then rinsed six times in sterile distilled water. The surface sterilized seeds
were placed on wet sterilized filter paper in Petri dishes and incubated at 20°C
for 2-4 days to initiate germination. Once the roots reached 2-3 cm, they were
each transplanted into a tube (3-cm diameter and 12-cm tall) filled with oven
sterilized soil mixture (83% sand, 12% clay, 5% silt; pH 8 and EC of 0.54 dS/m).
Each cultivar was replicated three times. The cultivars that showed resistance
against MCCN were further screened with three replicates. The transplanted
tubes were placed in the growth chamber at the faculty of Agriculture, Univer-
sity of Jordan with 16 hours light and 8 hours dark at a temperature of 20°C.
One week after transplanting, a total of 100 ]2 of the cyst nematode were added
to each plant. Soil in the tubes was kept wet until the end of experiment.

The plants were harvested 45 days after inoculation and the roots were washed
by a gentle stream of tap water. Roots were examined for presence of cysts
using a dissecting microscope (Nikon, SMZ645). Soils from each tube were
processed to extract the cysts using the floatation method. Cysts recovered
from soil and from roots were counted and tabulated. The total number of
recovered cysts (soil and roots) for every wheat genotype and their replicates
was documented. Averages and standard deviations were tabulated. Based on
Ozarslandan et al. (2010) the following scale was followed for determining the
resistance and susceptibility of each wheat genotype; resistant (R) = 0-2; mod-
erately resistant (MR) = 3-4; moderately susceptible (MS) = 5-8; susceptible (S)
= 9-12; very susceptible (VS) > 13 cysts/plant.

RESULTS

The reactions of the barley, oat, and wheat genotypes against the RJHL iso-
late of the MCCN are shown in Tables 1, 2, and 3, respectively. The screening
test showed that six barley accessions were resistant while five accessions were
moderately resistant with less than 4 cysts/plant (Table 1). Only one barley
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Table 1. Reactions of barley accessions against RJHL isolate of MCCN.

Barley accession White females and brown cysts' Resistance rating’
VARDE 0.5 R
LA ESTUANZUELA 0.7 R
MARTIN 403 - 2 1.0 R
BAJO ARAGON 1.3 R
MOROCCO 2.0 R
MAROCAINE 2.3 R
HARLAN 43 2.3 MR
ORTOLAN 2.7 MR
SALKA 3.7 MR
KVL 191 4.0 MR
DALMATISCHE 4.3 MR
SIRI 10.3 S

1 Average number of white females on roots and brown cysts recovered from soil; means of 3 replicates.

2 Based on Ozarslandan et al. (2010), the following scale was followed for determining the resistance and suscepti-
bility of each genotype; resistant (R) = 0-2; moderately resistant (MR) = 3-4; moderately susceptible (MS) = 5-8;
susceptible (S) = 9-12; very susceptible (VS) = 13 cysts/plant.

Table 2. Reactions of oat accessions against RJHL isolate of MCCN.

Oat accession White females and brown cysts' Resistance rating>
MK H.72-646 0.2 R
SILVA 2.3 MR
SUNII 2.3 MR
ANSI 5.0 MS
PUSA HYBRID BS1 8.7 S

1,2 See footnotes for Table 1.

accession was susceptible (Table 1). On the other hand, only the MK H.72-646
oat accession did not support the nematode while the other four accessions
varied in their response from moderately resistant to susceptible (Table 2). The
23 wheat accessions varied in their susceptibility, where ten showed resistance
against the tested cyst nematode while the other accessions ranged from mod-
erately resistant to susceptible (Table 3).
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Table 3. Reactions of wheat accessions against RJHL isolate of MCCN.

Wheat accession White females and brown cysts' Resistance rating’
ID 2150 0.2 R
MILAN 0.3 R
ISKAMISH K-2- LIGHT 0.5 R
T-2003 1.0 R
F130L1.12/ATTILA 1.0 R
CROC _1/AE.SQARROSA(224)// 13 R
OPATA (20616)
VP 1620 1.7 R
SONMEZ 1.7 R
KATE A-1 2.0 R
F372 2.0 R
LOROS X KOGA 2.7 MR
AUS 4930.7 / 2*PASTOR 3.0 MR
ZHONGYU 3.0 MR
MIRZABEY2000 3.3 MR
PRINS 4.0 MR
CAPA 4.0 MR
PSATHIAS 4.0 MR
VP5053 4.7 MS
TAIKONG 4.7 MS
AUS GS50AT34/SUNCO//CUN- 47 MS
NINGHAM
* -
AU/COGE;i?;i/S/ilC.fS 155/3/ 50 MS
VL411R 5.0 MS
HORANII NAWAWII 6.0 MS
RAJ 1 73 MS

1,2 See footnotes for Table 1

DISCUSSION

Our results showed that some cereal accessions that were resistant to the Jorda-
nian isolate of H. latipons were also resistant to H. filipjevi. Both oat accessions
MK H.72-646 and Silva that showed resistance against the Jordanian isolate of
MCCN were also resistant to H. filipjevi (Dababat, unpublished). The spring
wheat RAJ1 was susceptible to both the Jordanian isolate of H. latipons and
H. filipjevi (Dababat, unpublished). Other accessions did not have the same
response against different species of CCN. This finding agreed with previous
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screening tests which showed that both wheat lines and cysts nematode patho-
types varied in their susceptibility and virulence, respectively (Slootmaker et
al. 1974, Rivoal et al. 2000 and 2001, Zaharieva et al. 2001, Safari et al. 2005,
Montes et al. 2008, Nicol et al. 2009). This is the first report investigating re-
sistance of barley and oat genotypes against a Jordanian isolate of H. latipons.

Our findings and other previous studies will help breeders to identify genes
responsible for the resistance against one or several pathotypes of cyst nem-
atodes attacking cereals. It was recorded that more than one species of CCN
could occur sympatrically in the regions cropped with cereals; pyramiding dif-
ferent resistance genes into a single genotype will certainly promote durable
resistance (Eastwood et al. 1991, Safari et al. 2005).
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SUMMARY

The root lesion nematodes Pratylenchus penetrans and P. thornei attack roots
of wheat and cause significant yield losses especially under rainfed conditions.
Breeding for resistant varieties is one of the most effective methods to control
nematodes. Therefore, we screened a collection of 14 spring wheat and 11 of
winter wheat lines, developed at CIMMYT, for resistance to both nematode spe-
cies. Individual plants were grown in sand in small tubes (15 x 20 x 120 mm)
placed in a random design with 10 replicates in the greenhouse. The resistance
level was evaluated based on the numbers of nematodes extracted from both
roots and soil of each line. Trials were terminated nine weeks after nematodes
infestation. The numbers of P. penetrans and P. thornei were determined visually

* Mokrini E Viaene N, Waeyenberge L, Dababat AA, Abbadandaloussi E Moens M (2015) Resistance to the root lesion
nematodes (Pratylenchus penetrans and P. thornei) in wheat germplasm. In ‘Nematodes of Small Grain Cereals: current
status and research! (AA Dababat, H Muminjanov and RW Smiley) pp. 193-204 (FAO: Ankara, Turkey).
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using a microscope. Three lines (L9, L12 and L13) were found resistant to P
thornei and one of these (L9) was also resistant to P. penetrans. To investigate the
durability of this resistance, we co-inoculated juveniles of Heterodera avenae, a
cereal cyst nematode widely present in Moroccan wheat fields, and assessed the
reproduction of both lesion nematodes P. penetrans and P. thornei. Our results
showed that the resistant wheat lines L9 and L9, L12, L13 remained resistant to
P. penetrans and P. thornei, respectively. The outcome of this study is valuable
to wheat breeding programs in Morocco and the world. However, the resistant
sources should be validated under natural field conditions. These findings are
important to understand the background of the source(s) of resistance responsi-
ble for inhibition of nematode reproduction in promising wheat lines.

Key words: Root-lesion nematodes, resistance, lines of wheat, Morocco,
screening

INTRODUCTION

Root-lesion nematodes (RLNs) are considered among the most important
group of plant-parasitic nematodes attacking cereals on a worldwide basis,
(Smiley and Nicol 2009). Eight species of RLN are known to be parasitic on
small grain cereals. Of these, P. thornei and P. penetrans are the most econom-
ically important (Rivoal and Cook 1993, McDonald and Nicol 2005). In Mo-
rocco, Pratylenchus spp. are the most important group of nematodes in dif-
ferent cereal growing regions followed by cyst nematodes of the Heterodera
avenae group (Meskine and Abbad Andaloussi 1984, Rammah 1994, Mokrini
et al. 2012b). They cause extensive necrosis of the roots with consequent crop
losses. Pratylenchus penetrans is the most abundant and widespread species in
Morocco and was recovered from 70% of soil samples taken during a survey of
the wheat producing regions (Mokrini ef al. 2012b).

The use of resistant accessions is considered the most effective and econom-
ical method for managing nematodes as it environmentally sustainable and
requires no additional equipment or cost. Several resistant wheat accessions
against P. thornei have been identified (Vanstone et al. 1998, Thompson
et al. 1999, Toktay et al. 2012). The soil-borne pathogens program of CIM-
MYT-ICARDA screens annually about 1000 accessions from the International
Winter Wheat Improvement Program (www.iwwip.org) under conditions for
multiple disease resistance, including the root lesion nematodes P. thornei and
P. neglectus (Dababat et al. 2014).



Competition between different soil-borne parasitic nematodes has been re-
ported for several crops (Yang 1976, Lasserre et al. 1994, Tsai 2008, Melake-
berhan and Dey 2003, Brinkman et al. 2005). Rivoal et al. (1995) recorded
suppression of P. neglectus in the presence of H. avenae on oats. The effect of
nematodes on the host plant may be altered when two nematode species attack
the plant simultaneously. Surveys of cereal fields in the major wheat and barley
cultivating areas of Turkey (Sahin et al. 2009) and Morocco (Mokrini et al.
2009, 2012) showed that the two species P. penetrans and P. thornei are often
found together with H. avenae. It would be interesting to know when introduc-
ing or breeding for new cultivars if the infection by both a Pratylenchus species
and H. avenae influences the resistance level.

The objectives of this study were 1) to identify resistant wheat lines against the
root-lesion nematodes P. thornei and P. penetrans in pot experiments under
greenhouse conditions, and 2) to investigate the effects of co-inoculating H.
avenae on the reproduction of P. penetrans and P. thornei on resistant wheat
lines under controlled conditions, hence on the durability of the resistance
when more than one nematode species are present.

METHODS

Screening for resistance against P. thornei and P. penetrans: Plants - Twen-
ty-five lines of wheat provided by CIMMYT were screened for resistance against
a population of P. thornei and P. penetrans. The set of germplasm represents a
collection of 14 lines of spring wheat (SW) and 11 lines of winter wheat (WW)
(Tables 1 and 2). The durum wheat cultivar “Ourgh’, susceptible to both P, thornei
and P. penetrans, was used as a standard. Two independent experiments were
conducted to phenotype the set of wheat against P. thornei and P. penetrans in
greenhouse conditions. One seedling with three seminal roots was transplanted
into a plastic folding tube (15 x 20 x 120 mm) filled with a mixture of sand, field
soil and organic matter (70:29:1 v/v). For each cultivar, ten screening tubes were
placed together in a pot (15-cm diameter). The spaces around the tubes were
filled with sand to keep the tubes upright. Thirty replicates of each line were
tested. The 75 pots (3 x 25 lines) containing 10 tubes each were placed in a com-
pletely randomized design in a greenhouse with temperatures between 22°C and
24°C. Plants were sprayed daily with water using an atomizer.

Nematode inoculum - Experiments were carried out using two populations of
P. penetrans and P. thornei, collected from Gharb and Zaers regions of Moroc-
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co, respectively. These two populations were maintained in vitro on carrot-disc
cultures according to Moody et al. (1973). Nematodes were extracted by plac-
ing infected chopped carrot discs on Baermann funnels in a misting cham-
ber for three days. One week after planting, each seedling was inoculated with
nematode suspension containing either 400 P. thornei (experiment 1) or 400
P. penetrans (experiment 2). Nematodes were applied with a pipet into three
holes of 2-cm depth made at 0.5-cm distance from the stem base.

Assessment of resistance - Plants were harvested nine weeks after inoculation
and above-ground plant parts were removed. The roots were washed separate-
ly for every plant. Nematodes were released from the roots by cutting the root
system into 2-cm pieces and macerating them with water during 1 min at high
speed in a commercial blender (Waring). Nematodes were extracted from this
mixture and also from the soil of each tube using an automated zonal centri-
fuge (Hendrickx 1995). All vermiform stages of P. thornei or P. penetrans in the
obtained nematode suspensions were counted using a stereomicroscope. For
the evaluation of the susceptibility of the wheat lines against P. penetrans and P
thornei, a reproduction factor (Pf/Pi) was calculated, for each plant, where Pf
= total number of nematodes from both soil and roots in each tube at harvest
and Pi = initial number of nematode inoculated into the tube. Wheat lines
which gave a resistant reaction against P. thornei or P. penetrans based on their
reproduction factor (Rf = Pf/Pi < 1) were re-phenotyped for data validation.

Dual inoculation of H. avenae and P. penetrans or P. thornei: Nematode inoc-
ulum - The same populations of P. thornei and P. penetrans were used as in the
screening described above. Cysts of H. avenae were obtained from soil samples
collected from a field in Marchoch, Zaers region, Morocco. Cysts were extract-
ed from soil using the sieving and floatation method, surface sterilized with
0.5% NaOCI for 10 min and rinsed several times in distilled water. The cysts
were kept at 4°C and then transferred to 10°C to enhance hatching (Dababat et
al. 2014). Hatched second-stage juveniles (J2) were used as inoculum. A total
of 400 J2 of H. avenae were inoculated per tube.

Growth conditions and inoculation procedure - Three wheat lines (L9, L12 and
L13) resistant against P. thornei and one line (L9) resistant against P. penetrans
were tested under similar conditions as in the first experiments. Seedlings were
placed separately in a conical screening tube (100-mm long x -15mm in diam.)
filled with a mixture of sterilized sand, field soil and organic matter (70:29:1
v/v). Two experiments (experiment 3 with P. thornei, and experiment 4 with



P. penetrans) were conducted at the same time in a growth chamber set at a
16h photoperiod, a temperature of 21°C and 70% relative humidity. The same
inoculation method was used as in the screening tests described above. Three
wheat lines (L9, L12 and L13) resistant to P. thornei were inoculated with 400
P. thornei (all stages confounded), or 400 J2 of H. avenae, or 400 P. thornei +
400 H. avenae. Similarly, one line (L9) resistant to P. penetrans was inoculat-
ed with 400 P. penetrans (all stages confounded), or 400 J2 of H. avenae, or a
mixture of 400 P. penetrans + 400 H. avenae. A control treatment consisting of
the susceptible durum wheat cultivar Ourgh was included and was inoculated
with 400 P. thornei or 400 P. penetrans. Ten replicate tubes and inoculum treat-
ments were arranged in a completely randomized design in tube racks placed
above a shallow dish holding water. As the lower tips of tubes were about 2 cm
inside the water, plants received water as needed.

Evaluation of resistance - Nine weeks after inoculation, shoots were removed
and cysts were extracted from soil on 200-um sieves by the sieving and floata-
tion method (Shepherd 1986). The soil of each tube was then used to extract
the different vermiform stages of Pratylenchus and H. avenae using an auto-
mated zonal centrifuge (Hendrickx 1995). The number of cysts, (cysts on roots
and in soil) and vermiform stages of P. thornei, P. penetrans or H. avenae in the
obtained nematode suspensions were counted using a stereomicroscope.

Statistical analysis - Data were analyzed with a one-way analysis of variance
(ANOVA) using SPSS software for Windows (SPSS Inc., Illinois, USA). Differ-
ences in reproduction of nematodes between wheat accessions were checked
with Tukey’s test for comparison of means, when the F-value was significant
at P <0.05.

RESULTS

Screening for resistance to P. penetrans and P. thornei: Both species were
able to survive and even to increase slightly on most wheat lines. The num-
bers of vermiform stages of P. penetrans and P. thornei in the 25 lines of wheat
ranged from 240 to 2128 per plant, nine weeks after inoculation (Tables 1 and
2). The final nematode numbers per plant on the susceptible line were 1285
and 1804, for P. penetrans and P. thornei, respectively. The lines can therefore
be ordered from resistant (Rf< 1) to susceptible (Rf>1) over a wide range of
values. The lowest average number of nematodes per plant was found in line
L9 with 360 P. penetrans in soil and root, whereas the highest average number
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of nematodes per plant was found in line L24 with 2128 P. penetrans (Table 1).
The corresponding reproduction factor (Rf) varied from 0.9 to 5.3, for lines L9
and L24 respectively. The total number of nematodes (roots and soil) of L9 was
significantly lower than in other lines and this was the only line where fewer
specimens of P. penetrans were found after nine weeks than the number that
was inoculated (Rf = 0.9). The reproduction factor of P, thornei on the 25 lines
varied from 0.6 (L9) to 5.1 (L8) (Table 2). Three lines (L9, L12 and L13) had a
reproduction factor less than 1 and the number of P. thornei in roots of L9 (84)
as well as in soil (156) were the lowest of all lines.

Interaction between P. thornei and H. avenae: The total number of P. thornei
in the 3 lines of wheat tested (L9, L12 and L13) was significantly reduced when
H. avenae was inoculated with P. thornei. The reproduction factor of P. thornei
in the 3 lines of wheat tested in this experiment declined in the presence of
H. avenae. When inoculated alone, the numbers P. thornei extracted from the
three lines of wheat were 143 (L9), 160 (L12) and 303 (L13). This corresponded
with reproduction factors of 0.4, 0.4 and 0.8 respectively for L9, L12 and L13.
When P, thornei and H. avenae co-inhabited the root, the number of P. thornei
extracted from roots was decreased in lines L9 and L12, but not for L13, when
compared with P, thornei in single inoculation. In mixed inoculations, the total
number of P. thornei per plant was reduced to 45, 92 and 280 respectively for
lines L9, L12 and L13.

Interaction of P. penetrans and H. avenae: The numbers of P. penetrans ex-
tracted from soil and roots of line L9 were reduced when H. avenae and P. pen-
etrans were inoculated simultaneously compared to when P. penetrans was in-
oculated alone. A total of 315 nematodes of P. penetrans were found in the soil
and roots per plant in the single inoculation compared with 167 nematodes
extracted from soil and roots in the concomitant inoculation. Consequently,
the reproduction factor of P. penetrans was lower in the presence of H. avenae:
0.4 instead of 0.8.

DISCUSSION

Use of resistant lines of wheat for the management of P. penetrans and P. thornei
is expected to be a vital management component in the future. There was con-
siderable variation in response against two species of Pratylenchus among the
different lines of wheat tested. Three lines of wheat, viz. L9 (AUS4930.7/2),
L12 (CROC_1/AE. SQUARROSA (224)//OPATA(20615), and L13
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Table 1. Number of vermiform Pratylenchus penetrans per plant of different wheat lines 12 weeks after nematode

inoculation.

‘ —g . P. penetrans ‘;’§

Code Line § § E: Root | Soil Total Min-Max (P?/i’i) é
L1 |6R(6D) 30883 SW | 261g | 379k 640+33.7 521-801 1.6 S
L2 |FRAME 20591 SW | 198i | 522j 720+71.3 589-840 1.8 S
L3 |SILVERSTAR SW | 523b | 997 ¢ | 1520+89.5 1287-1677 3.8 S
L4 |VP5053 30903 SW | 453¢ | 907d | 1360+68.6 1200-1528 34 S
L5 |T-2003 20628 SW | 437¢ | 1243b 1680+35 1548-1796 4.2 S
L6 |RAJ1 SW | 503b | 1497a | 2000+32 1891-2126 5 S
L7 |ID-2150 20626 SW | 209i | 791ef | 1000+33.4 893-1130 2.5 S
L8 | MILAN 990659 | SW | 326e | 634i 960+30.2 885-1087 2.4 S
L9 | AUS 4930.7/2 PASTOR | 30857 SW 98 k 2621 360+22.3 269-390 0.9 R
L10 IS\IIJJ;SSSOAT?)M 30798 SW | 2011 | 439j 640+30.5 571-721 1.6 S
L11 | VL411R 30898 SW | 232h | 6081 840£51.5 780-892 2.1 S
L12 SCI;SA/S}EIIQ/SSEA (224) 20615 SW | 102k | 458j 560+48.5 519-661 1.4 S
L13 gg{c}:}zll{/gSEA (224) 20616 SW | 283f | 357k 640+28 590-702 1.6 S
L14 |VP1620 30901 SW | 204i | 636i 840+116 791-961 2.1 S
L15 | F130L1.12/ATTILA 980872 | WW | 387d | 773g | 1160+26.8 1002-1326 2.9 S
L16 |SONMEZ WW | 178j | 822e | 1000%46.5 927-1056 2.5 S
L17 |CPI133859 WW | 104c | 416 m | 520£35.3 481-601 1.3 S
L18 | CPI133872 WW | 204i | 636i 840+ 38.5 791-902 2.1 S
L19 |KATE A-1 950590 | WW | 598a | 1202b | 1800+37.7 1759-1902 4.5 S
L20 |PRINS WW | 321e | 439j 760£29.4 744-802 1.9 S
L21 | MIRZABEY2000 WW | 309e | 691h | 1000+33.8 956-1122 2.5 S

AU/C0652337//
L22 |2CA8-155/ 50484 | WW | 595a | 805f | 1400+25.8 1321-1522 35 S
3/F474S81-1.1

L23 | F372 WW | 384d | 856e€ 1240+31.2 1181-1382 3.1 S
L24 | TAIKONG WW | 627a | 1501 a | 2128 £36.7 | 1998-2320 53 S
L25 |ZHONGYU WW | 523b | 923d | 1446+41.7 1234-1600 3.6 S
Ls* | OURGH 395d | 895d | 1285+29.9 1190-1367 3.2 S

"Number assigned by CIMMYT, 2SW = spring wheat, WW = Winter wheat, °R = resistant, S = susceptible,

“Ls = susceptible control. Means with the same letter in the same column are not significantly different at P < 0.05,

according to the Tukey test.
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Table 2. Numbers of vermiform Pratylenchus thornei per plant of different wheat lines 12 weeks after nematode

inoculation
.- = 4 P. thornei -
Code Line § § = % . . RF § 5
< “ = Root Soil Total Min-Max (P/Pi) & s
L1 6R (6D) 30883 SW 140 k 460 g 600+£40 577-620 1.5 S
L2 FRAME 20591 SW 300g 1220b | 152078 | 1479-1602 3.8 S
L3 SILVERSTAR SW 390ef 530 f 920+30 878-1001 2.3 S
L4 VP5053 30903 SW 247 h 793d 1040+41 989-1191 2.6 S
L5 T-2003 20628 SW 366 f 634 e 1000+76 986-1020 2.5 S
L6 RAJ1 SW 746 a 534 f 1280+56 | 1202-1425 3.2 S
L7 ID-2150 20626 SW 528 ¢ 432 ¢ 960+54 891-1001 2.4 S
L8 MILAN 990659 SW 610 b 1430a | 2040+44 | 1901-2199 5.1 S
L9 gXSSTAgf{OJ/Z 30857 SW 841 156 k 240+48 170-393 0.6 R
L10 gg;g(S)SOAT34/ 30798 SW 147jk 293 h 440+37 370-563 1.1 S
L11 | VL411R 30898 SW 319¢g 641 e 960+43 898-1042 24 S
CROC_1/AE.
L12 | SQUARROSA SW 173 1071 280+27 170-390 0.7 R
(224)
CROC_1/AE.
L13 | SQUARROSA 20616 SW 156jk 204 360+36 277-524 0.9 R
(224)
L14 | VP1620 30901 SW 2111 789d 1000+37 941-1062 2.5 S
L15 };}i(})\Ll.lZ/AT— 980872 WW | 41led 429 ¢ 840+45 711-989 2.1 S
L16 | SONMEZ WW | 433d 327h 760£36 536-821 1.9 S
L17 | CPI133859 wWw 333g 507 £ 840+41 790-910 2.1 S
L18 | CPI133872 WWwW 2111 789d 1000+35 885-1051 2.5 S
L19 | KATE A-1 950590 WW | 283g 2371 520+36 406-570 1.3 S
L20 | PRINS wWw 174j 306 h 480+40 390-581 1.2 S
L21 | MIRZABEY2000 WW | 246h 514 f 760+48 820-663 1.9 S
AU/C0652337//
L22 | 2CA8- 50484 WW | 423d 897 ¢ 1320+39 | 1563-1245 33 S
155/3/F474S81-1.1
L23 | F372 wWw 321g 439g 760£52 811-604 1.9 S
124 | TAIKONG WW | 227ih 293 h 520+65 587-488 1.3 S
L25 | ZHONGYU WW | 233h 760 d 1093+49 937-1123 2.5 S
Ls* | OURGH 3l4¢g 1490a | 1804+78 | 1756-1980 4.7 S

"Number assigned by CIMMYT, 2SW = spring wheat, WW = Winter wheat, R = resistant, S = susceptible, ‘Ls
= susceptible control. Means with the same letter in the same column are not significantly different at P < 0.05,
according to the Tukey test.
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(CROC_1/AE.SQUARROSA (224)//OPATA(20616) were rated resistant
against P. thornei. One of these lines, L9 (AUS4930.7/2), also was found re-
sistant against P. penetrans.

Interaction between two nematodes may be harmful to one or both species
(antagonistic), have no effect (neutral), or be beneficial to both species (mu-
tualistic). The effects of the nematode populations on each other are generally
related to the nature of parasitism; the competition is more severe between
species with similar feeding habits (Eisenback 1985). The numbers of P. thornei
and P. penetrans were greater from the single species inoculations than from
the inoculations mixed with H. avenae in two of the three wheat lines tested
(L9 and L12). It is likely that over-crowding and clustering of infective units
occurred during penetration at the penetration zone which allowed for less
penetration. This reduced penetration influenced the rate of population in-
crease. The mutual inhibitory effects could also be due to competition for feed-
ing sites. Why no such antagonistic effect was observed in L13 is not clear.

Competition in varying degrees between two or more different nematodes
species has been demonstrated by others. Estores and Chen (1972) report-
ed that P. penetrans and M. incognita depressed the population of each oth-
er in tomato. Gay and Bird (1973) found that the population of M. incogni-
ta was inhibited by the presence of P. brachyurus on cotton. Brinkman et al.
(2005) reported that P. penetrans suppressed the abundance of H. arenaria
on natural dune grass.

The main result in this study is that the three lines of wheat (L9, L12 and L13) re-
sistant to P. thornei and one line (L9) resistant to P. penetrans kept their resistance
even in a mixed inoculation with H. avenae. In mixed inoculation, P. thornei
and H. avenae, as well as P. penetrans and H. avenae, were mutually antagonis-
tic in two lines of wheat (L9 and L12). Therefore, this study demonstrates that
the sedentary endoparasite H. avenae was a competitor to both P. thornei and P
penetrans. Several studies in agricultural systems have shown that Pratylenchus
spp. inhibit Heterodera spp. and Meloidogyne pp. (Eisenback 1993, Lasserre et
al. 1994), whereas the reverse has been reported depending on host suitability
(Eisenback 1993). As both of these nematode species were found in the same
wheat fields (Mokrini et al. 2012b), our results may indicate competition be-
tween naturally co-evolved nematodes species. However, the field performance
of these lines against root lesion nematode attacks, alone or together with H.
avenae, should be evaluated before they are released to the farmers.
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SUMMARY

Association mapping identifies quantitative trait loci (QTLs) by examining
marker-trait associations based on linkage disequilibrium (LD). To identify
loci conferring resistance to the cereal cyst nematode (CCN) Heterodera filip-
jevi, 161 diversified modern winter wheat populations were genotyped using
90K Illumina Infinium Single Nucleotide Polymorphism (SNP) array analyzed
through a genome-wide association study. To understand the genetic pattern
underlying resistance loci, genetic diversity, population structure and LD,
23364 polymorphic SNPs were analyzed using a mixed linear model MLM
(Q+K). Eleven novel QTLs were identified on chromosomes 1A, 2A, 2B, 3A,
3B, 4A, 5B, and 7B at a false discovery rate FDR (P<0.05). Two genetic sub-
populations were identified by structure analysis. The phenotypic diversity

*  Pariyar SR, Dababat AA, Erginbas-Orakgi G, Siddique S, Elashry A, Sannemann W, Morgounov A, Leon J, Grun-
dler FMW. (2015) Analysis of wheat resistance to cereal cyst nematode Heterodera filipjevi through association
mapping. In ‘Nematodes of Small Grain Cereals: current status and research’ (AA Dababat, H Muminjanov and
RW Smiley) pp. 205-220. (FAO: Ankara, Turkey).
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of population was accounted 6.16% by principle component analysis (PCA).
LD decay across wheat genome was in a range of 3cM (r* > 0.2). Significant
markers explained 43% of total phenotypic variation to nematode resistance.
Further analysis identified several SNP markers co-localized with genes for
plant disease resistance. The SNP marker wnsp_BE426418A_Ta_2_1 (3A) is
linked to a gene coding for NADPH-Quinone oxidoreductase subunit 0 sug-
gested to be involved in NADPH oxidation-reduction process. Tdurum_Con-
tig10380_87 (2B) is linked to an amino acid transporter (AAT) gene supposed
to be involved in supplying amino acids to sink tissues of plants and nem-
atode-induced feeding structures. RAC875_c13116_ 943 (2A) is linked to a
RING/FYVE/PHD-type gene and BE443588A_Ta_2_1 (1A) is linked to DNA
methyl transferase 1-associated protein 1 (DMAPI1) genes involved in cell
death and disease resistance. The putative novel loci presented in this study
can be selected and pyramided in wheat cultivars to develop broad-spectrum
resistance via marker-assisted selection.

Keywords: Triticum aestivum, linkage disequilibrium, genotypes, population
structure, single nucleotide polymorphism

INTRODUCTION

Wheat (Triticum aestivum) is a major staple food in the world. Cereal cyst nem-
atodes (CCN) are most important group of plant-parasitic nematodes attack-
ing temperate cereals, including wheat and barley. CCN are a group of sever-
al closely-related nematode species reported to cause severe yield losses (Nicol
and Rivoal 2007). Heterodera filipjevi and H. avenae are widely acknowledged
as economically important nematodes in rainfed wheat production (Rivoal and
Cook 1993). Wheat resistance to CCN includes Aegilops tauschii (Coss.) (syn. T.
tauschii (Coss.) Schmal; syn. Ae. squarrosa auct non L.) (Loureiro et al. 2009, van
Slageren 1994) and T. turgidum. Resistance sources and their gene designation
against H. avenae were reviewed (McDonald and Nicol 2005, Nicol and Rivoal
2007, Rivoal et al. 2001). H. avenae resistance was first reported in barley (Nil-
sox-Elhe, 1920) and described later in bread wheat (Holm Nielsen, 1966). Nine
single dominant genes known as “Cre” have been found in wild wheat relatives
and successfully used to control H. avenae in Australia, France, India and Swe-
den (Riley et al. 2009). Six of the “Cre” genes in wheat (Cre2 to Cre7) were derived
from Aegilops species (Jahier et al. 2001) while Crel and Cre8 were inherited
from T. aestivum (Bekal et al. 1998; Paull et al. 1998) and CreR was reported from
Secale cereal (Taylor et al. 1998). The “Cre” gene features single-gene inheritance
between the host genes and corresponding virulence genes in nematodes.



Mapping traits help to understand genetic background and to provide a base-
line for gene cloning. Association mapping (AM) accounts historic linkage
disequilibrium (LD) and links the phenotype to the genotype. Large popula-
tions are phenotyped, genotyped, and subsequently the alleles at loci contrib-
uting to trait are identified (Flint-Garcia et al. 2003, Rafalski 2002). AM has
been used to identify QTL and characterize candidate genes in several crops,
including rice (Agrama et al. 2007, Wang et al. 2001, Zou et al. 2000), maize
(Kump et al. 2011), barley (Cockram et al. 2010, Massman et al. 2011) and
wheat (Mulki et al. 2013, Neumann et al. 2011, Tommasini et al. 2007, William
et al. 2003). It has been used to identify the QTLs associated to Stagonospora
nodorum blotch resistance in modern European winter wheat varieties (Tom-
masini et al. 2007, Yao et al. 2009), and H. avenae and Pratylenchus neglectus
in synthetic hexaploid wheat SHW (Mulki ef al. 2013). Wheat landraces and
domesticated genotypes possess genetic variation which has shown resistance
to biotic and abiotic stresses (Kimber and Feldman 1987). Single nucleotide
polymorphism (SNP) markers have become feasible to identify putative QTL
associated with disease (Akhunov et al. 2009) and have been used extensively
to uncover multiple targets in wheat (Wang et al. 2014). To discover new allelic
diversity and loci underlying resistance to the CCN H. filipjevi, we analyzed 161
diverse wheat accessions from the International Winter Wheat Improvement
Program (IWWIP) using a 90K SNP wheat chip and analysis by genome-wide
association studies (GWAS).

MATERIALS AND METHODS

Wheat genotypes and resistance assay: To identify QTLs associated with
CCN resistance, two independent experiments were conducted in a controlled
growth room and use of a mapping panel of 161 modern winter wheat geno-
types; 101 breeding lines, 58 cultivars and 2 landraces. These accessions were
selected based on geographical distribution and diverse genetic background
developed by IWWIP (www.iwwwip.org/nursery/Deatail/18-19). Host status
of genotypes were categorized into five groups based on mean number of fe-
males and/or cysts present per plant and comparing with the highly suscepti-
ble cv. Bezostaya (Dababat et al. , 2015).

Genotyping with 90K SNP markers: Genomic DNA was isolated from seven
day old leaf tissue of 161 wheat accessions using the cetyl trimethyl ammo-
nium bromide (CTAB) method (Sharp et al. 1988). The quality of DNA was
evaluated on a 0.8% agarose gel and normalized to 50ng/pl. A 2pl aliquot of
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DNA from each sample was used to genotype in 90K Illumina Iselect Wheat
Bead Chip, TraitGenetics GmbH, Gatersleben, Germany.

Linkage disequilibrium and population structure: Pair-wise measures of
LD analyses uses the squared correlation coefficient (r?) between two loci
and summarizes both mutational and recombination history. The extent of
LD across the wheat genome was estimated r*using SAS 9.2 (Cavanagh et al.
2013) with 11680 polymorphic SNP markers. Genetic sub-populations were
analyzed using a model-based Bayesian clustering method implemented soft-
ware STRUCTURE 2.3.4 with 961 polymorphic markers. These 961 markers
were selected based on 5cM grid distances of a total of 11680 markers. Prin-
cipal component analysis (PCA) was analyzed by TASSEL v.3.0 (http://www.
maizegenetics.net) with 22364 polymorphic SNP markers used as a covariance
matrix and were used for GWAS (Bradbury et al. 2007).

Marker-trait associations: To identify significant QTLs conferring resistance
to H. filipjevi, the phenotypic variation (R*) was calculated with a simple re-
gression equation implemented in a multiple QTL model in SAS 9.2 using
Proc Mixed, corrected for both population structure and familial relatedness
MLM (Q+K) (Bauer et al. 2009). Association between SNPs and nematode
resistance was considered significant if the p-value was <0.01 (Malosetti et
al. 2007). The flanking sequences of the significant SNP markers were blasted
against gene models of Brachypodium distachyon, Oryza sativa, and Sorghum
bicolor available in NCBI. The search was limited to the top hit with an E-value
cut off of 1E-10. The possible genes/protein based on significant hit and pu-
tative functions were further analyzed. In addition, the putative marker genes
were annotated in the Arabidopsis Information Resource (https://www.arabi-
dopsis.org) and predicted functions of protein/gene homologs were described.

RESULTS

Resistance assay with H. filipjevi: To identify host response of wheat geno-
types to H. filipjevi, a collection of 161diversified winter wheat populations
were screened. The number of females and cysts per genotype were counted
and categorized into five ranks from “resistant” to “highly susceptible” based
on host status. The results showed that 2% of 161wheat genotypes were resis-
tant, 28% were moderately resistant, 27% were moderately susceptible, 35%
were susceptible, and 25% were highly susceptible.



Density of polymorphic SNP markers differs between the A, B and D ge-
nomes: To identify the polymorphic markers for GWAS analysis, we geno-
typed 161 screened wheat accessions with the 90K Illumina Iselect Wheat
Bead Chip. A total of 66634 SNPs call were recorded. All of the monomorphic
SNPs, missing data, heterozygous data and markers with minor allele frequen-
cy less than 5% were culled. A total of 23364 polymorphic SNPs markers were
obtained, of which 11680 (49.99%) with known chromosomal location were
used for LD. Among the latter, 961 polymorphic SNP markers, based on 5cM
grid distances, were analyzed for population structure. To construct a genetic
map, 11680 SNP markers were used with 161 genotypes across 21 chromo-
somes and a total 2956.5cM genome size was measured. An uneven distribu-
tion of mapped markers across the wheat genome was revealed. High marker
densities were located on genome A (38.43%) and B (51.71%) while relatively
low marker density occurred on genome D (9.85%). On average, one marker
was mapped for each 0.25cM on the chromosome.

Population structure and kinship: To infer the population structure in 161
wheat genotypes, 961 polymorphic SNP markers were analyzed using Bayes-
ian clustering model in STRUCTURE 2.3.4. The ad hoc quantity based on the
second order rate of change in the log probability (AK) showed a clear peak
at K= 2 (Figure 1a), indicated two genetic sub-populations. The logarithm of
the data likelihood (Ln P(D)) on average continued to increase with increas-
ing numbers of assumed sub-populations (K) from 2 to 20 with the exception
of a depression at K10, K13 and K16 (Figure 1b). The first group consisted of
89 wheat accessions mostly originating from South Africa (5), Iran (2) and
the USA (1), whereas the second group was composed of 72 wheat geno-
types mainly originating from Russia (8), Bulgaria (2), Moldova (2), and Tur-
key-CIMMYT ICARDA (3). The average distance between sub-populations
ranged between 0.011 and 0.155 while mean Fst value was 0.0341 indicating
very small amount of phenotypic variation due to population stratification.
In addition, PCA was used to visualize the genotype data (Figure 2). The first,
second and third principal components explained 6.19%, 1.0% and 1.35% of
the variation, respectively. The first PC did not exhibit strong genetic variation
within the population. No significant PCs could be identified.

Linkage disequilibrium: The analysis of LD decay with 11680 markers showed
a strong and significant LD is observed at a very short distance <3cM. The
genome-wide LD with 7 values plotted against the genetic distance in cM.

209



210

1a 1b
Number of populations (K)

600 0
1234567 891011121314151617181920
500 g 50000
-l
400 k]
'E. -100000
300
= ﬁ -150000 1
200 g
100 \ ; -200000
ol L .... 250000

Number of clusters (K}

Figure 1. Estimation of number of sub-populations (K) in winter wheat based on 961 SNP markers: a) Estimate of
numbers of sub-populations (K) in winter wheat using AK values, b) The log probability of data LnP(D) as a function
of K for 961 SNP markers, means for each value of K was calculated from 20 independent runs of structure analysis.
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Figure 2. Principal components analysis based on correlation matrix recorded on 161 winter wheat genotypes; BL =
breeding line, C = cultivar, LRACE = landraces.

Beyond 3cM, LD became constant at a value of * =0.1 which allowed a precise
genetic analysis. Low intra-chromosomal linkage along the wheat chromo-
somes are calculated for the mean of all chromosomes.

Marker-trait associations: To identify QTL linked to H. filipevi resistance
were determined by MLM analysis using kinship relationship (K matrix) and
population structure (Q matrix) as covariate adjusted FDR at P<0.01. Elev-
en SNP markers were significantly linked to H. filipjevi resistance and were
detected on chromosomes 1A, 2A, 3A, 4A, 2B, 3B, 5B and 7B. The pheno-
typic variation (R*) of individual SNPs ranged from 6.9 to 12.1% (Table 1).
The total phenotypic variation explained by all significant markers was record-



ed as 43.5%. Among eleven SNPs, five markers wsnp_BE443588A_Ta_2_1
(1A, 14.6cM), RAC875_c13116_943 (2A, 64.3cM), Excalibur_c18966_804
(2B, 113.6cM), wsnp_BE426418A_Ta_2_1 (3A, 20cM), Bobwhite_rep_
c66630_331 (7B, 79.1cM) were associated with nematode resistance, while
six SNP markers Tdurum_contigl0380_87 (2B, 74.9cM), Tdurum_con-
tig1208_803 (3B, 74.9cM), Excalibur_c20277_483 (3B, 6.14cM), wsnp_Ex_
c55245_57821389 (4A, 53.3cM), Tdurum_contig82236_117 (4A, 155.5cM),
Excalibur_c78724_434 (5B, 158.7cM) were associated to support nematode
susceptibility in presence of favorable alleles. Two significant markers Tdu-
rum_contig12008_803 and Excalibur_c20277_483, positioned at same posi-
tion (3B, 6.14cM), were associated to an increase in nematode susceptibility.
Highest phenotypic variation was recorded by Tdurum_contig10380_87 (2B,
74.9cM) while lowest was recorded in Excalibur_c18966_804 (2B, 113.6 cM).
The density of polymorphic SNP markers among A, B, and D genomes were
highly varied. The recombination rate differed in wheat genomic regions. The
significant SNP markers were detected only in A and B genome, which could
be the reason for low density of polymorphic SNPs located in D genome.

Functional annotation of SNP markers associated with CCN resistance: To
analyze the putative biological functions of genes associated to CCN resistance,

Table 1. Marker trait association analysis for H. filipjevi resistance in winter wheat using MLM (Q+K)

Genetic Al- | Allelic| R?
SN Marker CHR | Pos interval P-LOD | P- FDR | P-value lele | effect | (%)

1 | wsnp_BE443588A_Ta_2_1 | 1AL | 14.6 |10.4-15.4| 4.24 0.0006 | 0.00092 | A/C -4.3 10.3

2 RAC875_c13116_943 2AS | 643 64.3 3.35 0.0016 | 0.00045 | A/C | -3.04 | 85

3 Excalibur_c18966_804 2BL | 113.6| 113.6 291 0.0016 | 0.00122 | G/A | -2.8 6.9

4 | wsnp_BE426418A_Ta 2 1| 3AL | 20 20-26.4 3.01 0.0016 | 0.00096 | T/C | -4.36 8

5 | Bobwhite_rep_c66630_331 | 7BL | 79.1 |68.6-79.1| 2.81 0.0016 | 0.00154 | T/C | -3.31 7.5

6 Tdurum_contig10380_87 | 2BL | 74.9 74.9 4.26 0.0006 | 0.00006 | G/A | 436 | 12.1

7 | Tdurum_contig12008_803 | 3BL | 6.14 | 0-6.14 3.61 0.0002 | 0.00025 | T/C | 3.11 8.9

8 Excalibur_c20277_483 3BL | 6.14 | 0-6.15 3.64 0.0016 | 0.00100 | G/A 3.4 7.4

wsnp_Ex_

5524557821389 4AS | 533 53.3 2.98 0.0016 | 0.00104 | T/C | 2.77 7.5

10 | Tdurum_contig82236_117 | 4AL | 155.5| 155.5 2.82 0.0016 | 0.00152 | G/A | 3.35 7.6

11 Excalibur_c78724_434 5BL | 158.7 | 158.7 3.06 0.0016 | 0.00087 | G/A | 3.65 8.1
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an in-silico functional annotation of significant SNP markers were performed.
The flanking sequence of significant SNP was blasted against DNA and protein
sequences of rice, sorghum, Brachypodium and Arabidopsis. Further analysis
identified the intra-chromosomal location of many polymorphic SNPs co-lo-
calized with genes/QTLs supposed to be involved in plant defense while others
were detected in the regions where genes have not yet described. Here we pres-
ent, the SNPs with biological functions that were previously described, validated
or involved to plant defense and disease resistance. However, loci with unknown
gene function could provide an opportunity to localize new resistant/susceptible
genes. Six different SNP markers on chromosome 1AL, 2AS, 2BL, 3AL and 4AL
were linked to the genes supposed to be involved in biotic stress and plant dis-
ease resistance. The annotated biological function of closely related SNP markers
wsnp_BE426418A_Ta_2_1 and wsnp_BE426418A_Ta_2 2 within same haplo-
type block with high LD on chromosome 3AL (20 cM and 26.4 cm) were simi-
lar. These markers were supposed to code NAD(P)H-Quinone oxidoreductase
subunit O are suggested to be involved in NADPH oxidation-reduction process.
The SNP marker Excalibur_c18966_804 on chromosome 2BL was also suggest-
ed to code proteins involved in NADPH oxidation-reduction process and ox-
idoreductase activity. The SNP marker RAC875_c13116_943 on chromosome
2AS linked to Zinc finger, a RING/FY VE/PHD-type binding domains supposed
to regulate a superoxide-dependent signal and involved in cell death and disease
resistance. The SNP marker wsnp_BE443588A_Ta_2_1 on chromosome 1AL
linked to DNA methyltransferase 1-associated protein 1 (DMAP1) associated
with myb-like transcription factor family protein is supposed to be involved in
regulation of very-long-chain fatty acid biosynthesis and activation of hypersen-
sitive cell death response. The SNP marker Tdurum_contig10380_87 on chro-
mosome 2BL linked to amino acid transporter (AAT) genes is supposed to be in-
volved in supplying amino acids to sink tissues of plants and nematode-induced
feeding sites. AATs are also reported to be involved in transportation of amino
acids across cellular membranes in higher plants and to have an indispensable
role in various processes of plant growth and development including respons-
es to pathogens. The SNP marker wsnp_Ex_c55245_57821389 on chromosome
4AS linked to retinoblastoma-binding-protein 5-like/WD40-repeat-containing
domain family protein, and the SNP marker Tdurum_contig12008_803 and Ex-
calibur_c78724_434 on chromosome 3BL, are supposed to be involved in biotic
and abiotic stress and plant growth.



DISCUSSION

CCN resistance in wheat by marker-trait association: Limited sources of
broad-spectrum wheat resistance to cereal nematodes are available. To over-
come this limitation, a tremendous effort has been made identify and intro-
duce new CCN resistance in cultivated and wild wheat relatives such as Ae.
tauschii and T. turgidum (Kimber and Feldman 1987). Identification of CCN
resistance has been shifted recently towards synthetic hexaploid wheat (SHW,
2n = 6x = 42, AABBDD) and it has become feasible to test for thousands of
SNP markers (Mulki et al. 2013). The high-throughput and high-density map
SNP genotyping enabled GWAS to identify putative QTLs associated with dis-
ease resistance (Cavanagh et al. 2013). We identified 11 significant markers
linked to loci conferring resistance to CCN. Four SNP markers found in this
study were located in the same chromosomal regions where a gene/QTL has
been previously detected such as a QTL on 5B (Mulki et al. 2013), Cre5/CreX
in 2A (Jahier et al. 2001), (Barloy et al. 2007), Crel on 2BL (Bekal et al. 1998)
and CreY on 3B (Barloy et al. 2007). Resistance QTLs on chromosomes 1A
and 2A have also identified previously (Singh et al. 2010). Six of the significant
QTLs found in this study associated with the genes suggested to be involved in
host defense to several important diseases and stress management. Significant
QTLs located in different chromosomes indicated wheat genotypes potentially
posses different novel resistance alleles and could be used as parents to pyra-
mid the resistant loci through marker-assisted backcrossing. This could help to
develop resistant wheat genotypes carrying resistance alleles at different loci.
The additive effects of combining resistance QTLs on 1B and 6B against H. av-
enae in Trident/Molineux DH wheat population has been reported (Williams
et al. 2006). Further, the moderate heritability H? (46%) in this study suggested
nematode resistant alleles could successfully be transmitted to the offspring.
The substantial part of the observed variation could be attributed to genetic
variation and can be helpful in selecting suitable genotypes.

To reduce the false positives in marker-trait associations, MLM was used to
correct false positive generated by population structure (Pritchard et al. 2000).
We analyzed population structure (Q matrix) as a fixed effect and differences
in genetic relatedness among wheat genotypes within subpopulations (Kinship
or K matrix) as random effects to control of false positives (Yu and Buckler
2006). While it is not possible to make direct comparisons, similar results with
two sub-populations were reported in 81 diversified Ae. tauschii accessions
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(Sohail et al. 2012) and 96 wheat accessions by using DArT markers (Neu-
mann et al. 2011). Additionally, PCA was analyzed to determine the variability
within the population. PC analysis did not show any subgroups between the
populations with low first and second principal component which explained
6.19% and 1%, respectively. The results showed that variability within the pop-
ulation was very low and needed no further correction.

The analysis of LD in 161 wheat populations recorded about <3cM, a smaller
distance than previously reported 5cM in wheat (Crossa et al. 2007). The high
LD observed in this study supports results for self-pollinated plants and could
explain by the different levels of historical recombination or effective recom-
bination rate and recombination distance between the loci. LD decay for 157
landraces (<5cM) and a higher LD decay (5-10cM) in 93 modern Chinese
bread wheats were reported (Hao et al. 2011). Similarly, LD decay <5cM in
189 Canadian bread wheat accessions was reported (Belzile et al. 2007). Dense
coverage of markers provides detailed insight of LD decay between two loci in
closer proximity and will help in identifying the regions influenced by a short,
intense breeding history (Benson et al. 2012). The high density LD found in
the A and B genome could be explained by different levels of historical recom-
bination in the populations. LD blocks detected in QTL regions on A and B
genomes might have resulted from favorable selection of phenotypes during
the breeding process by IWWIP.

Implications in wheat nematode resistance breeding: The wheat genome
possesses significant complexity, and wild and cultivated wheat genotypes ex-
hibit genetic variation for resistance to CCN (Kimber and Feldman 1987). The
recent advancement in genome sequencing and genotyping technology helped
to exploit natural diversity (Akhunov et al. 2009, Allen et al. 2011, Cavanagh
et al. 2013, Somers et al. 2003). The 9K SNP markers were used to identify
QTL linked to resistance to Fusarium head blight, leaf rust, stripe rust and
powdery mildew (Bernardo et al. 2012, Buerstmayr et al. 2009, Gurung et al.
2014, Lagudah et al. 2009, Wiirschum et al. 2013). In our study, five QTLs
linked to CCN resistance suggested multiple putative resistance alleles which
can be useful in pyramiding resistance genes through MAS breeding. Com-
bining several putative resistant QTLs and an avoidance of susceptible loci is
the other option to control CCN. Four wheat genotypes (Olifants, Lantian 12,
T04/17, and Bezenchuskaya 380) with the highest resistant marker allele fre-
quencies showed a significant nematode reduction. These genotypes can be
used as parents in CCN resistance breeding, and the novel QTLs/genes can be



introgressed into cultivated wheat lines. However, validation of these QTLs by
using bi-parental populations or near-isogenic lines (NILs) and their efficiency
test in multi-location field trails are essential. Here we present an opportuni-
ty, with high precision, for mining novel resistant alleles/genes from exotic
sources to facilitate a more efficient utilization of molecular markers in MAS
breeding through association mapping.
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SUMMARY

Soil borne pathogens (SBPs) include the Cereal Cyst Nematode (CCN), caused
by Heterodera species, and the Root Lesion Nematodes (RLN), caused by
Pratylenchus species, attack roots of cereal crops and result in high yield losses
and reduced grain quality and quantity. The damage caused by these diseases
is accelerated in areas where drought exists. A few control options are being
used to reduce CCN damage through keeping the population level below dam-
age threshold such as; chemical, biological, cultural, and genetic (resistance/
tolerance) practices. Resistance is environmentally friendly and biologically
effective once identified. However, up to now, resistance in Turkey has only
been identified against one of the CCN nematodes, Heterodera filipjevi. The
foreign wheat germplasm with this resistance is not yet present in high-yield-
ing cultivars. Resistance to the other nematodes in the CCNs complex is still
being sought. Therefore, alternative approaches limiting the damage caused
by cereal nematodes (CN) to wheat are needed. As a result of screening wheat
germplasm against the CN; hundreds of moderately resistant germplasm in
winter and spring wheat to both Pratylenchus and Heterodera species are avail-

*  Dababat AA, Erginbas-Orakci G, Imren M, Braun H-J, Morgounov A, Ammar K, and Watrin C (2015) Cereal
nematodes management strategies in wheat. In ‘Nematodes of Small Grain Cereals: current status and research’
(AA Dababat, H Muminjanov and RW Smiley) pp. 221-232. (FAO: Ankara, Turkey).
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able. The new sources of resistance are found by use of association mapping to
be due to new QTLs which were never reported before. The preliminary results
of using seed treatments showed that seed treatment of susceptible wheat ger-
mplasm gave up to 47% reduction in number of Heterodera filipjevi cysts per
plant but did not reduce the number of cysts in the resistant germplasm since
the cyst number was low and there was no room to decrease it further. Pas-
teuria seed treatment resulted in a significant reduction in RLN but not CCN.

Keywords: Cereal nematodes, Seed treatment, Resistance

INTRODUCTION

Nematodes occur worldwide in nearly all environments and result in losses of
approximately 10% of world crop production (Whitehead, 1998). On wheat, the
most important soil borne pathogens are cereal cyst nematodes (CCN) and root
lesion nematodes (RLN). The RLN P. thornei has been reported to cause yield
losses in wheat up to 38-85% in Australia and 12-37% in Mexico (Nicol 1996,
Nicol and Ortiz-Monasterio 2004, Thompson and Clewett 1986). In southern
Australia, grain losses caused by P. neglectus ranged from 16-23% and 56-74%
in some concomitantly infested areas (Taylor et al. 1999). The CCN are caused
by Heterodera species and the most economically important studied species are
Heterodera avenae, H. filipjevi and H. latipons. H. avenae, the most damaging
species on temperate cereals, is a problem worldwide and is the most studied and
reported species while H. filipjevi is also an economically important nematode
on cereals due to its widespread distribution around the world. Yield losses due
to H. avenae ranged from 15-20% in Pakistan, 40-92% in Saudi Arabia, and 23-
50% in Australia (Brown 1981, Wallace 1965). In Turkey, H. filipjevi caused up
to 50% crop losses in Central Anatolia Plateau (CAP) conditions and H. avenae
up to 24% in the Eastern Mediterranean wheat growing regions (Dababat et al.
2015, Imren and Elekcioglu 2014, Nicol et al. 2006).

So far, many attempts have been made to control CCNs around the world, in-
cluding cultural practices, chemical control, biological control, and developing
resistant wheat varieties (Dababat et al. 2011; Smiley and Nicol 2009). Use of
resistant crop cultivars is considered the most effective and economical meth-
od for managing nematodes in both high and low value cropping systems. The
effectiveness of resistance to CCNs depends on the effectiveness and durability
of the sources of resistance, and on the correct identification of the nematode
species and/or pathotype(s) present in the system. One of the major strategies



of the integrated disease management is the use of genetic resistance against
the cereal nematodes. However, one of the key challenges is to identify ‘new’
sources of genetic resistance in high yielding and adapted germplasm which
can be used readily by pre-breeders and breeders with major emphasis to iden-
tifty highly adapted wheat lines which conveys resistance to more than one
pathogen, as it is common to find more than one of these constraints in a given
soil. Therefore, the objectives of the study were to: 1) Identify high yielding
and potentially novel advanced winter and spring wheat lines with resistance
to CCNs (H. avenae, H. filipjevi, and H. latipons) and RLNs (P. thornei and P.
neglectus), 2) Deliver the most promising germplasm in terms of their resis-
tance/tolerance reactions to the international wheat collaborators, 3) Imple-
ment known molecular markers linked to resistance genes to CCNs and RLNs
for screening landraces and commercial wheat cultivars, 4) Conduct yield loss
assessment caused by CCNs and RLNs, and 5) Determine the efficacy of bio-
logical — nematicides (Pasteuria spp. used as a seed coating on the control of
CCN and RLN under the growth room conditions.

MATERIALS & METHODS

Cereal Cyst Nematodes: The soil borne pathogens program at CIMMY T-Tur-
key annually receives hundreds of winter wheat lines to be screened for the
CCN Heterodera filipjevi. A core set consisting of 35 lines based on 3 years
screening under growth room and greenhouse conditions were planted in the
field under both naturally infested and artificially inoculated plots. This core set
represents four nurseries; 13 Candidate International Winter Wheat Yield Trial
— Semi Arid (13CAND-IWWYT-SA), Candidate 21 Facultative Winter Wheat
Observation Nursery — Turkey CIMMYT ICARDA (C21IFAWWON-TCI), 13
Candidate 20 Facultative Winter Wheat Observation Nursery —Turkey CIM-
MYT ICARDA (13C20FAWWON-TCI), Candidate 20 Facultative Winter
Wheat Observation Nursery — International (C20 FAWWON-INT). Growth
room screening was conducted under controlled conditions at the Transitional
Zone Agriculture Research Institute-Eskisehir, Turkey as described by Daba-
bat et al. (2014).

Soil samples were collected from Yozgat, Ankara (39°40° 10" N, 35°16" 9" E)
located in CAP and cysts were extracted by using the Fenwick-Can technique.
Cyst extraction and inoculum preparation and inoculation methods are fol-
lowed as described by Dababat et al. (2014). Wheat genotypes were recorded
with mean cyst number and classified into five groups as per Dababat et al.
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(2014), according to the check lines used. The groups were: Resistant (R) =
equal or fewer cysts than in a known resistant check; Moderately Resistant
(MR) = slightly more cysts than in a resistant check; Moderately Susceptible
(MS) = significantly more cysts than in a resistant check, but not as many as
in the susceptible check; Susceptible (S) = as many cysts as in the susceptible
check and number of cysts per root system considered damaging; and Highly
Susceptible (HS) = more cysts than in the susceptible check.

Root Lesion Nematodes: A total of 211 durum wheat germplasm from Mex-
ico CIMMYT’s materials were screened for both Pratylenchus neglectus and
P. thornei under the growth room conditions in 2014. The most promising
resistant lines then were planted in the field in the 2015 growing season in a
soil naturally-infested with P. thornei to evaluate their resistant and tolerant
reactions. Screening for the RLN under the growth room conditions is being
conducted by inoculating each plant with 400 P. neglectus or P. thornei reared
on carrot discs. Nine weeks after nematode inoculation, the plants were har-
vested, shoots were removed, and P. thornei and P. neglectus individuals were
extracted from the roots and soil using the modified Baermann funnel. The
total number of P. thornei and P. neglectus nematodes per plant was calculated
based on the number of nematodes counted under a microscope. Genotypes
were divided into five groups (as per Dababat et al. 2014) based on the number
of nematodes per plant, taking into account the reaction of check varieties
with known resistant reation to nematodes. Whereas, screening under the field
conditions was done in a 2 m* plot consisting of 4 rows of 2 m length. In order
to measure the nematodes reproduction factor (RF) to evaluate germplasm
resistance reactions; the nematode’s initial population (Pi) was taken at the
sowing time where the nematodes final population (Pf) was taken after wheat
heading stages. To determine the tolerance reaction the plots will be harvested
and grain will be weighed. The nematode reproduction values obtained were
used to classify plant resistance relative to the control varieties.

Seed treatments: In order to study if there is synergetic or additive effect of
seed treatments; one susceptible and one moderately resistant germplasm to
both RLN and/or CCN were used. Seed treatment was done at Syngenta’s facil-
ities in Izmir-Turkey while the germplasm were provided by CIMMYT. After
sowing, each tube received 400 nematodes and plants were harvested after 550
DD. Four treatments were used, 1) plant control, 2) nematode control, 3) Pas-
teuria low concentation (5.10° spores / seed), and 4) Pastueria high concenta-
tion and (1.107 spores / seed).



Data were analyzed according to standard analysis of variance procedures with
the SPSS 14 program for windows. The Tukey test was used to explore differences
between treatments, with statistical differences considered significant at P < 0.05.

RESULTS

After intensive screening of the IWWIP materials, 10 lines are ranging from
R to MR as indicated in Table 1, representing germplasm from different coun-
tries. The majority of the moderately resistant germplasm originated from Tur-
key CIMMYT ICARDA program. This set of materials is still being evaluated
in an artificially inoculated sick plot. Only 15 lines out of the 211durum wheat
lines screened against both P. neglectus and P. thornei proved to be moderately
resistant when compared to the known checks. This set is being screened in a
field which is historically infested by P. thornei. The nematode’s reproduction
factor from the field trials showed that most of the lines inhibit the nematode
reproduction (Table 2).

Table 1. List of promising lines from the International Winter Wheat Improvement Program (IWWIP) nurseries

(13CAND-IWWYT-SA, C2IFAWWON-TCI, 13C20FAWWON-TCI, C20 FAWWON-INT) screened against the ce-
real cyst nematode Heterodera filipjevi in the growth room in 2013-2014

Entry Cross-Name CID oC AccNo | Cyst # | Reaction

SABALAN/3/PVN/BOW//LIVA/4/ MER-
3 CAN-2/5/TX96V2427 TCI032546 TCI 110187 9 MR

GUN91/3/CROC_1/AE.SQUARROSA

(205)//KAUZ/4/1ZGI TCI032143 TCI 110116 7 MR

PMF/MAYA//YACO/3/C0693591/ CTK/4/
5 F1-1S-1/CHISHOLM TCI02-142 TCI 100518 7 MR

KS§920709-B-5-1-1/4/CHAM6// 1D13.1/
15 MLT/3/SHI4414/CROW TCI031396 TCI 110347 4 R-MR

23 | PFAU/WEAVER/3/MASON/JGR// PECOS | OCW025369S | OK-TCI | 100068 8 MR

NALIM-3/ZHETISU/5/Sonmez= ES-
26 | 98KE14=NALIM-4=BEZ//BEZ/ TVR/3/ TCI022272 TCI 100213 3 R-MR
KREMENA/LOV29/4/KATIA1

28 | cv. Rodina/Ae.speltoides (10 kR) 179/98w RUS 101519 8 MR
. Iran-

30 Passarinho//Vee/Nac 1-NS 1590 . 110479 6 MR
Karadj

32 NC00-14622/2137 ARS09-382 US-NC 110531 9 MR

4WON-IR-257/5/YMH/HYS//HYS/
3 | TUR3055/3/DGA/4/VPM/MOS TCI-02-80 el 090082 ? MR

Abbreviations: ACC = Accession number; CID = Cross identification; OC = Origin country,
MR = Moderately Resistant
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Table 2. List of the promising durum wheat lines screened in the growth room in 2014 for Pratylenchus thornei and
P. neglectus, and are being evaluated in the field for P. thornei in Bolu -Turkey in 2015.

Growth room Field
No Cross Name Cid GID Sid Pt Pn Pt
No. R No. R RF

RANCO//CIT71/CII/3/COMDK/4/
TCHO//SHWA/MALD/3/CREX/5/SNI-
U | TAN/6/YAZI_1/AKAKI 4//SOMAT 3/3/ | 4904936004486 | 44 | 82 | MR | 65 | MR | 0

AUK/GUIL//GREEN

MOHAWK/6/LOTUS_5/F3LOCAL(SEL.
2 | ETHIO.135.85)/5/CHEN/ALTAR84/3/ 504706 | 6004811 | 94 71 MR 55 MR 2
HUI/POC//BUB/RUFO/4/ENFOOT

GUANAY/3/FULVOUS_1/MFOWL_13//
JUPAREC2001/8/R143/RUFF//STIL/3/

3 | YAV79/4/SHWA/MALD/5/ ALTAR84/6/ |505483 | 6005080 | 98 61 MR 42 MR 1
TILO_1/LOTUS_4/7/YAZI_1/AKAKI_4//
SOMAT_3/3/ AUK/GUIL//GREEN
MERIDIANO/3/SOMAT_3/PHAX_1//
TILO_1/LOTUS_4/5/TATLER_1/TAR-

4 |RO_1/3/CANELO_8//SORA/2*PLA- 515598 | 6139502 | 112 | 116 | MR 85 MR | 0.4
TA_12/4/ARMENT//SRN_3/NIGRIS_4/3/
CANELO_9.1

AJATA_12/F3LOCAL(SEL.
ETHIO.135.85)//PLATA_13/3/SOM-

5 | BRA_20/4/SNITAN/5/SOMAT_4/IN- 510524 | 6139776 | 288 | 104 | MR 85 MR | 0.8
TER_8/6/ SOMO/CROC_4//LOTUS_1/3/
KITTI/4/JUPARE C 2001

ZENIT/5/SORA/2*PLATA_12//
RASCON_37/4/ARMENT//SRN_3/
NIGRIS_4/3/CANELO_9.1/6/MINI-
MUS_4/GRO_2/3/PROZANA/ARLIN//
MUSK_6/5/SULA/RBCE_2/3/HUI//
CIT71/CI1/4/RYPS27_3/ SKARV_3

PRECO/6/AJATA_12/F3LOCAL(SEL.
ETHIO.135.85)//PLATA_13/3/POD_9/4/
RASCON_37/TARRO_2//RASCON_37/5/
7 | ARMENT//SRN_3/NIGRIS_4/3/ 527469 | 6421062 | 67 | 105 | MR 84 MR 0.5
CANELO_9.1/7/1A.1D 5+1-06/3*MOJO//
RCOL/4/ARMENT//SRN_3/ NIGRIS_4/3/
CANELO_9.1

SOMAT_4/INTER_8/5/CREX//BOY/
YAV_1/3/PLATA_6/4/PORRON_11/6/
MINIMUS_6/PLATA_16//IMMER/3/
SORA/2*PLATA_12/7/RASCON_22/
RASCON_21// MOJO_2/3/ GUANAY/4/
RCOL/5/SORA/2*PLATA_12// SOMAT_3

521621 | 6421007 | 58 70 MR 98 MR 1

526447 | 6421363 | 154 | 86 MR | 107 | MR 1.3

KIRKI_1/HIMAN_9/4/LIS_8/FILLO_6/3/
FUUT//HORA/JOR/5/ARMENT//SRN_3/
NIGRIS_4/3/CANELO_9.1/6/ADAM-
AR_15//ALBIA_1/ALTAR84/3/SNITAN/4/
SOMAT_4/INTER_8/5/SOOTY_9/
RASCON_37/7/1A.1D 5+1-06/3*MOJO//
RCOL/4/ARMENT//SRN_3/NIGRIS_4/3/
CANELO_9.1

10 527534 | 6421497 | 105 65 MR 37 MR 0.5
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MAALI/5/LOTUS_5/SORD_1/3/CANE-
LO_8//SORA/2* PLATA_12/4/YAZI_1/
AKAKI_4//SOMAT_3/3/AUK/ GUIL//

GREEN

521203 | 6421550

39

85

MR

112

MR

12

BELLAROI/6/RASCON_22/RAS-
CON_21//MOJO_2/3/GUANAY/4/
RCOL/5/SORA/2*PLATA_12//SO-
MAT_3/8/PLATA_3//CREX/ALLA/3/
YAZI_10/4/JUPARE C2001/ 7/CHEN_11/ | 538221 | 6634315
POC//TANTLO/5/ENTE/MEXI_2//
HUI/4/ YAV_1/3/ LD357E/2*TC60//
JO69/6/MINIMUS/COMB DUCK_2//
CHAM_3

95

100

MR

75

MR

14

1A.1D 5+1-06/3*MOJO//RCOL/4/
ARMENT//SRN_3/ NIGRIS_4/3/CANE-
LO_9.1/11/SOOTY_9/RASCON_37/3/
SOOTY_9/TARRO_1//AJAIA_2/10/
PLATA_10/6/MQUE/4/USDA573// 537793 | 6635117
QFN/AA_7/3/ALBA-D/5/AVO/HU1/7/
PLATA_13/8/THKNEE_11/9/CHEN/
ALTARS84/3/HUI/ POC//BUB/RUFO/4/
FNFOOT

61

54

MR

71

MR

3.5

15

SOMAT_4/INTER_8/3/RASCON_21/
KNAR_3//PLATA_8/4/CNDO/PRIMAD-
UR//HAI-OU_17/3/SNITAN/9/
GEDIZ/FGO//GTA/3/SRN_1/4/
TOTUS/5/ENTE/MEXI_2//HUL/4/ 537883 | 6635238
YAV_1/3/LD357E/2*TC60//JO69/6/
SOMBRA_20/7/JUPARE C2001/8/
CS/TH.CU//GLEN/3/GEN/4/MYNA/
VUL/5/2*DON87/6/2*BUSCA_3

86

83

MR

81

MR

16

Croc 72726

531

144

MR

122

MR

17

Seri 167910

759

S

705

S

Abbreviations: GID = Germplasm identification; CID = Cross identification; SID = Selection identification;
Pt = Pratylenchus thornei; Pn = Pratylenchus neglectus; R = Reaction; RF = Reproduction Factor; MR = Moder-
ately Resistant; S = Susceptible

Table 3. Overall comparison among the different treatments on root lesion nematode (Pratylenchus thornei & Pra-
tylenchus neglectus) numbers and plant height (cm) in two spring wheat varieties in short term experiment in the
growth room.

Pratylenchus thornei | Pratylenchus neglectus
No. Trt Variety
Pt Plant height Pn Plant height
1 C CROC_1/AE.SQUARROSA (224)//OPATA 0 36 0 37,2
2 NC | CROC_1/AE.SQUARROSA (224)//OPATA 850 37 633 41,2
3 Conl | CROC_1/AE.SQUARROSA (224)//OPATA 340 38 480 39,3
4 Con2 | CROC_1/AE.SQUARROSA (224)//OPATA 857 36 577 37,7
1 C Seri 0 34,8 0 35
2 NC | Seri 2010 35,8 2207 36
3 Conl | Seri 1477 34,8 1547 36
4 Con2 | Seri 1063 35,5 1903 36

Abbreviations stand for: Trt = Treatment, C = Control, NC = Nematode Control, Conl = concentration of 5.106
Pasteuria spp. spores/seed, and Con2 = 1.107 spores/seed.
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Table 4. Overall comparison among the different treatments on cereal cyst nematode (Heterodera filipjevi) cyst, egg,
juvenile numbers and plant height (cm) in two spring wheat varieties in a short-term experiment in the growth room.

Cereal Cyst Nematode-H. filipjevi (Mean)
No Trt Variety Cyst/Trt Egg Juvenile Egg Juvenile Plant
(big cyst) (big cyst) (small cyst) (small cyst) Height
1 C Katea 0 0 0 0 0 47
2 NC Katea 6 192 191 51 38 47
3 Con'! Katea 4 191 197 50 31 47
4 Con? Katea 7 153 159 44 39 45
1 C Bezostaja 0 0 0 0 0 42
2 NC Bezostaja 17 146 97 94 97 42
3 Con' Bezostaja 15 138 90 76 92 42
4 Con? Bezostaja 15 145 93 97 95 43

Abbreviations: Trt = Treatment, C = Control, NC = Nematode Control, Con' = concentration of 5.106 Pasteuria
spp. spores/seed, and Con* = 1.107 spores/seed.

On the other hand, Pasteuria seed treatment reduced the number of RLN on
both the moderately and susceptible wheat varieties. However, reduction in
RLN numbers was more distinct on the susceptible variety (Table 3). No sig-
nificant differences of Pasteuria seed treatment on plant height was recorded
(Tables 3 and 4). Cyst nematode was reduced by Pasteuria seed treatment on
the susceptible variety “Bezostaya” but not the moderately resistant variety
“Katea” (Table 4). Juvenile and egg numbers were associated with cyst size.

DISCUSSION

Recent yield trials conducted by different breeding centers around the world
have shown that the production of bread wheat is being constrained by several
biotic and abiotic stresses. Intensified wheat production, changes in cultur-
al practices including shifts from conventional tillage and stubble burning to
reduced tillage practices, and wheat monoculture involving cultivation of sus-
ceptible cultivars has resulted in development of wheat diseases to epidemic
conditions.

So far, nine resistance genes have been identified as controlling CCNs in bread
wheat: Crel and Cre8 (from Triticum aestivum); Cre2, Cre5, and Cre6 (from
Aegilops ventricosa); Cre3 and Cre4 (from Triticum tauschii); Cre7 (from Ae-
gilops triuncialis); and CreR (from Secale cereale) (Barloy et al. 2007). However,
none of these genes give complete resistance to the winter wheat germplasm
in the IWWIP materials. In a recent study conducted by Imren et al. (2012) to



identify genetic resistance to the cereal cyst nematodes Heterodera avenae, H.
filipjevi, and H. latipons, six Cre genes were used to screen some international
bread wheat germplasm. The results showed that the resistance genes Crel,
Cre3 and Cre7 provided some level of resistant reaction against both H. avenae
and H. latipons. The Cre8 and CreR genes gave resistant reactions to H. filipjevi
only. However, there was no complete resistance by any of the six studied Cre
genes to the three species. Toktay et al. (2012) screened germplasm with Crel
genes against H. filipjevi and the root lesion nematode Pratylenchus thornei.
Their results indicated no complete resistance, and no relationship between H.
filipjevi and P. thornei resistance. These most likely have quantitative resistance
genes against both CCN and RLN (Sheedy et al. 2012). However, it is clear that
whilst Cre genes provide resistance to H. avenae, they do not confirm resis-
tance to the H. filipjevi Turkish population.

Seed treatment application could be used especially on susceptible varieties
until suitable CCN resistance is bred into the genotype (Dababat et al. 2014).
Applying seed treatment significantly reduced nematodes on susceptible wheat
varieties when compared to the resistant one. This occurred because there was
the low room for reducing nematodes on resistant varieties compared to the
succeptible varieties. Pasteuria reduced the root lesion nematodes numbers
but not the cereal cyst nematodes Heterodera filipevi. In this study, generally,
there was no significant difference of Pasteuria seed treatments on growth pa-
rameters.

Screening the IWWIP materials is a very fundamental strategy where IWWIP
breeds the most promising lines for nematodes and then distributes inter-
national nurseries to more than 150 collaborators representing 75 countries.
Given that many countries lack the expertise in soil borne diseases, especially
nematologists, this program will reduce nematode damage in wheat fields.

Due to climate changes and agricultural practices, wheat production has
brought new challenges for farmers, including the increased incidence and se-
verity of soil borne pathogens. These diseases often occur together in the field,
where they are often very difficult to distinguish from one another. Hence it
is paramount to study their incidence, effect and control together. The com-
plexity of these wheat diseases and the conditions in which they occur makes
it essential to seek a holistic approach for their management. Such integrated
management approaches include breeding for durable disease resistance, pro-
duction and distribution of healthy seed, developing appropriate crop manage-
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ment practices, monitoring pathogen diversity, and applying recent advances
in biotechnology to overcome disease losses. In addition, significant efforts are
needed to better understand the cropping systems and their interactions that
can influence the spread of these diseases.
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SUMMARY

Forty wheat genotypes (some were developed by King Saud University) were
evaluated for their resistance to a local (Saudi) population of the cereal cyst
nematode (CCN) Heterodera avenae in an outdoors test. Clean plastic pots
(15-cm diam.) were filled with CCN naturally-infested field soil (20 eggs +
J,/g soil) and planted with several seeds of the tested lines. The susceptible
wheat cultivar “Yecora Rojo” was used as check cultivar. A week after germi-
nation, seedlings were thinned to one seedling per pot. Five replicates were
used for each genotype. Plants were left outdoor, on a table, for 75 days during
the wheat growing season, watered and fertilized as needed. At harvest, plants
were washed by tap water to free roots from soil and adhesives. White cysts of
each plant were counted and the mean number of white cysts for each geno-
type was calculated. Genotypes having three, or less, cysts per plant were des-
ignated as resistant, while those having more than three cysts were designated
as susceptible. Result showed that only seven (17.5%) genotypes were found
to be resistant; L11-6, L11-7, L11-8, L11-17, L11-19, L11-21 and L11-23. The
other 33 tested genotypes showed various degrees of susceptibility.

*  Al-Hazmi AS, Dawabah AM, Aldoss AA, Mustafa KA (2015) Evaluation of different wheat genotypes for resis-
tance to Heterodera avenae in Saudi Arabia. In ‘Nematodes of Small Grain Cereals: current status and research’
(AA Dababat, H Muminjanov and RW Smiley) pp. 233-238. (FAO: Ankara, Turkey).
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INTRODUCTION

The cereal cyst nematode (CCN), Heterodera avenae Woll., has a global dis-
tribution and causes significant yield losses to wheat and other cereal cops in
many countries (Nicol et al. 2003, Handoo 2002). In Saudi Arabia, the nem-
atode was first reported from an irrigated wheat field in the central region in
1987 (Youssif 1987). Since then, it has been spreading fast and widely, and
becoming a major threat to our wheat production (Al-Hazmi et al. 1994, Al-
Hazmi et al. 2009). Wheat crop losses reached up to more than 90% in a heav-
ily infested field in Riyadh region (Ibrahim et al. 1995).

Several local populations of CCN were identified as H. avenae, based on mor-
phological and morphometric features (Al-Hazmi et al. 1994, Dawabah et al.
2012), and DNA markers (Al-Rehiayani 2007). The pathotype of several Saudi
Crop rotation, host resistance and host tolerance have proven to be the only
economically and environmentally sustainable methods to control damage
caused by CCN to cereals. Several years ago, a wheat breeding program was
initiated in the Department of Plant Production, King Saud University, and led
by wheat breeder Prof. A.A. Al-Doss. Among the several objectives of the pro-
gram is to search, identify and use different sources of resistance and tolerance
to the local pathotype of H. avenae. This study is a portion of this program and
it aimed to screen 40 wheat genotypes (some were selected from our wheat
breeding program) for their resistance to a local population of H. avenae under
outdoor conditions.

METHODS

Forty wheat genotypes (local and international materials) were evaluated for
their resistance to a local (Saudi) population of H. avenae in a pot test under
outdoor conditions. These genotypes (Table 1) included advanced lines select-
ed from the wheat breading program in the Plant Production Department,
College of Food and Agricultural Sciences, King Saud University, and some
lines were selected from local CCN-infested wheat fields. Clean plastic pots
(15-cm diam.) were filled with CCN naturally-infested field soil (20 eggs + ],
/g soil) collected from an infected wheat field in Hail region.

Pots were then planted with several seeds of the tested lines. The known sus-
ceptible wheat cultivar “Yecora Rojo” was used as a check to test the viabili-
ty of the nematode inoculum. A week after seed germination, seedlings were



thinned to one seedling per pot. Five replicates were used for each genotype.
Plants were kept on a table outdoor during the wheat growing season. Plants
were watered and fertilized as needed.

Seventy-five days after germination, plants were very carefully removed from
pots. Soil around each root system was gently washed away with a stream of
tap water over a 60-mesh sieve. The clean root system of each plant was exam-
ined very carefully for the presence of the white cysts. The number of white
cysts per each replicate (plant) was counted and the mean number of each
genotype was calculated. Genotypes having more than three white cysts/plant
were designated as susceptible, while those having three or less cysts/plant
were designated as resistant (Mathur et al. 1974, Ireholm 1994).

RESULTS AND DISCUSSION

The tested 40 wheat genotypes varied widely in their reaction (0.0 to 32.4
cysts/plant) to our local population of H. avenae (Table 1). Among the tested
genotypes, only seven (17.5%) genotypes (selected from our wheat breeding
program) were found to be resistant (< 3cysts/plant). These included the gen-
otypes L11-6, L11-7, L11-8, L11-17, L11-19, L11-21 and L11-23. In fact, the
first five of these genotypes were found to be completely resistant (0.0 cysts/
plant). The other tested genotypes (82.5%) were designated as susceptible (=
3cysts/plant), with various degrees of susceptibility (Table 1). The genotypes
129, L32, KSU 104 and L10-5 were found to be the most susceptible, with >30
cysts/plant. The check cultivar “Yecora Rojo”, which is the recommended and
the most grown (90%) cultivar in Saudi wheat fields, was found to be very sus-
ceptible (18.8 cysts/plant).

The initial inoculum density (Pi) used in this study (20 eggs + J,/g soil) might
be considered relatively high. Under field conditions and especially in field
soils with lower initial population densities, some of the designated susceptible
lines in this study might have exhibited less susceptibility and showed good
field tolerance. In a field study (Al-Doss et al. 2012) conducted in a wheat field
infected with CCN in Hail region, the local line KSU 102, which is designated
in our present study as susceptible, produced a relatively high grain yield (7.98
ton/ha), compared to the lines L11-8, L11-7 and L11-21 (designated in our
study as resistant), which produced grain yields of 7.13, 7.16 and 8.21 ton/ha,
respectively. Developing high yielding wheat cultivars with resistance or toler-
ance to CCN is one of the major challenges to wheat breeders. Wheat breeders
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aim to balance between resistance to CCN and the required agronomic traits
in their newly developed wheat cultivars.

Some of the tested lines (such as L11-8, L11-7 and L11-21), which were se-
lected from our breeding program, were found to possess all tested Cre genes,
namely: Crel, Cre3, Cre5, Cre8, and CreY, while the susceptible cultivar “Yeco-
ra Rojo” lacked both the Crel and Cre3 genes (Al-Doss et al. 2010). It has been
concluded that Cre3 has the largest impact on reducing the number of cysts,
followed by Crel and Cre8 (Safari et al. 2005).

Table 1. Reaction of selected wheat genotypes to a Saudi local population of Heterodera avenae, under outdoor con-
ditions (values are means of five replicates)

Genotype gf(s)t/‘:)i:;i Reaction Genotype i\;f(;t/‘:y{:;et Reaction
KSU 101 10.0 Susceptible L31 20.4 Susceptible
KSU 102 324 Susceptible L32 30.0 Susceptible
KSU 103 15.2 Susceptible L33 13.6 Susceptible
KSU 104 32.0 Susceptible L34 32.0 Susceptible
KSU 105 6.4 Susceptible L35 27.8 Susceptible
KSU 106 84 Susceptible L 70 114 Susceptible

L 10-1 10.4 Susceptible L71 154 Susceptible
L 10-4 84 Susceptible L72 13.2 Susceptible
L 10-5 314 Susceptible L73 11.6 Susceptible
L 10-6 0.0 Resistant L74 27.0 Susceptible
L10-7 0.0 Resistant L75 27.2 Susceptible
L 10-8 0.0 Resistant L76 11.0 Susceptible
L11-15 18.6 Susceptible L77 16.2 Susceptible
L11-17 0.0 Resistant L 100 5.4 Susceptible
L11-19 0.0 Resistant L 101 10.0 Susceptible
L11-21 2.2 Resistant L102 6.4 Susceptible
L11-23 1.8 Resistant L 103 6.2 Susceptible
L11-25 7.6 Susceptible L 104 10.2 Susceptible

L29 31.0 Susceptible L 105 5.8 Susceptible

L30 6.6 Susceptible Yecora Rojo 18.8 Susceptible
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Our efforts are currently underway to introgress the globally known Cre resis-
tant genes into our breeding wheat germplasm. In addition, continued efforts
are being made to search for new resources.
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SUMMARY

A total of 230 synthetic winter wheat germplasms representing three groups
were screened twice against Heterodera filipjevi under growth room condi-
tions. These germplasms were also genotyped using the Amplified Fragment
Length Polymorphism (AFLP) technique. Genomic DNA extracted from the
young leaves of all germplasms was digested with three restriction enzymes
used in two combinations (EcoRI + Msel; Pstl + Msel). AFLP was performed

*  Toumi F, De Riek J, Morgounov A, De Keyser E, Erginbas-Orakci G, Viaene N, Dababat AA, Nicol JM,
Ogbonnaya F, Waeyenberge L, Moens M (2015) Resistance in synthetic bread wheat lines against the cere-
al cyst nematode Heterodera filipjevi. In ‘Nematodes of Small Grain Cereals: current status and research’
(AA Dababat, H Muminjanov and RW Smiley) pp. 239-250. (FAO: Ankara, Turkey).
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using two sets of primers for each enzyme combination. Within each group,
some of the germplasms had relatively lower numbers of cysts compared to the
others. The analysis of correlation between different traits resulted in a signifi-
cant positive but weak, correlation between the number of developed cysts and
root length (r’= 0.136), as well as root surface (r’= 0.107). Interestingly, the bi-
plot based on the two functions of the discriminate analysis of the AFLP DNA
markers, showed clear evidence of the genetic differentiation of the resistant
germplasms in all three groups.

Key words: Heterodera filipjevi, AFLP, resistant cultivar, wheat

INTRODUCTION

Wheat (Triticum spp.), maize and rice are the most important crops in terms
of production, acreage and source of nutrition, mainly in developing countries
(Nicol and Rivoal 2008). Cereal cyst nematodes (CCN; Heterodera spp.) are
considered the most important group of plant-parasitic nematodes on cereals
worldwide (Sikora 1988) and they can have significant impact in decreasing
yield (Brown et al. 1985, Nicol and Rivoal 2008, Dababat et al. 2015). Heterod-
era avenae, H. filipjevi and H. latipons are considered the major species among
CCN (Yan and Smiley 2009, Dababat et al. 2015). Heterodera avenae causes
yield loss up to 90% on wheat in Saudi Arabia (Ibrahim et al. 1999), while
H. latipons significantly reduced grain yield to 55% in Iran (Hajihasani et al.
2010a). The average yield loss caused by H. filipjevi on wheat was estimated
42-50% in Turkey (Nicol et al. 2006), and 48% in Iran (Hajihasani et al. 2010b).

The use of host resistance is considered the most cost efficient, environmen-
tally friendly and accessible option for nematode management. The effec-
tiveness and usefulness of resistance to CCN depends on: (1) the efficacy
and durability of the sources of resistance, (2) the interaction of the specific
putative resistant accession and the CCN pathotype found in a specific field/
region, and (3) the correct identification of the nematode species and/or pa-
thotype(s) present in the system. In the last four decades, due to the absence
of variability for CCN resistance in T. durum, led to the use of resistance
genes from alien cultivated or wild species (Bekal et al. 1998) and various
species of Triticum, Aegilops and Secale, which have been screened through
wheat breeding programs as potential sources of germplasm with resistance
to CCN (Ogbonnaya et al. 2001). The International Winter Wheat Improve-
ment Program (IWWIP, www.iwwip.org) is a cooperative breeding program



of the Turkish Ministry of Food, Agriculture, and Livestock, the Internatio-
nal Maize and Wheat Improvement Center (CIMMYT), and the Internatio-
nal Center for Agricultural Research in the Dry Areas (ICARDA). IWWIP
aims to develop broadly adapted germplasms for irrigated and semi-arid
areas of Central and West Asia. The new advanced lines from IWWIP and
germplasms submitted by cooperators are distributed annually to around
130 breeding programs in 50 countries through the international Facultative
and Winter Wheat Observation Nursery (FAWWON). In cooperation with
these programs we initiated a study to: (1) to phenotype and genotype syn-
thetic wheat lines for resistance to H. filipjevi, (2) to study genetic variability
for some root traits and nematode responses, (3) to investigate the genetic
diversity using AFLP markers and relate it to nematode responses, and (4) to
identify new sources of resistance to H. filipjevi in bread wheat germplasms.

MATERIAL AND METHODS

Nematode inoculum: Cysts were collected from fields located in Haymana,
Ankara, Turkey in July 2014. They were extracted as described by Fenwick
(1940) and identified as H. filipjevi using species-specific PCR primers (Toumi
et al. 2013). The extracted cysts were surface sterilized with 0.5% NaOCl, then
washed several times with distilled water, and kept in a refrigerator at 4°C till
the start of the experiment (Dababat et al. 2014). When needed, the cysts were
transferred to an incubator (15°C) to enhance and obtain the greatest hatch
(Sahin et al. 2010). Freshly hatched second-stage juveniles (J2) were used as
inoculum in the screening tests.

Wheat materials: A total of 230 synthetic winter wheat lines from the IWWIP
were examined. Those lines were divided in three different groups (nurseries):
14SYNT-PYT-HAND (Group 1) consisting of 75 lines originating from crosses
between winter durum x Aegilops developed at CIMMYT-Mexico; 14SYNT-
PYT (Group 2) consisting of 106 lines originating from crosses between winter
durum x Aegilops x bread wheat developed in Turkey; 14SYN-JAPAN (Group
3) consisting of 48 lines originating from crosses between Langdon durum
x Aegilops developed in Japan. Four widely grown winter wheat check lines
(Katea, Bezostaya, Kutluk, and Sénmez) were included in each run.

Growth chamber experiment: All lines were screened twice against H. filipje-
vi under growth chamber conditions at the Transitional Zone Agricultural Re-
search Institute, Eskisehir, Turkey. Standard small tubes with a closed bottom
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(16-cm high x 2.5-cm diam.) were filled with a sterilized mixture (70:29:1)
of sand and field soil sterilized at 110°C for 2 hours on 2 successive days, and
organic matter sterilized at 70°C for 5 hours. One seedling with 10-cm height
from all lines, including the four check lines were inoculated with 300 freshly
hatched J2 (4 J2 cm™). Plants were grown in a growth chamber at 22 + 3°C, 16
hour artificial photoperiod and 70% relative humidity. The experiments were
arranged in a randomized complete block design. Plants were harvested nine
weeks after the inoculation. Cysts were extracted from both soils and roots and
counted under a stereomicroscope. Washed roots were scanned, and the data
of roots were collected (length, surface, volume and number of tips). Based
on the number of cysts per plant, the lines were divided into five groups, i.e.
Resistant (R), Moderately Resistant (MR), Moderately Susceptible (MS), Sus-
ceptible (S) and Highly Susceptible (HS) (Dababat et al. 2014).

DNA preparation and AFLP analysis: DNA was extracted from fresh young
leaves according to the modified CTAB protocol (Doyle & Doyle 1987). The
analyses of AFLP markers were performed according to the protocol described
by Vos et al. (1995) with some modifications (De Riek et al. 2001). Genomic
DNA was digested for 2 hours at 37°C with a combination of three restriction
enzymes (EcoRI + Msel; Pstl + Msel). The restricted fragments were ligated
with appropriate oligonucleotide adapters. The resulted restriction-adapter li-
gation mixes were pre-amplified using primers with one selective nucleotide
(EcoRI+A, Msel+C, PstI+G and PstI+A). Then, a selective amplification was
performed using the pre-amplification products, with 13 primer combinations
(Table 1); each primer had three selective nucleotides. AFLP fragments were
separated by Genetic Analyser.

Statistical analysis and AFLP data visualising: The collected root data were
analysed according to standard procedures (analysis of variance). The AFLP
data were visualised and scored using GeneMapper-4.1, and the amplified
fragments were scored as (1) for presence or (0) for absence for all cultivars
and primer combinations. The obtained binary matrix was used as an input for
the study of the relationship among the germplasm based on principal compo-
nent analysis using SPSS-22.

RESULTS

Germplasm resistant reaction: The evaluation of all germplasms resulted in the
identification of 21 R genotypes (9%), 44 MR genotypes (12.5%), 46 genotypes



Table 1. Adapters and primers sequences used for AFLP analysis

Adapters/primers Sequence
Msel- adapter (14) 5-TAC TCA GGA CTC AT-3’
Msel adapter (16) 5-GAC GAT GAG TCC TGA G-3’
Msel universal primer (M00) 5-GAT GAG TCC TGA GTA A-3’
MO0 + 3 selective bases MO0 + CTT, M00 + CAA, M00 + CAT and M00 + CAG
EcoRI adapter (17) 5-CTC GTA GAC TGC GTA CC-3’
EcoRI adapter (18) 5-AAT TGG TAC GCA GTC TAC-3’
EcoRI universal primer (E00) 5-GAC TGC GTA CCA ATT C-3’
E00 + 3 selective bases E00 + AGG, E00 + ACG, E00 + AGC, E00 + AAC and E00 + ACC
Pstl-ad 15 5-TGT ACG CAG TCT ACG-3’
Pstl-ad 21 5’-CTC GTA GAC TGC GTA CAT GCA-3
PstI universal primer (P00) 5-ACT GCG TAC ATG CAG-3’
P00 + 3 selective bases P00 + ACA, P00 + ACG, P00 + GCT and P00 + GGT

of MS (20%), 85 genotypes of S (37%) and 33 genotypes of HS (14%) (Fig. 1).
The highest frequency of R genotypes was observed in the germplasms from
14SYN-JAPAN group (20.8%). The 14SYNT-PYT-HAND group and 14SYNT-
PYT group were represented by 6.6% and 4.7% R genotypes, respectively. Among
the three groups of germplasms, the R and MR genotypes were most frequently
recorded for 14SYN-JAPAN (Fig. 2). The ANOVA of the root data showed sig-
nificant differences. Also, the descriptive statistics for the collected root data of
all germplasms showed high variation for all variables. The cysts number ranged
between 0-40 cysts/plant with an average of 13.77. There was a positive correla-
tion between the cysts number and root length (r*= 0.136) and root surface (r*=
0.107); the correlation between the root volume and the cysts number was insig-
nificant (r*= 0.76), and low, negative and insignificant with number of tips (r*=
-0.009). Within the group of 14SYNT- JAPAN a significant correlation between
existed between cysts and root surface (r’= 0.143).

AFLP analysis: In general, all 13 primer combinations detected polymor-
phisms within the studied germplasms. They amplified a total 552 of AFLP
fragments of which 49 (8.9%) were polymorphic. In general, GeneMapper did
not show that much polymorphism; some germplasms showed polymorphisms
(Fig. 3). AFLP was more effective with wheat genomic DNA using PstI than
EcoRI. The biplot based on the two functions of the discriminant analysis of
the AFLP DNA markers (Fig. 4), showed a clear evidence of the genetic differ-
entiation of the resistant germplasms in the three groups. Moreover, promising
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lines derived from 14SYNT-JAPAN group were the most distinct regarding the
cysts number when compared to the other two groups. Principal component
analysis (PCA) showed that some germplasms which showed a low number of
cysts belonged to the three groups; these are pointed out in the biplot (Fig. 4).
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Figure 1. Frequency phenotype (resistance) of all studied synthetic wheat germplasms against Heterodera filipjevi
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Figure 2. Frequency distribution (%) of the variables resistant (R) and moderately resistant (MR) among the three
groups as hosts for Heterodera filipjevi
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DISCUSSION

Sometimes only a low level of resistance against cyst nematodes is present in
commercial cultivars (Riggs and Schuster 1998). Moreover, breeding in some
cultivars resulted in the increase of other nematode problems; e.g. cereal cyst
nematode with the associated build-up of Pratylenchus neglectus (Turner and
Rowe 2006). Hence, using resistant cultivars to control CCN should be checked
and evaluated with an accurate breeding scheme.

In this study, the evaluation of all breeding lines from the three groups showed
wide variation among genotypes in their responses to H. filipjevi. The host effi-
ciency can be described as a continuum from susceptible to resistant. Our results
are similar to results obtained during the screening of oat cultivars (Avena sati-
va) against H. avenae (Cook and Starr 2006). However, the variation within the
highly susceptible (HS) germplasms was lower than in the susceptible ones. This
could be due to our newly established rating scale (Dababat et al. 2014).

The resistant (R) and moderately resistant (MR) germplasms could be ex-
plained by the presence and expression of one or more cereal root eelworm
(Cre) genes. Two genes, Cre8 and CreR, were reported to give a resistance re-
action to H. filipjevi (Dababat et al. 2014). Hence, those germplasms should be
crossed with high-yielding cultivars. Many locally adapted wheat varieties are
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Figure 3. AFLP patterns of wheat germplasms. A, B and C are three patterns of three independent germplasms. Ar-
rows indicate additional fragments (polymorphism). The electropherograms shown are from selective amplification
with restriction enzyme/primer combination EcoRI/Msel. Vertical scales: relative fluorescent units; horizontal scales:
size of fragment in nucleotides.
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Figure 4. Principal component analysis (PCA) of 230 genotypes from the synthetic wheat germplasms based on AFLP
data. Ellipses indicate some germplasms of the three groups that showed a low number of cysts.

susceptible to CCN; the newly found resistant wheat germplasms will allow
us to obtain new crosses with local varieties, thereby improving their genetic
resistance to CCN.

Usually, and due to the narrow genetic base, synthetic wheat shows relatively
low levels of polymorphism for RFLP loci (Chao et al. 1989); less than 10% of
all RFLP loci are polymorphic in an intraspecific context (Roder et al. 1998).
The detected polymorphism between all screened germplasms using different
AFLP primer combinations clearly shows that genetic differentiation occurred
between wheat germplasms during the cross. The better AFLP effectiveness of
Pst] rather than EcoRI is probably due to the high G + C content of PstI rec-
ognition sites relative to EcoRI resulting in preferential targeting of low-copy/
gene-rich regions of the genome (Langridge and Chalmers 1998).

Further study using advanced techniques such as single-nucleotide polymor-
phisms (SNPs) detection, second-generation sequencing (SGS), or genotyping
by sequencing (GBS) is still needed to characterise and identify the location of
the genes involved in the resistant lines against H. filipjevi.
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SUMMARY

Plant-parasitic nematodes affect wheat production worldwide and cause yield
reduction of 10-20%. Root lesion nematodes (Pratylenchus spp.) and cyst nem-
atodes (Heterodera spp.) are the most important plant-parasitic nematodes at-
tacking wheat crops. Important species of those two nematode genera in wheat
fields were identified and quantified in various production areas in Turkey. Es-
pecially, root lesion nematodes (Pratylenchus thornei and P. neglectus) and ce-
real cyst nematodes (Heterodera avenae, H. filipjevi and H. latipons) have been
detected as the most important wheat nematodes. Wild landrace and nation-
al wheat varieties which were moderately resistant to these nematodes have
been studied and promising results have been obtained. However, studies on

*  Kasapoglu EB, Imren M, Ozarslandan A, Behmand T, Elek¢ioglu IH (2015) Investigating the resistance mech-
anisms of wheat varieties against root lesion nematodes (Pratylenchus thornei and P. neglectus) and cyst nema-
todes (Heterodera avenae and H. filipjevi). In ‘Nematodes of Small Grain Cereals: current status and research’
(AA Dababat, H Muminjanov and RW Smiley) pp. 251-256. (FAO: Ankara, Turkey).
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molecular- and cellular-level resistance mechanisms are not fully understood.
Hence, resistant, tolerant and susceptible varieties will be investigated in-vitro
and under natural conditions in the Eastern Mediterranean and Central Ana-
tolia Regions, and plant- nematode interactions at molecular- and cellular-lev-
els will be assessed.

INTRODUCTION

Turkey is an important wheat growing country with 9.5 million ha production
area and 20 million tons of grain produced per year. Plant-parasitic nema-
todes are an important threat to this production in that they are estimated to
cause 7-15% yield loss (Sasser and Freckman 1987, Whitehead 1998). Among
this group, the root lesion nematodes (RLN; Pratylenchus spp.) and cereal cyst
nematodes (CCN; Heterodera spp.) are the most important plant-parasitic
nematodes in wheat fields. Economically important parasitic species have al-
ready been determined in Turkey. The RLNs Pratylenchus thornei and P. ne-
glectus, and the CCNs Heterodera avenae, H. filipjevi and H. latipons have been
determined to be the most important species.

Screening for resistance against these nematodes has been increased in Tur-
key during recent years. Especially, there has been a focus on resistance to H.
avenae, H. filipjevi and P. thornei. Promising results were obtained from those
studies.

In this study, the resistance reactions of wheat varieties against RLN and CCN
under in-vitro conditions will be re-investigated, the reactions of varieties
found to be resistant and tolerant will be assessed under natural conditions,
and the resistant genes and the CCN feeding sites (syncytium cells) will be
studied.

METHODS

We will extract CCN from wheat fields known to be infested near Adana (H.
avenae) and Bolu (H. filipjevi). Seed of resistant and tolerant wheat varieties
will be obtained (Toktay 2008, Imren et al. 2013). Cysts will be surface ster-
ilised (0.5% NaOCI for 10 min), rinsed in distilled water, and stored at 4°C.
To initiate hatching, stored cysts will be moved to room temperature (range
between 10 to 15°C) (Imren 2013). Freshly hatched second-stage juveniles (J2)
will be used as inoculum in-vitro and under natural conditions. The popu-



lation of RLN will be from a single nematode collected from a wheat field at
Adana, which will then be cultured on carrot discs.

Following seed germination in petri dishes, a single wheat seed will be planted
in standard tubes (13-cm high x 3-cm diam.) filled with a mixture of sterilised
sand, field soil, and organic matter. The field soil and sand will be sieved and
sterilized at 121°C. After plant emergence, five tubes will be selected per gen-
otype and will be inoculated with 175 freshly-hatched J2 of H. avenae or H.
filipjevi, or with 175 mixed stages (]2, J3, J4 and adult) of P. thornei or P. neglec-
tus. Inoculum will be placed in three holes around the stem base. Some trials
will be performed with mixtures of pathogens. Plants inoculated with a CCN
will be harvested nine weeks after inoculation and the number of cysts will be
counted. P. thornei and P. neglectus will be extracted from roots and soil using
the modified Baermann funnel and mist extraction methods (Southey 1986)
and the number of nematodes/plant will be calculated.

Experiments will be conducted under natural field conditions in the Eastern
Mediterranean and Central Anatolia regions.

The defence mechanisms for resistant or tolerant reactions will be carried out
under in-vitro and natural conditions. The durability of resistant and/or tol-
erant genotypes against the RLN and CCN will be investigated by using Cre
genes for CCN and sources of multiple resistance alleles for RLN. The plant
DNA will be isolated from leaves and Polymerase Chain Reaction (PCR) will
be performed.

PROSPECTUS

Resistant, tolerant and susceptible wheat varieties will be validated against
CCN and RLN under in-vitro conditions, and their reactions under natural
conditions will also be determined. Molecular and cellular evaluations of nem-
atode-plant interactions will also be assessed. Resistant, tolerant, susceptible
national wheat varieties which were previously identified as resistant against
CCN and RLN are the main focus of our work in Turkey. The necessary nem-
atode inoculum sources will be acquired from the Eastern Mediterranean and
Central Anatolia regions. The reactions of different populations of the same
nematode species are known to affect the resistance outcome. Therefore, dif-
ferent nematode populations from the same nematode species in previous
studies will be tested under in-vitro conditions to examine both the pathogen
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effects and the interactions. The findings of previous studies under in-vitro
conditions will be examined by our testing under natural conditions. Thus,
in this study, the resistant and tolerant wheat varieties will be examined for
reactions to plant-parasitic nematodes of wheat not only under in-vitro but
also under natural conditions. The resistance mechanism and the histological
changes in plant tissues will be investigated. Resistant and tolerant wheat vari-
eties will also be evaluated for breeding programs.
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SUMMARY

A set of wheat material which was characterized for presence of Crel and Cre3
genes was tested for resistance to Heterodera filipjevi in 2006-2007 under con-
trolled conditions at 20°C and 70% humidity. The 70 accessions contained Turk-
ish bread and durum wheat, both modern varieties and land races, introduced
and International Winter Wheat Improvement Program (IWWIP) developed
cultivars, and wild relatives of wheat. Two of each Crel and Cre3 positive and
one negative check cultivar were also tested. The nematode population was ob-
tained from Haymana, Ankara from a naturally-infested field. Wheat accessions
were screened with seven replications using a complete randomized block de-
sign. Two hundred 2"-stage juveniles were inoculated per tube in a sand:soil:or-
ganic matter medium (70:29:1). Wheat accessions were divided into five groups
according to produced cyst numbers. Thirteen accessions produced means of

*  Yavuzaslanoglu E, Elek¢ioglu IH, Nicol JM (2015) Resistance screening of wheat accessions characterized for

Crel and Cre3 against Heterodera filipjevi (Madzhidov, 1981) Stelter (Tylenchida: Heteroderidae). In ‘Nematodes
of Small Grain Cereals: current status and research. (AA Dababat, H Muminjanov and RW Smiley) pp. 257-264.
(FAO: Ankara, Turkey).
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0-2 cysts and were inferred as resistant, eight accessions produced means of 3-4
cysts and were inferred as moderately resistant, and other accessions produced
averages of five to 16 cysts and were moderately susceptible to highly suscepti-
ble. Crel check cultivar Silverstar showed a resistant reaction and Goroke was
susceptible. The only wheat accession positive for Crel, Sardari, was moderately
resistant. None of the wheat accessions had Cre3 and the Cre3 positive check
cultivars were highly susceptible to H. filipjevi. This experiment clearly indicated
that the Crel gene provided some level of resistance against the H. filipjevi Hay-
mana population while the Cre3 gene was not effective.

INTRODUCTION

Wheat is the most common commodity in Turkey; producing 22 million
tonnes in 2013 (FAO 2015). The Central Anatolian Plateau is the main wheat
production area in Turkey and provides 17,4 % of total wheat production in
Turkey (TUIK 2015). The main nematode constraints causing yield loss on
wheat are cereal cyst and root lesion nematodes in Turkey (Nicol 2004).

The cereal cyst nematode Heterodera filipjevi is a widespread nematode species
causing damage on wheat in the Central Anatolian Plateau (Rumpenhorst et al.
1996; Oztiirk et al. 1998; Abidou et al. 2005; Yavuzaslanoglu et al. 2012). The prin-
ciple control strategy for this nematode damage is to keep the nematode popula-
tion under economical damage levels in large areas. Due to the economical and
environmental concerns, the best control option is the use of resistant cultivars.
Therefore it is necessary to find the most effective plant genetic resources effective
against the present nematode constraints in local production areas considering the
pathotype and ecotype forms of these plant-parasitic nematodes.

Resistance genes were identified for H. avenae, which is the most widespread
cereal cyst nematode species in the world (Ogbonnaya et al. 2001). However
it is necessary to investigate these Cre genes for availability among germplasm
that can be used by the local farmers. Crel and Cre3 genes were molecularly
characterized for a set of wheat materials available for growers in Turkey by
Akar et al. (2009). None of the tested material had Cre3 gene but one of the
IWWIP developed cultivar, Sardari, was found to have Crel gene. Neverthe-
less it is not completely useful without knowing the reaction of resistance gene
carrying wheat sources against local nematode isolates. Therefore these mo-
lecularly characterized wheat materials were tested against a local nematode
isolate of the cereal cyst nematode; H. filipjevi, Haymana population under
controlled conditions.



MATERIAL AND METHODS

Wheat accessions: A total of 70 accessions were tested, consisting of 22 bread
wheat (Triticum aestivum spp. aestivum), nine durum wheat (Triticum aes-
tivum spp. durum), 18 cultivars developed by the International Winter Wheat
Improvement Program (IWWIP) (Triticum aestivum spp. aestivum), six in-
troduced cultivars (Triticum aestivum spp. aestivum) and 15 wild relatives in-
cluding one accession of Aegilops vavilovi, one accession of Aegilops speltoides
aucheri, one accession of Aegilops speltoides lugisticon, one accession of Ae-
gilops tauschii, two accessions of T. dicoccum, 9 accessions of T. dicoccoides.
Reference cultivars were two positive checks for Crel (Silverstar and Goroke),
two positive checks for Cre3 (92.001E7.32.5 and VM272), and one negative
check for Crel and Cre3 (Hartog).

Experimental procedure: Wheat accessions were grown in test tubes (30 x
130 mm) in the glasshouse at 20 + 5 °C, 70% humidity, and a 16 hour light and
8 hour dark period for nine weeks. Nematodes were inoculated as 200 new-
ly-hatched second stage juveniles per test tube at two times over a day, just af-
ter planting onto sterilized sand:soil:organic matter mixture (70:29:1 w/w %).
Each wheat accession was replicated seven times and arranged in a completely
randomized block design in containers. Results were evaluated as mean num-
ber of cysts per tube both on roots and in soil. Accessions were arranged as five
groups according to cyst numbers produced (Table 1).

Table 1. Adapters and primers sequences used for AFLP analysis

Adapters/primers Sequence
Msel- adapter (14) 5-TAC TCA GGA CTC AT-3’
Msel adapter (16) 5-GAC GAT GAG TCC TGA G-3
Msel universal primer (M00) 5-GAT GAG TCC TGA GTA A-3’
MOO + 3 selective bases MO0 + CTT, M00 + CAA, M00 + CAT and M00 + CAG
EcoRI adapter (17) 5-CTC GTA GAC TGC GTA CC-3
EcoRI adapter (18) 5-AAT TGG TAC GCA GTC TAC-3
EcoRI universal primer (E00) 5-GAC TGC GTA CCA ATT C-3’
E00 + 3 selective bases E00 + AGG, E00 + ACG, E00 + AGC, E00 + AAC and E00 + ACC
Pstl-ad 15 5-TGT ACG CAG TCT ACG-3’
Pstl-ad 21 5-CTC GTA GAC TGC GTA CAT GCA-3’
PstI universal primer (P00) 5-ACT GCG TAC ATG CAG-3’
P00 + 3 selective bases P00 + ACA, P00 + ACG, P00 + GCT and P00 + GGT
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RESULTS AND DISCUSSION

Reaction of 70 tested wheat accessions ranged from resistant to highly suscep-
tible (Table 2). The most resistant accession was Kirmizi Misri (durum wheat),
on which no cyst formed, while the most susceptible accession was Long Yuan
994 (IWWIP developed cultivar), on which an average of 16 and a maximum
of 33 cysts formed per plant. Most of the durum varieties showed a resistant
reaction against the H. filipjevi Haymana population except Akbugday, a va-
riety which had a moderately susceptible reaction (mean: 6,14 + 1,62 (max-
min : 0-12) cysts/plant). The only resistant wild relative was Aegilops speltoides
aucheri (mean: 1,86 + 1,26 (max-min : 0-9) cysts/plant), and others showed a
moderately resistant to highly susceptible reaction.

The positive check cultivars for Crel differed, with Silverstar being resistant
(mean: 2,43 + 0,75 (max-min : 0-6) cysts/plant) and Goroke being susceptible
with (mean: 7 + 2,79 cysts/plant). The only cultivar positive for Crel gene,
Sardari, produced a mean of 2,57 + 1,48 (max-min : 0-11) cysts/plant and was
ranked as moderately resistant to H. filpjevi. Both of the Cre3 positive check
varieties, 92.001E7.32.5 (mean: 8,75 + 3,90 (max-min: 2-20) cysts/plant) and
VM272 (mean: 9,14 + 2,70 (max-min : 1-21) cysts/plant) were highly suscep-
tible. The negative check for Crel and Cre3, Hartog, had a moderately resistant
reaction with mean: 3,57 + 1,67 (max-min : 0-12) cysts/plant.

The reaction of a wide spectrum of wheat material was determined with the
current study. The tested wheat materials are used in breeding programs in
Turkey mainly for winter wheat and also for spring wheat development. It is
useful to have information about nematode resistance sources in the wheat
material used in those programs. Even though none of the material had the
Cre3 gene, the susceptible reaction of Cre3 positive check cultivars indicates
the usefulness of Cre3 sources for breeding for resistance against the H. filipjevi
Haymana population. Only one wheat accession, cultivar Sardari, had Crel and
it showed a level of resistance. The Crel-containing check cultivar Silverstar
also had a level of resistance while another Crel check cultivar, Goroke, was
susceptible. Toktay et al. (2012 and 2013) reported susceptibility of different
Crel sources against different populations of H. filipjevi in Turkey. The three
populations of H. filipjevi from Afsin, Elbistan and Yozgat were determined
as pathotype Ha33 by Toktay et al. (2013) and were shown to be susceptible
against Crel sources of AUS10894 and LoroxKoga. However the pathotype of
the Haymana population is yet to be determined. Determination of pathotypes
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Table 2. The resistance reaction of accessions against Heterodera filipjevi Haymana population.

Accession Name Triticam Accession species wWw/sw Cysts/plant’ Reaction*
Kirmizi Misri T. aestivum spp. durum ww 0+ (0-0) R
Sari Bursa T. aestivum spp. durum wwW 0+ (0-0) R
Sorgiil T. aestivum spp. durum wwW 0,29 £ 0,18 (0-1) R
Yelken T. aestivum spp. durum ww 0,33 + 0,33 (0-2) R
Tam-107 T. aestivum spp. aestivum IWWIP ww 0,43 + 0,30 (0-2) R
AUS4930.7.2 T. aestivum spp. aestivum (introduced) sW 0,5+ 0,29 (0-1) R
Kunduru T. aestivum spp. durum ww 0,6 £ 0,24 (0-1) R
MV17/3/CROC_1/
AE.SQUARROSA (205) // T. aestivum spp. astivum IWWIP ww 0,66 + 0,49 (0-3) R
KAUZ
Altindane 12 T. aestivum spp. durum ww 0,83 + 0,31 (0-2) R
Germir T. aestivum spp. durum wwW 1,5+ 0,70 (0-6) R
Aegilops speltoides aucheri Wild relative sW 1,86 + 1,26 (0-9) R
Silverstar T aes“"“’c‘;lifc’i' f":)e:tc“r’:l’;‘ (positive sw | 2,43+0,75 (0-6) R
Uveyik T. aestivum spp. durum WW 2,43 £ 1,94 (0-14) R
Sardari T ae:;z’slilﬁ“i:i I}:;itlgirgrleWDWIP ww | 2,57 + 1,48 (0-11) MR
T. dicoccoides-3 Wild relative SW 2,57 + 1,31 (0-109) MR
T. dicoccoides-5 Wild relative swW 2,71 + 1,30 (0-9) MR
Aegilops vavilovi Wild relative SW 3,43 + 0,69 (1-6) MR
T. ivum spp. ivum
Hartog (negat?\c;:tc\llltcksf};}r) Carees; :;?CreS) sw 3,57 £1,67(0-12) MR
Acgilops speltoides lugis- Wild relative sw | 357+1,70(0-10) | MR
ticon
Aegilops tauschii Wild relative sW 3,67 + 0,88 (2-4) MR
Yakar T. aestivum spp. aestivum WW 3,71 + 1,34 (0-9) MR
T. dicoccum-1 Wild relative SW 4,57 +2,22 (0-14) MS
Altay T. aestivum spp. aestivum ww | 4,86 +2,11(0-17) MS
HN7/OROFEN//BJN8/3/
SERI82/4/74CB462/TRAP- T. aestivum spp. aestivum IWWIP ww 4,88 £ 1,51 (0-14) MS
PER//VONA
Cetinel T. aestivum spp. aestivum wWwW 5+1,19 (1-12) MS
T. dicoccoides-7 Wild relative sw 5+ 1,31 (0-9) MS
SHARK/F4105W2.1 T. aestivum spp. aestivum IWWIP wWwW 5,25 + 4,31 (0-18) MS
T. dicoccoides-4 Wild relative SW 5,29 + 1,95 (0-13) MS
Goksu T. aestivum spp. aestivum WW 5,43 + 1,41 (1-10) MS
Burbot-6 T. aestivum spp. aestivum IWWIP ww 5,43 + 0,72 (3-8) MS
AUS4930 5.3/Spear DH#44 | T. aestivum spp. aestivum (introduced) sW 5,71 2,25 (0-15) MS
Gallya-arall T. aestivum spp. aestivum IWWIP ww | 5,86+ 1,18 (3-11) MS
Stizen T. aestivum spp. aestivum ww 6+ 0,87 (3-8) MS
Sakin T. aestivum spp. aestivum ww 6+ 2,01 (0-16) MS
Akbugday T. aestivum spp. durum ww | 6,14+ 1,62 (0-12) MS
VEE/TSZQEE? 3/ 5U- T. aestivum spp. aestivum IWWIP ww 6,25 + 1,69 (1-17) MS
T. dicoccoides-2 Wild relative sw 6,33 +2,74 (0-18) MS
Bayrak T. aestivum spp. aestivum ww | 6,57 2,69 (0-19) N
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Yavuzaslanoglu, Elekgioglu and Nicol

Accession Name Triticum Accession species x/ Cysts/plant’ Reaction*
Pehlivan T. aestivum spp. aestivum wwW 6,71 1,66 (1-11) N
T. dicoccoides-1 Wild relative sW 6,71 + 2,30 (0-16) S
JUP/4/CLLF/3/1114-53 /
ODIN//CI134431/ SEL6425/
WA00477/5/CROC_1/ T. aestivum spp. aestivum IWWIP ww 6,86 + 1,50 (3-15) S
AE.SQUAR-ROSA (213)//
PGO
Goroke T. aestivum spp. aestivum  (positive sw 7279 (0-17) S
check for Crel) ’
T. dicoccoides-9 Wild relative SW 7 +2,26 (2-17) S
Zincirci T. aestivum spp. aestivum ww 7 + 1,41 (1-12) S
Konya T. aestivum spp. aestivum ww 7 + 1,02 (3-10) S
AUS 4930.7/2* PASTOR-2 | T. aestivum spp. aestivum (introduced) swW 7 £ 1,62 (2-12) S
AUS 4930.7/2* PASTOR-1 | T. aestivum spp. aestivum (introduced) swW 7,14 +£ 2,31 (1-18) S
Bezostaya T. aestivum spp. aestivum ww 7,14 +2,03 (1-14) S
Lanser T. aestivum spp. aestivum wWW 7,43 + 2,52 (0-16) S
Sultan T. aestivum spp. aestivum ww 7,5+ 1,69 (0-12) S
Jagger T. aestivum spp. aestivam IWWIP ww | 7,57 £2,72 (1-18) S
Gerek T. aestivum spp. aestivum ww | 7,57 +£1,94 (0-13) S
Ikizce T. aestivum spp. aestivum ww 7,71 £ 1,54 (1-14) S
Harmankaya T. aestivum spp. aestivum wWwW 7,86 + 1,60 (3-14) S
T. dicoccum-2 Wild relative swW 8,14 + 2,42 (1-20) S
Sabalan T. aestivum spp. aestivum IWWIP WW 8,5 + 1,43 (4-17) HS
92.001E7.32.5 T aesnvunéiepfl‘("gitgg; (positive sw | 875+3,90(2-20) HS
1D800994.W/VEE/3/
CHEN/AE.SQUAR-RO- T. aestivum spp. aestivum IWWIP ww 9 + 3,79 (0-28) HS
SA(TAUS)//BCN
PYN/BAU T. aestivum spp. aestivam IWWIP ww 9+ 2,05 (2-18) HS
Gun T. aestivum spp. aestivum ww 9+2,67 (1-22) HS
Boema T. aestivum spp. aestivum IWWIP wWwW 9,14 £ 2,59 (3-17) HS
VM272 T aestlvur(l;lhsepc Il’(' faoer Stcl::;l (positive sw | 9,14 +2,70 (1-21) HS
Mizrak T. aestivum spp. aestivum ww | 9,43 +2,19 (4-18) HS
T. dicoccoides-6 Wild relative sw 9,57 + 2,40 (1-18) HS
Demir T. aestivum spp. aestivum wwW 9,57 £2,19 (0-18) HS
Tiirkmen T. aestivum spp. aestivum wWwW 9,71 + 2,33 (3-21) HS
T. dicoccoides-8 Wild relative sw 10,43 +2,93 (2-20) HS
Atli T. aestivum spp. aestivum ww | 10,86 + 1,50 (5-17) HS
TAM200 T. aestivum spp. aestivam IWWIP ww | 11,86 + 2,81 (4-27) HS
AUS4930 5.3/Spear DH#43 | T. aestivum spp. aestivum (introduced) sW 11,86 + 1,84 (8-22) HS
AUS 493053 / Spear T. aestivum spp. aestivum (introduced) sw 12,13 +2,22 (4-22) HS
Lamar-R32 T. aestivum spp. aestivam IWWIP ww | 12,29 +3,54 (1-27) HS
Karlygash T. aestivum spp. aestivam IWWIP ww | 12,57 + 3,26 (4-27) HS
Menceki T. aestivum spp. aestivum ww 13 +2,18 (6-24) HS
Long Yuan 994 T. aestivum spp. astivum IWWIP ww | 16,14 + 3,95 (2-33) HS

'Mean number of cysts/plant + SE (range) “Resistance reaction: R=resistant, MR=moderately resistant, MS=moder-
ately susceptible, S=susceptible, HS=highly susceptible)




of all populations found in Turkey and resistance genetics against H. filipjevi
will improve the breeding studies for development of resistant cultivars.
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SUMMARY

Spring wheat (39 cultivars) and spring barley (46 cultivars) were evaluated for
resistance and tolerance to Heterodera avenae (CCN) over a 2-year period.
Replicated plots consisted of two 9-m-long plant rows. Paired plots of indi-
vidual cultivars were either treated with aldicarb (banded in seed rows during
planting) or left untreated. During plant anthesis, roots of plants were evaluat-
ed for numbers of swollen white females. A plot combine was used to measure
grain yields and the difference of yield in treated versus control plots was used
to determine relative rates of tolerance. Aldicarb reduced the number of white
females on individual plants as much as 93% in wheat and 96% in barley. Al-
dicarb treatment improved grain yields as much as 77% in wheat and 52% in
barley. Several cultivars of wheat and barley were notable in having acceptably
balanced levels of both resistance and tolerance. Other cultivars were noted for
having a high level of either resistance or tolerance, but not both.

INTRODUCTION

The cereal cyst nematode Heterodera avenae Woll., 1924 reduces yields of
wheat and barley in localized regions of the Pacific Northwest USA (Smi-

*  Smiley RW, Marshall, JM (2015) Resistance and tolerance of spring wheat and barley to Heterodera avenae in
the USA. In ‘Nematodes of Small Grain Cereals: current status and research’ (AA Dababat, H Muminjanov
and RW Smiley) pp. 265-274. (FAO: Ankara, Turkey).
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ley 2009). Extended rotational intervals between susceptible cereal crops are
seldom profitable in this region. Cereals are therefore usually produced as i)
2-year monocultures of wheat alternated with non-planted fallow, ii) 2-year
rotations of wheat with a non-host such as potato, pulse or brassica species, or
iii) 3-year rotations of winter wheat, spring wheat or spring barley, and either
a fallow or a broadleaf non-host.

Adequate management of cereal cyst nematodes in short rotations requires
the production of cultivars that express both resistance and tolerance (Cook
and Evans 1987). Resistance suppresses or prevents reproduction of the nem-
atode, thereby reducing the density of inoculum available for invading roots
of the next-planted cereal crop. Tolerant cultivars are characterized as having
an ability to withstand or recover from nematode invasion and to yield well
in comparison with non-invaded plants. Roots of both resistant and tolerant
cultivars are initially invaded by 2"-stage juveniles of H. avenae, which may
then cause an intolerant reaction before the resistance trait becomes expressed
in resistant cultivars. This contributes to the inability of some resistant culti-
vars to produce grain yields that are competitive with more susceptible culti-
vars. Growers are often reluctant to plant resistant but intolerant cultivars that
produce yields that are lower than some susceptible cultivars that are more
tolerant. Cultivars with both resistance and tolerance are therefore required for
optimal yield performance in existing plantings as well as reducing the level
of disease risk to subsequent plantings of intolerant cultivars. We were not
aware of any commercial North American wheat or barley cultivars that were
resistant as well as tolerant of H. avenae. The objective of this research was to
evaluate spring wheat and spring barley cultivars to determine if this dual re-
sistant-plus-tolerant trait could be identified.

METHODS

Details of these experiments will be published in Marshall and Smiley (2015)
and Smiley and Marshall (2016). Briefly, we evaluated 39 spring wheat culti-
vars and 45 spring barley cultivars in naturally-infested fields near St. Anthony,
Idaho (latitude 43.922N, longitude -111.638W) during each of two years (2013
and 2014). The continental climate is semi-arid (352 mm annual precipitation)
with cold winters and warm, dry summers. The soil is a gravelly sandy loam
and supplemental water was applied to each field by sprinkler irrigation. The
trials were performed during the spring grain cycle of a 2-year rotation of po-
tato and a spring cereal. Seed was planted soon after the soil thawed following



the winter freeze. Fields were cultivated by disking after the potato harvest.
Pre-plant density of H. avenae was determined at the time of planting.

Five experimental blocks were planted during April each year; i) 15 soft white
spring wheats, ii) 18 hard red plus six hard white spring wheats, iii) 16 2-row
feed barleys, iv) 19 2-row malting barleys, and v) four 6-row feed plus six 6-row
malt barleys. Each block consisted of four replicates of each cultivar planted
into split plots. Each plot consisted of two adjacent 9-m-long drill rows. Cul-
tivars were randomized within each replicate and each cultivar was split as an
adjacent nematicide-treated (Temik 15G, 4.2 kg of aldicarb/ha) and a control
plot. Aldicarb was banded with the seed into two rows on one side of the 4-row
seed drill. Untreated controls and aldicarb treatments therefore each consisted
of two rows to provide side-by-side comparisons of cultivar performance in
treated and untreated plots. Fertilizer was banded under all four seed rows at
the time of planting. Seed treated with fungicides (difenoconazole, mefenox-
am and ipconazole) and insecticide (thiamethoxam) was dispensed through
a cone-seeder. The primary objective of this research was to identify cultivars
that exhibited an acceptable balance among the resistance and tolerance traits
even if they did not exhibit the highest levels of either individual trait. Roots
were dug to a 15-cm depth at the time of plant anthesis. After washing, num-
bers of H. avenae swollen white females were counted on roots of five plants
per plot. Grain was harvested using a plot-size combine. Tolerance was charac-
terized as the percentage yield increase resulting from application of the nem-
aticide. Data grouped over two years were used to identify cultivars that were
balanced by being at least moderately resistant (<6 swollen females/plant) plus
moderately tolerant (<15% yield increase with nematicide).

RESULTS

Wheat: Initial density of H. avenae across the two wheat blocks during
2013 was 22,176 eggs plus juveniles/kg of soil. During 2014 the mean den-
sities for the two blocks were 11,880 eggs plus juveniles/kg of soil for soft
white wheat cultivars and 3,309/kg for hard red plus hard white wheat cul-
tivars. The mean number of white females was much higher on roots in the
control plots than in the nematicide-treated plots; 19 vs. 4 (HSD . = 5) for
soft wheats and 19 vs 1 (HSD, . = 8) for hard wheats. Cultivars differed
greatly in susceptibility to H. avenae, with numbers of newly produced
white H. avenae females ranging from <5 to 70 per plant. Aldicarb reduced
the number of white females as much as 93% on the most susceptible culti-
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var (Westbred 936) and increased grain yield as much as 77% for the least
tolerant cultivar (Cataldo). Two hard wheat cultivars exhibited an accept-
able balance of both resistance and tolerance; Klasic and WB Rockland
(Table 1). These cultivars also produced grain yields that were statistically
equivalent to the highest-yielding cultivar in their experimental block. The
hard red cultivar BWB9576 was also ranked as tolerant but it was moder-
ately susceptible. None of the soft white wheat cultivars met this dual-trait
criteria but two intolerant cultivars were ranked as resistant (08SB0658-B)
or moderately resistant (Cataldo). Cultivar 08SB0658-B was not consid-
ered both resistant and tolerant because the tolerance rating of 15.5 did not
strictly meet our maximum value of 15.0 to achieve that rating.

Barley: The initial density of H. avenae across the three barley blocks
during 2013 was 22,176 eggs plus juveniles/kg of soil. During 2014 the den-
sities for the three blocks were 3,516, 27,000 and 4,980 eggs plus juveniles/
kg of soil for 2-row feed, 2-row malt and 6-row barleys, respectively. Cul-
tivars differed greatly in susceptibility, with numbers of newly produced
white H. avenae females ranging from <1 to 93 per plant. Aldicarb reduced
the number of white females as much as 96% on the most susceptible cul-
tivar (ABI Voyager) and increased grain yield as much as 52% for the least
tolerant cultivar (B1202). Seven feed-type barley cultivars were ranked as
having a balance of being at least moderately resistant and moderately tol-
erant (Table 2). These cultivars included the 2-row barleys Champion, Le-
netah, Xena, Idagold II and Transit, and the 6-row barleys Millenium and
Goldeneye. No malting-type cultivar met this dual-trait criteria. The 2-row
malt barley Odyssey was the only cultivar that exhibited resistance but not
tolerance; it ranked as very resistant with a mean of <1 swollen female/
plant over the 2-year test period. This cultivar was not considered both
resistant and tolerant because the tolerance rating of 15.5 did not strictly
meet our maximum value of 15.0 to achieve that rating. Four cultivars also
limited reproduction of H. avenae and were ranked as moderately resistant,
including the feed barleys CDC Fibar and Steptoe, and the malt barleys
Legacy and Tradition, with means of 4.4, 5.3, 3.8 and 5.6 swollen females/
plant, respectively. Eighteen barley cultivars (five 2-row feed types, ten
2-row malt types, one 6-row feed type, and two 6-row malt types) were
ranked as being tolerant or very tolerant, but not resistant or moderately
resistant. Overall, 69% of the barley cultivars in these trials (31 of 45 en-
tries) were at least moderately tolerant to H. avenae.



Nematodes of Small Grain Cereals. Current status and research

Table 1. Spring wheat tolerance and resistance to Heterodera avenae

Market class and White Resistance Yield Tolerance MR +
cultivar females' rating’ increase’ rating* MT5
Soft white
085SB0658-B 2.6 R 15.5 MI
11SB0096 16.1 S 24.1 MI
Alpowa 8.9 MS 7.1 T
Alturas 25.0 S 16.1 MI
Babe 15.7 S 20.4 MI
Cataldo 5.2 MR 39.1 I
IDO 851 26.6 VS 18.0 MI
IDO 852 10.6 MS 17.8 MI
IDO 854 23.0 S 27.9 MI
Penawawa 21.7 S 17.0 MI
UI Petit 19.7 S 17.7 MI
UI Stone 11.1 MS 18.7 MI
WA 8162 26.6 VS 17.2 MI
WB6121 20.5 S 11.6 MT
WBexp-125 289 VS 14.5 MT
Hard red
Alzada 214 S 12.5 MT
Bullseye 242 S 16.6 MI
BWB9576 7.8 MS 5.8 T
Cabernet 15.2 S 21.7 MI
Choteau 11.9 MS 18.3 MI
Glee 12.4 S 16.9 MI
IDO 649C 8.9 MS 20.7 MI
IDO1202S 18.3 S 27.6 MI
IDO862E 23.9 S 25.0 MI
IDO862T 15.2 S 16.1 MI
Jefferson 7.7 MS 38.7 I
Kelse 13.0 S 18.3 MI
SY 40240R 24.7 S 23.8 MI
UI Winchester 19.3 S 19.7 MI
Volt 31.2 VS 35.4 1
WB Rockland 1.5 R 14.5 MT X
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WB9229 10.4 MS 26.6 MI
Westbred 936 60.8 VS 41.9 I
Hard white
Blanca Grande 20.8 S 10.4 MT
Dayn 7.5 MS 14.3 MT
Klasic 44 MR 15.0 MT X
Snow Crest 26.0 VS 23.7 MI
WB-Idamax 16.2 S 22.4 MI
WB-Paloma 26.2 VS 25.8 MI

"Number of H. avenae white females produced per plant in the control (no-nematicide) treatment.
*Cultivars were very resistant (VR; <1 swollen female/plant), resistant (R; 1.1-3), moderately re-
sistant (MR; 3.1-6), mod. susceptible (MS; 6.1-12), susceptible (S; 12.1-25), or very susceptible
(VS; >25). *Percentage increase in grain yield due to application of nematicide. ‘Cultivars were
very tolerant (VT; <5% yield increase), tolerant (T; 5-10%), moderately tolerant (MT; 10-15%),
mod. intolerant (MI; 15-30%), intolerant (I; 30-50%), or very intolerant (VI; >50%). > Moderately
resistant (<6% swollen females/plant) plus moderately tolerant (<15% yield increase).

DISCUSSION

Our results supported the generally accepted understanding that there is a
comparatively higher level of tolerance among spring barley than spring wheat
cultivars (Smiley and Nicol 2009). An increasing order of yield damage caused
by H. avenae on rye and winter barley, spring barley, winter wheat, spring
wheat, winter oats and spring oats has been reported (Andersson 1982, Fisher
1982). This research also supports the prediction (O’Brien and Fisher 1977)
that a combination of resistance and tolerance is more likely to be achieved
in barley than in wheat or oats because barley is generally more tolerant of H.
avenae than the other two crop species.

We ranked nine of 39 wheat entries (23%) as tolerant (2 entries) or moderately
tolerant (7 entries) and no entries as very tolerant. We also ranked two wheat
entries as resistant and two as moderately resistant. A balance of agronomical-
ly acceptable resistance plus tolerance occurred in only one cultivar of hard red
wheat (WB Rockland) and one cultivar of hard white wheat (Klasic). Similar
results were reported earlier for WB Rockland (Smiley et al. 2013). We were
unsuccessful in identifying these dual traits in the 15 soft white wheat cultivars
we examined.



We ranked 69% of the 45 barley entries as very tolerant, tolerant or mod-
erately tolerant; 11, 11 and 9 entries, respectively. We also ranked 12 barley
entries as very resistant, resistant or moderately resistant; 10, 1 and 1 en-
try, respectively. A balance of agronomically acceptable resistance plus tol-
erance occurred in seven feed barleys (five 2-row and two 6-row types) but
not in any malt barleys. However, one malt type (Odyssey) nearly met this
dual-trait criterion, in that it was very resistant and nearly moderately tol-
erant. Neither the resistant cultivars nor the tolerant cultivars were always
the highest-yielding cultivars in each trial. However, the long-term goals of
producing a dual-trait cultivar are to simultaneously minimize the potential
yield suppression caused by the nematode in the current crop and, at the
same time, reduce the post-harvest density of eggs to decrease the level of
disease risk for the next host crop that will be planted in that field. Six of the
seven cultivars with balanced levels of resistance and tolerance (Xena, Cham-
pion, Goldeneye, Idagold II, Millenium and Lenetah) produced grain yields
in control plots that did not differ significantly from the highest yielding cul-
tivar in the experiment during either year. However, when compared to the
highest-yielding cultivars in the 2-row feed barley trial, the cultivar Transit
was categorized as resistant and tolerant but produced low yields each year.
Transit, Julie, CDC Fibar, and CDC McGwire are hulless high 3-glucan cul-
tivars developed for human food, not as a feed barley which are hulled. Like-
wise, each of the four cultivars that were rated as susceptible but moderately
resistant (CDC Fibar, Legacy, Steptoe and Tradition) were not consistently
among the highest-yielding cultivars within each of their experiments. Of
the 18 cultivars that were rated as very tolerant or tolerant but not resistant,
seven yielded among the top-ranked within their experiments both years, in-
cluding the 2-row feed-types Baronesse, RWA 1758, Tetonia and Vespa,

the 2-row malt-types 2AB04-X001084-27 and 2Ab07-X031098-31, and the
6-row feed-type Herald.

These experiments contributed new information regarding relative tolerances
of North American spring wheat and spring barley cultivars to H. avenae. This
research was conducted in Idaho but it should also be applicable to H. av-
enae-infested fields elsewhere in the PNW because we previously determined
that wheat cultivars responded equally to H. avenae populations in Idaho, Or-
egon and Washington (Smiley et al. 2011, 2013). It is anticipated that small
grain cultivars that are both resistant and tolerant to H. avenae will become
more profitable than cultivars that are susceptible and intolerant when planted
into fields infested with H. avenae.
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Table 2. Spring barley tolerance and resistance to Heterodera avenae

Market class White Resistance Yield Tolerance MR +
and cultivar females1 rating2 increase3 rating4 MT5
2-row feed barley
Julie 6.2 MS 1.5 VT
RWA 1758 6.3 MS 4.7 VT
Tetonia 13.1 S 4.6 VT
Vespa 10.1 MS 3.0 VT
Baronesse 6.2 MS 8.7 T
Champion 5.9 MR 7.2 T
Lenetah 2.6 R 9.8 T
Xena 3.4 MR 5.4 T
08ID2661 7.1 MS 12.4 MT
CDC McGwire 8.6 MS 11.8 MT
Idagold IT 4.5 MR 10.6 MT X
Spaulding 14.5 S 12.1 MT
Transit 4.5 MR 10.5 MT X
08ID1549 6.3 MS 16.1 MI
CDC Fibar (hull-less) 44 MR 18.2 MI
Clearwater 7.3 MS 23.1 MI
2-row malt barley
2Ab04-X001084-27 21.5 N 3.0 VT
2B05-0811 (B0811) 12.2 S 1.5 VT
Copeland 19.4 S 44 vT
Merit 15.3 S 3.8 VT
Merem 11.8 MS 5.6 T
2Ab07-X031098-31 11.4 MS 5.7 T
LCS1820 7.9 MS 8.9 T
Merit 57 26.4 VS 6.5 T
Overture 17.1 S 9.1 T
Pinnacle 19.1 S 6.9 T
Genie 33.6 Al 10.7 MT
Harrington 20.8 N 10.3 MT
Meredith 13.8 S 13.6 MT
ABI Voyager 38.6 \'S 19.0 MI
Conrad 9.8 MS 16.8 MI
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Hockett 24.1 N 16.6 MI
Metcalf 16.5 S 16.8 MI
Odyssey 0.9 VR 15.5 MI
B1202 23.8 S 30.2 I
6-row feed barley
Millenium 5.0 MR 2.6 VT X
Herald 10.5 MS 5.6 T
Goldeneye 5.5 MR 13.8 MT X
Steptoe 5.3 MR 17.2 MI
6-row malt barley
01Ab9663 7.8 MS 0.8 VT
Quest 6.4 MS 3.0 VT
Legacy 3.8 MR 27.2 MI
Morex 10.2 MS 17.6 MI
Tradition 5.6 MR 20.8 MI
Celebration 6.4 MS 30.5 I

1-5 See descriptions of footnotes on Table 1.
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SUMMARY

The cereal cyst nematode (Heterodera avenae Woll., 1924) is a very destructive
pathogen to wheat production in Saudi Arabia since 1987. The most affected
area is Hail region which is located in the north of the Kingdom. Thus, we
selected a large wheat-producing farm in a major agricultural company lo-
cated in this region to be our case study. The farm has a wheat-cultivated area
comprised of 110-130 pivots (72 ha each). H. avenae was detected in some
pivots of the farm in 1990, and rapidly spread to the other pivots. From 1992
and upward, a granular carbamate nematicide was used by the company as a
pre-plant treatment every year. In 2005, this nematicide alone became unable
to solve the problem, and the average wheat yield in the farm has dropped
from 7.5 tons/ha to 2.5 tons/ha in some pivots. We used a specific kit test to
determine the stability period of the nematicide in the soil. Results of this test
proved that the repeated use of the nematicide has enabled the soil microor-
ganisms to break-down the nematicide very rapidly. So, we started a manage-
ment program to manage H. avenae on the farm from 2005 to 2010. The pro-
gram included both short- and long-term strategies. The short-term strategy
included the application of a foliar spray nematicide (oxamyl 24% @ 6 1/ha, on
two applications). The long-term strategy included; sanitation, crop rotation

*  Dawabah AAM, Al-Hazmi AS, Al-Yahya FA (2015) Management of cereal cyst nematode (Heterod-
era avenae) in a large scale wheat production. In ‘Nematodes of Small Grain Cereals: current status
and research’ (AA Dababat, H Muminjanov and RW Smiley) pp. 277-284. (FAO: Ankara, Turkey).
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with alfalfa, cultural practices and the application of a herbicide to control the
alternative weed hosts (Hordeum murinum L. and Lolium multiflorum Lam).
All treatments greatly increased wheat growth and productivity which are
back again to the normal average (7-8 tons/ha). Crop rotation with alfalfa was
superior in increasing wheat growth and grain yield, and decreasing H. avenae
populations in soil.

Key words: Crop rotation, management, nematicides, nematode, Saudi Ara-
bia, Triticum aestivum.

INTRODUCTION

The cereal cyst nematode, Heterodera avenae Woll. 1924, is one of the most dan-
gerous plant pathogens attacking wheat worldwide (Rivoal and Cook 1993, Smi-
ley and Nicol 2009, Dababat et al. 2015). Losses of wheat yield caused by this
nematode can be enormous when they occur in a disease complex, especially in
the arid and semi-arid environments, where heat and water stresses are signifi-
cantly high (Dababat et al. 2015). In Saudi Arabia, the nematode was first report-
ed from a wheat field in the Al-Gassim region in 1987 (Youssif 1987). Since then,
it has been increasingly spreading in the wheat and barley fields in the Kingdom
(Al-Hazmi et al. 1994, Dawabah and Al-Hazmi 2007, Al-Hazmi and Dawabah
2009). Under the field conditions of Saudi Arabia, H. avenae-caused wheat yield
losses reached up to 92% in some heavily-infested sites in a wheat field at Al-
Kharj, Riyadh region (Ibrahim et al. 1999). As the yield losses increased, the
problem became national. In 2003, the Saudi Agricultural Bank and the Ministry
of Agriculture decided to cooperate with the wheat growers in scheduling their
debts and solving the problem (Al-Hazmi and Dawabah 2009). The Saudi pop-
ulations of H. avenae have been identified, based on morphological and molec-
ular basis (Al-Hazmi et al. 1994, Al-Rehiayani 2007, Dawabah et al. 2012). The
pathotype of the nematode was also identified as to be very close to the European
pathotype Ha21 (Al-Hazmi et al. 2001).

Heterodera avenae can be effectively managed by resistant cultivars, crop rota-
tion and/or the use of nematicides. Other management strategies include; bio-
logical control agents, physical measures and cultural practices such as quaran-
tine, sanitation, bare fallowing, weed control, organic and inorganic fertilizers,
and others (Al-Hazmi and Dawabah 2009, 2014, Dababat et al. 2015).



When the nematode populations in the soil are too high, and the other man-
agement approaches are inadequate, the chemical control strategies would be
of great necessity to bring the H. avenae populations below the damage thresh-
old levels (Hague and Gowen 1987). Crop rotation with non-cereal crops is
also a very effective and rapid method to reduce H. avenae populations in the
soil (Brown 1984). Under bare fallowing, H. avenae populations can decline
by 70-80% annually through spontaneous hatching and mortality of the sec-
ond-stage juveniles (],s) due to starvation (Barker et al. 1998, Singh et al. 2009,
Smiley et al. 1994).

Since the eradication of H. avenae from soil is nearly impossible, it is very
important to minimize the transmission of soil from infested to non-infest-
ed fields. The soil containing viable eggs and larvae can be transmitted to
non-infested areas through its adhering to the agricultural equipment, vehi-
cles wheels, animals, humans (boots), and plant propagative materials such as
roots and tubers growing in H. avenae-infested soil (Dawabah and Al-Hazmi
2007, Smiley 2005). Cysts with viable eggs can be also carried from infested
fields by dust blowing and water moving either by erosion or in return ditches
at the discharge end of flood-irrigated fields (Smiley and Yan 2010).

The aim of this study was to determine and suggest an integrated management
strategy to manage H. avenae in a large wheat producing farm under the con-
ditions of the arid environment in Saudi Arabia.

MATERIALS AND METHODS

Soil samples were collected from fields naturally-infested by H. avenae in a
large agricultural farm in the Hail region, Saudi Arabia in the 2005 growing
season. Samples were collected from those fields that have the relatively high-
est nematode infestation (= 142 eggs + ],/g of soil), and minimal wheat yield
(2.5 tons/ha). A total of 50 random samples were collected from each field (72
ha). Nematodes were extracted using sieving and floatation methods (Shep-
herd 1986), and identified on the basis of morphometrics and morphological
features of nematodes and vulval cone structures (Handoo 2002). Cysts were
then crushed, and eggs and second-stage juveniles (] s) were counted and ex-
pressed as number of eggs + ] /g of soil.

A three-year field experiment was initiated in the 2005 growing season to
determine the effect of five different treatments on the H. avenae population
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density in soil and wheat grain yield. The experiment was conducted in a com-
pletely randomized design with three replicates. Each replicate included a 72
ha field. The treatments included: 1) cultivation of alfalfa for two consecutive
years (2005 & 2006 as a crop rotation) then wheat cv. “Yecora Rojo” in 2007,
2) bare fallow for two consecutive years (2005 & 2006) then wheat in 2007, 3)
cultivation of wheat and the use of oxamyl 24% as a foliar application @ 6 1/
ha on two split equal doses (at three and seven weeks after wheat seedlings’
emergence) every year (from 2005-2007), 4) cultivation of wheat with no nem-
atode control treatment (as a nematode control treatment), and 5) cultivation
of wheat in non-infested fields (as a healthy control treatment). All treatments
(fields) received the recommended fertilizers (NPK) as needed plus the san-
itation protocol precautions (cleaning the agricultural equipment, vehicles
wheels, laborer’s boots, etc.). One month before harvest, soil and root samples
were collected as aforementioned to determine the final nematode population.
Grain yield (tons/ha) was also recorded after harvest.

The nematode management protocols including the short- (nematicides) and
long-term strategies (crop rotation, sanitation, herbicide application and the
cultural procedures) started from the 2008 until the 2010 growing seasons.
These protocols were applied in 10 fields as a trial to be applied in all the farm
fields thereafter. The protocols included:

1. A two year crop rotation with alfalfa (2006 & 2007).

2. Wheat + sanitation + herbicide + NPK (2008).

3. Wheat + sanitation + oxamyl 24% @ 6 l/ha on two split equal doses (at
three and seven weeks after wheat seedlings’ emergence) + herbicide +
NPK (for two years; 2009 and 2010).

At the end of each growing season, from 2008-2010, soil and root samples were
collected one month before harvest to determine the final nematode popula-
tion. Grain yield (tons/ha) was also recorded after harvest. Data were subjected
to the analysis of variance (ANOVA) using SAS (2013).

RESULTS AND DISCUSSION

After two consecutive years of alfalfa cultivation (crop rotation) and bare fallow-
ing, numbers of H. avenae eggs + ] s were greatly reduced in the soil, leading to
a great increase in wheat grain yield in the 2007 growing season, compared to
the nematode control treatment. Foliar application with oxamyl also reduced
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Figure 1. The effect of crop rotation with alfalfa, bare fallowing, oxamyl 24% @ 6 1/ha on the number of H. avenae
population (eggs +J,/g soil) in the soil

Grain Yield (tons / ha)
O R N WPH UL N OO

002005
i & 2006
i W 2007
@ o N S >
@ »° +fz§° Q/'z?& ?5—’;&
v & S & &
P Y &

Figure 2. The effect of crop rotation with alfalfa, bare fallowing, oxamyl 24% @ 6 1/ha on the grain yield of wheat cv.
“Yecora Rojo”
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Figure 3. The effect of integrated management protocols on the number of H. avenae population (eggs + J,/g soil) in
the soil
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Figure 4. The effect of integrated management protocols on the grain yield of wheat cv. “Yecora Rojo”

the nematode population in the soil and increased the wheat grain yield (Figs.
1 & 2). However crop rotation with alfalfa was the most effective among all the
studied treatments in reducing H. avenae population in soil and increasing the
wheat grain yield. It is well-known tha t crop rotation with non-cereal crops is
a very effective method in reducing H. avenae populations in the soil (Brown
1984, Al-Hazmi and Dawabah 2009, Dababat et al. 2015). Besides, alfalfa like all
the leguminous crops has the ability to increase the soil nitrogen content which
enhances the vegetative growth and grain yield of wheat plants. Bare fallowing
has also a good potential to reduce H. avenae populations in soil (Smiley et al.
1994, Barker et al. 1998, Singh et al. 2009).

Under the management protocols in this study, the nematode population den-
sities (eggs + J,/g of soil) have greatly declined after the two-year crop rotation
with alfalfa in 2006 and 2007 (Fig. 3), confirming the findings of the first experi-
ments and also the findings of some previous work (Brown 1984, Al-Hazmi and
Dawabah 2009, Dababat et al. 2015). But, these populations, again, gradually
increased from 2008-2010, even though they didn't reach the same levels before
crop rotation. However, wheat grain yield gradually decreased from 8.1 to 7.2
tons/ha during the 2008-2010 growing seasons (Fig. 4). Thus, we suggested that
the fields be returned to the crop rotation or bare fallowing in 2011.

In conclusion, and due to the desire of the Saudi wheat growers who do not
prefer to leave their fields under the bare fallowing, we suggested the following
management protocols to manage the H. avenae problem in the Saudi fields:

1. Crop rotation with alfalfa for two years.
2. Growing a susceptible wheat cultivar + sanitation procedures + herbicide
+ NPK in the third year.



Growing a susceptible wheat cultivar + sanitation procedures + nematicide
(liquid or granules) + herbicide + NPK in the fourth and fifth years.

Repeating the previous protocols, taking in consideration the chemical rota-
tion of the nematicides, so that the nematicides used remain always effective.
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SUMMARY

The internationally increasing awareness of the hazards of the use of pesticides
has already resulted in improving non-chemical based management strategy.
This development requires applying integration of several control methods
with the general aim to keep nematode populations below a damage threshold.
In integrated pest management (IPM) systems, biological control is consid-
ered to have a great role in pest and disease regulation. This approach relies on
the presence of self-regulating processes in microbial communities in nature.
These processes often might be facilitated by antagonistically interacting mi-
croorganisms. In biological control, these antagonistic microorganisms can be
exploited for combating agricultural pests and diseases.

The most economically important cereal cyst nematode (CCNs) species, in-
cluding Heterodera avenae, H. filipjevi and H. latipons, are distributed world-
wide. CCNs attack all major cereals and can lead to significant yield reductions,

*  Ashrafi S, Dababat AA, Maier W (2015) Towards harbouring the diversity of micro-organisms associated with
eggs and cysts of cereal cyst nematodes for biological control. In ‘Nematodes of Small Grain Cereals: current
status and research’ (AA Dababat, H Muminjanov and RW Smiley) pp. 285-288. (FAO: Ankara, Turkey).
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especially in semi-arid climates. Despite the fact that mostly mixed popula-
tions of CCNs are reported from intensive cereal culturing systems, certain
species seem to be dominant regionally leading to biogeographical patterns.
In Turkey for example, H. filipjevi is the dominant CCN species in the Central
Anatolian Plateau region.

Field observations on the experimental fields of CIMMYT in Turkey revealed
a sharp decline of final nematode population of H. filipjevi. This sharp reduc-
tion of nematode populations was observed in intensive wheat mono cultures.
Microscopic observations of cysts of the final nematode populations frequent-
ly demonstrated the presence of fungal structures, mostly in young gravid fe-
males of H. filipjevi. We thus hypothesised that the observed fungal structures
or other microorganisms, like bacteria, might have played an important role
in the reduction of the nematode population. Therefore, the present study
was conducted to 1) isolate and identify microorganisms that potentially lead
to soil suppressiveness against H. filipjevi in the experimental wheat fields of
CIMMYT in Turkey, 2) evaluate the potential biocontrol impacts of the nema-
tode-associated fungal and bacterial isolates, and 3) establish a focused screen-
ing system for nematode-parasitic fungi in nematode-suppressive soils.

In the first screening, 100 fungal and 63 bacterial isolates were obtained from
the H. filipjevi cysts or wheat roots. The first screening was considered as a
‘general screening’ during which the gravid females and cysts were randomly
cultured to isolate nematode antagonistic fungi or bacteria. The roots of wheat
were also sampled to isolate potentially present fungal and bacterial endo-
phytes. The biocontrol potential of fungal and bacterial isolates was evaluated
against H. filipjevi under controlled conditions in a growth chamber. All fun-
gal isolates were identified using light microscopy and molecular phylogenet-
ic analyses. The most frequently isolated fungi were Fusarium spp., Pochonia
chlamydosporia, Acremonium spp. and Paecilomyces spp. Most of the fungal
isolates (88%) obtained from wheat roots were identified as Fusarium species
while P. chlamydosporia was the most frequently isolated fungal species (21%)
from nematode cysts. Of the fungal isolates tested against the nematode, 10
isolates including P. chlamydosporia (4), Paecilomyces fumosoroseus (2), A. per-
sicinum (3), Gliomastix murorum (1) and Fusarium acuminatum (1) showed
the strongest biocontrol activity and reduced the nematode populations by a
maximum of 50%. The first three species belong to the ascomycetous family of
the Clavicipitaceae that are especially well-known as invertebrate pathogens.
Of the bacterial isolates evaluated against H. filipjevi, the 10 isolates showing



highest biocontrol potential were selected and molecularly identified. Of these,
nine isolates were identified as Bacillus spp., mostly belonging to the B. cereus
group, and one species belonged to the genus Enterobacter. The antagonistic
in vivo screening of bacterial isolates against H. filipjevi reduced the nematode
population by a maximum of 30%.

In further screenings here coined as focused screening, eggs that seemed to
be infected by fungi were scrutinised. Egg infection was determined by the
presence of fungal structures colonising the eggs. Fifty fungal isolates were ob-
tained from the infected eggs of field-collected cyst samples. Molecular char-
acterisation of newly isolated fungi indicated a wide variety of ascomyceteous
species including representatives of the genera Embellisia, Ophiosphaerella,
Pleospora, Periconia, Ilyonectria, Arthrobotrys, Lecanicillium, Pochonia and a
few potentially so-far undescribed fungal isolates belonging to the Hypoce-
rales, Helotiales and Pleosporales. While some of these fungi have been pre-
viously reported as endophytes, some others are known for insecticidal and
nematicidal activities. The presence of some of these isolates in single infected
eggs was repeatedly demonstrated using culture-dependent and independent
(DNA-based) methods. The results showed a high diversity of fungal species
that are associated with H. filipjevi and suggest that the nematode cysts and
eggs constitute a rich source of nematode-parasitic fungi that could potentially
be assessed for biocontrol of cereal cyst nematodes.

287






Nematodes of Small Grain Cereals. Current status and research

THE CEREAL CYST NEMATODES,
HETERODERA AVENAE WOLLENWEBER
IN TURKEY: LONG TERM RESEARCH WITH
REGIONAL IMPLICATIONS

I. HALIL ELEKCIOGLU', MUSTAFA IMREN?>*,
HALIL TOKTAY?, REFIK BOZBUGAY ECE B. KASAPOGLU!,
ATILLA OCALS, AND ABDELFATTAH A. DABABAT®

'Cukurova University, Faculty of Agriculture, Department of Plant Protection,
Adana, Turkey. ?University of Abant Izzet Baysal, Faculty of Agriculture and
Natural Sciences, Department of Plant Protection, Bolu, Turkey. *University
of Nigde, Faculty of Agricultural Sciences and Technologies, Department of
Plant Production and Technology, Nigde, Turkey. ‘Biological Research Insti-
tute, Adana, Turkey. *Bat1 Akdeniz Agricultural Research Institute, Murat-
pasa, Antalya- Turkey. “CIMMYT Global Wheat Program, Ankara-Turkey.
*Corresponding author email: mustafaimren@ibu.edu.tr

SUMMARY

Cereal cyst nematodes (CCNs), the Heterodera avenae group, are the most
common pathogens to limit wheat production in many countries and cause se-
rious economic damage in cereal crops worldwide, especially in temperate re-
gions. This paper aimed to study CCNs to determine occurrence, distribution
and frequency of CCNs in cereal fields of the South East and Eastern Mediter-
ranean Regions, to investigate some biological features (hatching, inoculation
time and rate) of H. avenae under laboratory condition, to identify the patho-
type of H. avenae in Eastern Mediterranean Region by using the international
host differential test materials, to screen some wheat varieties (international,

*  Elek¢ioglu [H, imren M, Toktay H, Bozbuga R, Kasapoglu EB, Ocal A, Dababat AA (2015) The cereal
cyst nematodes, Heterodera avenae Wollenweber in Turkey: Long term research with regional implica-
tions. In ‘Nematodes of Small Grain Cereals: current status and research’ (AA Dababat, H Muminjanov
and RW Smiley) pp. 289-305. (FAO: Ankara, Turkey).
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national wheat and wild wheat relatives) against H. avenae and to estimate
yield loss from H. avenae under field conditions. Results showed that 52% of
the investigated wheat fields of the Eastern Mediterranean and South-Eastern
Anatolia Regions were infested by CCNs. Three important species of this ge-
nus, H. avenae (Wollenweber), H. latipons (Franklin) and H. filipjevi Madzhi-
dov (Stone) were identified and the infestation rates were found to be 51%,
40% and 9%, respectively. The pathotype of H. avenae was adequately char-
acterized as pathotype Ha21 by indexing plants of the current International
Test Assortment. It was also determined that sandy soil was the most proper
soil type for H. avenae reproduction. The most appropriate inoculum number
was 2.5 J2/ g of soil. The best inoculation time was the day seed was planted.
The most suitable hatching condition of J2 was by pre-incubating cysts for
two months at +4°C and then incubating them for 191 to 221 days at 10°C.
Additionally, the resistance gene, Crel, did not show complete effectiveness
against H. avenae. The local varieties, Adana-99, Sorgiil, Sirnak, Sogol Acirly,
and some wild wheat forms, were determined as moderately resistant. It was
determined that the average yield losses caused by H. avenae varied between
4.36% and 25.7% depending on wheat varieties and field conditions.

Keywords: Cereal Cyst nematodes, identification, pathotype, resistance, yield
loss

INTRODUCTION

Cereal cyst nematode (CCN), the Heterodera avenae group, have a global dis-
tribution and cause significant economic yield losses in many countries of
the world, particularly where cereals are produced under rainfed conditions
(Nicol 2002). The H. avenae group contains at least 12 species that mostly in-
vade cereals and grasses. H. avenae, H. filipjevi and H. latipons are recognized
as the most economically important species in West Asia, North Africa and
Mediterranean countries (Nicol 2002, Tanha Maafi et al. 2003). CCN has sev-
eral species and pathotypes and is found predominately on temperate cereals
(Nicol & Rivoal 2008). Documented yield loss of CCN species have been re-
viewed by Nicol (2002), ranging from 15 to 20% on wheat in Pakistan, 40 to
92% on wheat and 17 to 77% on barley in Saudi Arabia, and 20% on barley and
23 to 50% on wheat in Australia.

Turkey is the one of the biggest wheat producers in the world, with 20 million
tons produced in an area of 9.4 million ha (Turkish Statistical Institute 2012).
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The CCN is the most important pathogen of wheat and other cereals in Turkey
and has adverse effect on the quality and production of wheat. Three species
of cyst-forming nematodes belonging to the H. avenae group were identified
from cereal fields in Turkey, with H. filipjevi, H. avenae and H. latipons de-
creasing in prevalence in that order (Sahin 2010, Imren ef al. 2012a, Dababat
et al. 2014, 2015).

In this review, the summarised results are given from studies conducted on: i)
the identification and distribution of Heterodera species in the Eastern Med-
iterranean and South-Eastern Anatolia Regions; ii) economic importance
and improving our understanding of the some biological parameters such as
hatching of H avenae; iii) identification of H. avenae pathotypes using the In-
ternational Test Assortment; iv) estimating yield losses caused by H. avenae;
and v) screening known sources of resistance against H. avenae.

SURVEY STUDIES

Seven hundred eleven soil samples were collected from ten provinces of the
Eastern Mediterranean and South-Eastern Anatolia Regions during the four-
year sampling period; 2009 - 2012. Soil samples were taken every year during
May and June. Heterodera cysts were found in 52% of soil samples (Table 1).

Cereal cyst nematode species were identified on the basis of the vulval sections
and second-stage juvenile morphometrics and morphological characters (Sub-
botin et al. 1999, Handoo 2002) and were identified as H. avenae, H. latipons
and H. filipjevi (Fig. 1) (Imren et al. 2012a).

Figure 1. Cyst vulval cone patterns of three Heterodera species in the H. avenae group; H. avenae (left), H. filipjevi
(center), H. latipons (right).
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Table 1. Infestation rate of cereal cyst nematodes in wheat fields in the Eastern Mediterranean and South-Eastern
Anatolia regions (Imren 2013)

Province Total samples Infested samples Infestation rate (%)

Gaziantep 127 79 62
Kilis 124 71 57
Sanlurfa 86 55 63
Diyarbakir 46 19 41
Mardin 85 41 48
Hatay 113 42 37

Adana 40 21 52,5

Osmaniye 22 9 40,9
K.Maras 48 25 52
Sirnak 20 9 45
Total 711 371 52

Morphological and molecular results revealed that the frequencies of detection
for H. avenae, H. latipons and H. filipjevi were 51%, 40% and 9% of all soil sam-
ples infested by CCN, respectively (Imren et al. 2012a).

PATHOYPE DETERMINATION OF H. AVENAE

The H. avenae group is highly heterogeneous with respect to virulence to spe-
cific host genotypes (Cook & Noel 2002, McDonald & Nicol 2005). This diver-
sity was described and categorized by using test cultivars in what is called “The
International Test Assortment” for defining CCN pathotypes. The pathotypes
are broadly classified within one of three groups; 1, 2, and 3. Pathotype groups
1 and 2 are widely distributed in Europe, North Africa and Asia (Al-Hazmi et
al. 2001, Cook and Noel 2002, Mokabli et al. 2002, McDonald and Nicol 2005)
and group 3 is mostly found in Australia, Europe and North Africa (Rivoal and
Cook 1993, Mokabli et al. 2002).

“The International Test Assortment’ consists of 12 barley, six oat (Avena sativa
L.) and six wheat differential cultivars to define selected pathotypes of H. av-
enae. It was also used to investigate pathotypes of three H. avenae populations;
Karlik (Adana-Sarigam), Imece (Hatay-Kirikhan) and Besaslan (Hatay-Rey-
hanli) in the Eastern Mediterranean Region of Turkey. Based on the scheme
of Subbotin et al. (2010) and its subsequent revisions, three primary groups of
pathotype are distinguished by the reactions of barley, oats and wheat differ-



entials. The similar responses of the differentials indicated that Turkish popu-
lations of H. avenae are predominately of the same pathotype. As a result, all
populations demonstrated similar reactions and the three nematode popula-
tions were consistent with reactions for the Ha21 pathotype of the Hal group
(Imren et al. 2013a). This pathotype was also found in Saudi Arabia (Al Hazmi
et al. 2001). Responses for the tested differentials were compared, mainly on
the basis of Subbotin et al. (2010), and were also compared to the findings of
Romero et al. (1996), Al-Hazmi et al. (2001), McDonald and Nicol (2005), and
Turner and Rowe (2006) to characterize the pathotype.

The single-dominant Crel gene effectively prevented reproduction of three H.
avenae populations collected from Imece, Karlik and Basaslan towns in the East-
ern Mediterranean Region of Turkey, as was illustrated by results of a recent test
with selected entries of the International Test Assortment. Wheat lines carrying
the RhaE, Rhal and Rha3 genes are resistant to populations of H. avenae from
the Eastern Mediterranean Region of Turkey. Siri, having the Rha2 gene, exhib-
ited resistance to each of the three soils in these tests, while KVL 191, also having
Rha?2 gene, is susceptible (Imren ef al. 2013a). Resistances to Eastern Mediter-
ranean Region of Turkey populations of H. avenae were also detected in barley
lines carrying the RhaE gene in Emir, Rhal gene Ortolan, and the Rha3 gene in
Morocco. Likewise, resistances to the Eastern Mediterranean Region of Turkey
populations were detected in the barley accessions La Estanzuela, Harlan 43, in
the oat accession Sun II, and in the wheat accession Capa. These potential donor
parents could prove useful where these crops have been damaged by H. avenae,
such as oats in the Eastern Mediterranean Region of Turkey.

HATCHING STUDIES

The biology of the obligate parasite H. avenae coincides with the cereal grow-
ing period and produces one generation per year (Rivoal & Cook 1993) but
there is no published information on the biological characteristic of H. avenae
under in-vitro conditions in our country. Imren et al. (2012b) studied for the
first time in Turkey, hatching of H. avenae under in-vitro conditions. In this
study, five temperatures of 5, 10, 15, 20 and 25 °C were tested in laborato-
ry experiments. The hatching was greater at lower temperatures (15,10 ,5°C)
compared to higher temperatures of (20, 25°C), ranging between 46.7, 82.3
and 45.9% vs 30.7 and 19.0%, respectively. The highest cumulative hatching
(82.3%) was obtained at a constant 10 °C for 252 days, and the lowest cumula-
tive hatching (19.0%) was obtained to 25 °C for 252 days.
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EFFECT OF H. AVENAE ON WHEAT YIELD

In Turkey, H. avenae is predominantly found in spring wheat growing areas
in Adana Province in the Eastern Mediterranean Region of Turkey (Subbotin
et al. 2003, Imren et al. 2012a). However, the impact of H. avenae on wheat
yield had not been studied or quantified. The relationship between population
density of H. avenae and grain yield of wheat is important in determining the
economic impact of the nematode on this crop (Ibrahim et al. 1999). Such
information is very important for the control of H. avenae on wheat in the
Eastern Mediterranean Region of Turkey.

Studies were carried out in naturally-infested wheat fields in Adana (Karlik-
Sarigam) Province in the Eastern Mediterranean Region of Turkey during
2011-2012 and 2012-2013 wheat growing seasons (Imren et al. 2012a). Ex-
periments were established using six varieties. Four local spring wheat vari-
eties (Adana-99, Ceyhan-99, Karatopak and Osmaniyem) and two control
lines, Seri-82 (susceptible) and Silverstar (tolerant), were tested in nemati-
cide-treated and non-treated plots. H. avenae in the non-treated plots caused
reductions in grain yield of all varieties, which were significantly different
from each other. Also, grain yield reductions of Seri-82, Osmaniyem and
Karatopak appeared to be greater than that of other varieties, especially Sil-
verstar, Adana99 and Ceyhan99. The percentage reduction in yield of the va-
rieties ranged between 4.36 and 25.7% when averaged over the two growing
seasons (Imren and Elekcioglu 2014).

RESISTANCE OF WHEAT CULTIVARS
AGAINST H. AVENAE

We screened 139 wild wheat relatives, national and international (CIMMYT
and CIMMYT/ICARDA/Turkey) germplasm for resistance against H. avenae
(Ha21 pathotype) using local Turkish isolates as controls (Imren at al. 2013a).
Results showed that four national wheat varieties, 17 wheat wild genotypes,
and 23 international wheat genotypes were moderately resistant against the H.
avenae population from the Eastern Mediterranean Region of Turkey (Imren
et al. 2013b). Among these genotypes, the national bread wheat variety, Ad-
ana-99 (PFAU/SERI82//BOG”S”) and some wild genotypes and internation-
al genotypes can be used in national wheat breeding programmes. However,
Crel was not shown to be completely resistant against H. avenae.



DISCUSSION

The cereal cyst nematodes occurred in 52% of infested cereal fields studied in
this survey, and are more widespread than previously thought. Three import-
ant species, H. avenae, H. latipons and H. filipjevi, were identified in wheat
fields of the Eastern Mediterranean and South-Eastern Anatolia Regions. CCN
has been found in many countries and has caused significant economic dam-
age to wheat, especially under rainfed wheat production systems (Nicol et al.
2002). H. avenae is economically important in temperate wheat-producing re-
gions throughout the world, including North and South Africa, East and West
Asia, Australia, Europe, Indian, the Middle East, and North America (Kort
1972, Sharma and Swarup 1984, Sikora 1988, Ibrahim et al. 1999, Rivoal and
Cook 1993, Mokabli et al. 2002, Peng et al. 2007). H. latipons occurs mostly
throughout the Mediterranean region but also in Asia and Europe (Kort 1972,
Sikora and Oostendorp 1986, Sikora 1988, Mor et al. 1992, Scholz 2001, Peng
et al. 2007). H. filipjevi was recently detected in North America (Smiley et al.
2008), Norway (Holgado et al. 2004), Germany (Grosse and Kohlmiiller 2004),
Iran (Tanha Maaf et al. 2003), Sweden (Cook and Noel 2002), India (Bishnoi
and Bajaj 2002), Turkey (Rumpenhorst et al. 1996), Bulgaria, England, Poland,
Estonia, Spain (Subbotin et al. 2003) and Russia (Balakhnina 1989).

The pathotype of H. avenae in Eastern Mediterranean Region was character-
ized as pathotype Ha21 (Imren et al. 2013c). Also, the pathotype of H. filipjevi
collected from Kahramanmarag (Elbistan and Afsin) and Ankara (Haymana)
provinces were characterized as Ha33 pathotype (Toktay et al. 2013). Further-
more, Ozarslandan (2008) reported that the reaction of H. filipjevi Yozgat pop-
ulation on the differential lines indicated they were different than the other
five known H. filipjevi pathotypes. The different patterns of resistance are most
probably due to presence of different species (H. filipjevi and H. avenae) and
pathotypes (Hf31, Hf41 and Ha21, and a further subgroup within Ha21). Since
breeding for resistance using conventional techniques is time and resources
consuming, it is imperative to know beforehand the target species and their
pathotypes. Further, since most of the resistance used is based on an oligo-
geneous system that often targets a single species, for even a single pathotype
(Cook and Rivoal 1998), field use of this type of genetic system may create
a selective pressure that will break the resistance. Also, the development of
secondary species/pathotypes not targeted by the resistance genes involved
may result in unbalanced biocenosis (Rivoal et al. 1986). Therefore, the best
proposition should be to develop total resistance, which implies the presence

295



296

of genes having major effects on the plant-nematode relationship, and nema-
tode populations that are homogenous for resistance. However, there may be
practical difficulties in this approach as certain genes responsible for resistance
in different germplasm may have the same or closely-linked loci. Males were
produced on all the cultivars tested which indicate that second-stage juveniles
do penetrate and develop further in these cultivars.

The hatching of H. avenae was greater at lower temperatures (5, 10, 15°C)
compared to higher temperatures of (20, 25°C), ranging between 46.7, 82.3
and 45.9% vs 30.7 and 19.0%, respectively (Imren et al. 2012b). Similarly, Sa-
hin et al. (2008) reported that highest hatching percentages of H. filipjevi were
obtained with 15, 10 and 5°C treatments; 94.1, 91.9 and 75.2%, respectively.
Hatching of H. filipjevi at 20 and 25°C was low; being 21.9 and 18.6%, respec-
tively. Hatching significantly increased with the change of temperature from
5°C to 20°C and from 10°C to 20°C, at rates of 48.5% and 42.4%, respectively.
The percentage reductions in wheat yield of varieties due to H. avenae ranged
between 4.36 and 25.7% when averaged over the two growing seasons (Imren
and Elekcioglu 2014). The yield reduction on wheat caused by H. avenae range
was 15-20% in Pakistan (Magbool 1988), 40-90% in Saudi Arabia (Ibrahim et
al. 1999), and 23 to 50% in Australia (Nicol 2002).

The use of resistant varieties offers the most effective and economic option
to control damage from CCNs. Cultivars containing the Crel gene, such as
AUS10894, Loros (63/1.7.15.12) and Adana-99, have consistently been very
effective against these populations in screenings performed in the glasshouse
and outdoor nursery. Adana-99 is a Turkish spring wheat cultivar with good
agronomic traits and was used as the Crel gene-donor parent for crossings
with spring and winter wheat cultivars adapted to the Eastern Mediterranean
Region of Turkey. Many of these crosses have been shown to be resistant to H.
avenae in preliminary tests. Additionally, effective resistance genes against the
H. filipjevi population at Haymana are being identified using the International
Test Assortment composed of barley, wheat and oat lines containing defined
genes for resistance to members of H. filipjevi (Nicol et al. 2009). Also, the Crel
gene has been incorporated into Turkey-adapted wheat varieties (Imren et al.
2013c). The best possible outcome would be a demonstration that the Crel
gene is as effective against H. filipjevi as it is against H. avenae in Turkey. If the
Turkey population of H. filipjevi is not controlled by Crel, another gene identi-
fied from our tests will be introduced into the Turkish wheat varieties already
carrying the Crel gene, pyramiding these sources of resistance to both nema-



todes. This will be important in fields where H. filipjevi already coexists with H.
avenae, and in H. avenae infested fields likely to also become infested with H.
filipjevi due to the efficient spread of these species in soil transferred by wind,
water, and contamination by soil of agricultural products, animals, equipment
and humans (dusty or muddy boots or clothing). Moreover, resistance sources
in Turkish national wheat and wild genotypes needs to be determined. These
results indicate the potential to identify nematode resistant germplasm for use
in both international and national breeding programs.
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SUMMARY

Multiplication rates of the root-lesion nematodes Pratylenchus neglectus and
P. thornei were quantified in the glasshouse for species and cultivars of 30
crops other than wheat or barley, of 18 rangeland grasses and forbs, and of 16
weeds. Hosting ability ratings were compared to that of a susceptible wheat
control. Crops included chickpea, pea, lentil, oat, canola, mustard, camelina,
Sudangrass, sunflower, flax, safflower and others. Rangeland plants included
bluegrasses, fescues, smooth brome, wheatgrasses, hairy vetches, and alfalfa
(lucerne). Weeds included broad-leaved and grass species found in agricul-
tural fields in the Pacific Northwest USA. Replicated pot tests were performed
in a glasshouse and the experiment was repeated. Plants were categorized as
important multipliers of both Pratylenchus species, of one but not the other
species, or of neither species. Results are providing guidance for improving the
efficiencies of crop rotations and cultivar selections in fields where root-lesion
nematodes are present, and for transitioning rangelands into crop production
in a manner that minimizes the yield-limiting impacts of Pratylenchus spe-
cies present in some rangeland soils. Results also assist in understanding the
roles of weeds on nematode densities in cropping systems, and particularly
the potential for increasing the density of Pratylenchus species in roots of ima-

*  Smiley RW (2015) Multiplication of Pratylenchus neglectus and P. thornei on plants other than wheat and bar-
ley. In ‘Nematodes of Small Grain Cereals: current status and research.” (AA Dababat, H Muminjanov and
RW Smiley) pp. 303-314. (FAO: Ankara, Turkey).
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zamox-resistant wheat cultivars that are treated with the herbicide to selective-
ly eliminate infestations of jointed goatgrass or other weeds that are good hosts
of Pratylenchus species.

INTRODUCTION

Root-lesion nematodes (Pratylenchus spp.) are widely distributed in rain-
fed fields of the low-precipitation regions (< 400 mm annually) of the Pacit-
ic Northwest (PNW) states of Idaho, Oregon and Washington (Kandel et al.
2013, Smiley et al. 2004, Strausbaugh et al. 2004). The most prevalent species
are P. neglectus (Rensch) Filipjev Schuurmanns & Stekhoven and P. thornei
Sher & Allen, which often occur individually but are also found as mixtures.
Rainfed wheat yields in the PNW are often inversely correlated with the pre-
plant density of Pratylenchus spp. (Smiley 2009, Smiley and Machado 2009,
Smiley et al. 2004, 2005a, 2005b, 2013, 2014a). Yields of intolerant cultivars
have been reduced by as much as 60%. These nematodes reduce wheat pro-
duction by an estimated $51 million annually in the PNW (Smiley 2009). All
commercial wheat cultivars appear to be susceptible.

Pratylenchus neglectus and P. thornei invade roots of many monocot and dicot
plants (Castillo and Vovlas 2007, Smiley and Nicol, 2009). Wheat is by far the
dominant economically-viable rainfed crop in the low-precipitation zone of
the PN'W. Field studies with potential rotation crops have provided insights of
Pratylenchus spp. dynamics in dryland cropping systems. For instance, barley
is generally more resistant than wheat (Smiley 2009, Smiley et al. 2004), and
Pratylenchus spp. densities were significantly suppressed by barley but not by
canola or wheat (Smiley and Machado 2009). These observations are import-
ant in view of increasing interest in soil-conserving farming systems that in-
clude annual spring crops, including no-till production of food legumes and
of oilseed and biofuel crops. However, the hosting ability of North American
cultivars of non-cereals such as canola, mustard, safflower, field pea, and lentil
is still unknown. Research overseas indicated that some crops promoted as ro-
tational options for wheat in the PNW could be important hosts of P. neglectus
and/or P. thornei, and could be capable of increasing the risk to a subsequent
intolerant cultivar of wheat (Hollaway et al. 2000, Taylor et al. 2000, Thompson
et al. 2008, Vanstone et al. 2008). High densities of P. neglectus are detected
following some canola and mustard crops in the PNW but information on the
hosting abilities of these crops is lacking.



More than one million hectares of former wheat-producing land in the PNW
is currently maintained under contracts to a Federal Conservation Reserve
Program (CRP). Contracts are for 10-year intervals and require the planting of
mixtures of grasses and forbs adapted to local environments and well suited for
wildlife. When contracts expire the producer may negotiate another contract,
may continue to maintain the rangeland for grazing animals without Federal
funding, or may return the land to crop production. Land with expired CRP
contracts in the PNW are typically returned immediately to wheat production.
High densities of P. neglectus have been detected in wheat planted into former
CRP land but risks associated with individual grasses in the CRP are unknown.
Many rangeland grasses and legumes have been evaluated for their hosting
efficiency for these nematodes but information on current cultivars planted in
the PNW was generally lacking. These plants have been screened to determine
potential differences in hosting abilities for P. neglectus and P. thornei.

Densities of P. neglectus and/or P. thornei are also found to be high where vol-
unteer cereals or weeds are allowed to grow at any time within or between
planted wheat crops. The role of weeds as bridging hosts for Pratylenchus spp.
in the PNW is unknown. Assays of grass and broad-leaved weeds have been
developed to determine their abilities to serve as hosts.

The goal of this research was to determine the hosting abilities to P. neglec-
tus and P, thornei by several crop species and cultivars, rangeland grasses and
weeds.

METHODS

Details of these experiments were published in Smiley et al. (2014b, 2014c).
We evaluated 30 crop species and cultivars, 18 rangeland species and 16 weed
species to quantify hosting abilities for P. neglectus and P. thornei. Assays were
performed twice in a glasshouse.

Crop plants (Table 1) included alfalfa (lucerne), canola, camelina, chickpea,
flax, hairy vetch, lentil, mustard, oat, pea, safflower, Sudangrass, Sudangrass/
sorghum hybrid, sunflower, eastern gamagrass, and switchgrass. Rangeland
species (Table 2) included wheatgrasses, fescues, bluegrasses, and bromes.
Weeds (Table 2) included 15 species in six plant families; Amaranthaceae, As-
teraceae, Brassicaceae, Chenopodiaceae, Euphorbiaceae, and Poaceae.

305



306

Controls included inoculated unplanted (bare) soil, non-inoculated unplant-
ed soil, two Pratylenchus-susceptible wheat cultivars (Louise and Otis), and a
moderately-resistant landrace wheat cultivar AUS28451.

Assays were conducted by planting one seed of each plant species into each
of eight replicate pots of a fine sandy loam that had been partially sterilized
in an oven to kill active nematodes. Each plant species was assayed against
each Pratylenchus spp. in two repetitions of the experiment and data were av-
eraged for the repetitions. The pots were arranged in the glasshouse using a
randomized complete block design. Pots were watered as needed and plant
nutrients were supplied by slow-release fertilizer cylinders placed into the soil.
The glasshouse was maintained at about 22°C, with daylight supplemented by
a 12-hour period using 1000-watt high-pressure sodium horticultural lamps.

Inoculum of P. neglectus was a composite of cultures collected from five locations.
However, a single isolate of P. thornei was used. Pure cultures were maintained
on carrot disks in an incubator. Each culture was identified to assure purity of
species (Yan et al. 2008). Inoculum for the assays was extracted by slicing carrot
disks, suspending them in water, recovering them using a 20 pm sieve, and stor-
ing them in water at 8°C. Soil was inoculated soon after seedlings emerged. The
suspension of nematodes (2,000 to 3,000 nematodes/kg of soil) was placed into
small diameter holes made on two sides of the seedling. Assays were terminated
16 and 12 weeks after inoculation during 2011 and 2012, respectively.

Nematodes were extracted from finely-chopped roots and soil using the
Whitehead tray method. The reproductive factor (Rf) was calculated by divid-
ing the final nematode density (Pf) by the initial nematode inoculum density
(Pi). Hosting ability groups were designated as non-hosts (Rf <0.1), poor hosts
(Rf = 0.1-0.9), minor hosts (Rf = 1.0-4.9), good hosts (Rf = 5.0-9.9), and very
good hosts (Rf 210).

RESULTS

Crops: Only four cultivars were classified as a good or a very good host to
both Pratylenchus spp.; Monida oat, Myles chickpea, and Athena and Morton
lentil (Table 1). Thirteen cultivars were good hosts of P. neglectus but not of
P. thornei, including all 10 brassica crops (canola, mustard and camelina). In
contrast, good hosts of P. thornei but not of P. neglectus included four cultivars
of pea and lentil. Eleven cultivars were poor to minor hosts to both Pratylen-
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chus spp., including cultivars of alfalfa, pea, chickpea, saftlower, sunflower, flax,
Eastern gamagrass, and switchgrass.

Table 1. Hosting abilities' of crops other than wheat and barley

Crop Cultivar Pn? Pt? Crop Cultivar Pn* | Pt
Canola (spring) Hyola 401 VG M Lentil (winter) Morton G G
Goldrush VG P Lentil (spring) Athena G | VG
Canola (winter) Amanda VG M Skyline M VG
Dwarf Essex VG P Safflower (winter) KN 144 M M
Salut VG M | Safflower (spring) Gila M P
Mustard (brown) Pacific Gold G P Girard M P
Mustard (yellow) IdaGold VG M Sunflower 2PD08 M M
Camelina Yellowstone VG P Flax Pembina P P
Blaine Creek VG P Oats Monida G | VG
Calena G M Alfalfa (Lucerne) Don M M
Chickpea Sierra G M Ladak-65 P P
Myles G VG Hairy vetch Purple Bounty G M
Dwelley M M Purple Prosperity | G M
Pea (green) Journey M VG gfr?;tge;:ss Pete P P
Pea (yellow) Universal P G Switchgrass Blackwell P P
Badminton P M Sudangrass Piper VG | M
bea (Austrian Granger M VG Sorghum/ Sudan- Greentreat Plus G M
winter) grass cross

! Hosting ability ratings are based upon the reproductive factor (Rf) of the nematode as determined by replicated
testing of each plant entry in glasshouse assays. The Rfis calculated as the final nematode density (Pf, nematodes/
pound of soil) divided by the density of Pratylenchus initially added into soil (Pi, nematodes/pound of soil).
Ranges of Rf values were grouped into five hosting ability ratings; N = nonhost (Rf < 0.1), P = poor host (Rf =
0.1 t0 0.9), M = minor host (Rf = 1.0 to 4.9), G = good host (Rf = 5.0 t0 9.9), VG = very good host (Rf > 10.0).

2 Pn = Pratylenchus neglectus, Pt = Pratylenchus thornei

Rangeland grasses: Nine of the 14 rangeland grasses were good to very good
hosts of both Pratylenchus spp. (Table 2). Three additional rangeland grasses
were good to very good hosts of only P. neglectus, and two fescues were good
hosts of P. thornei but not of P. neglectus.

Weed species: All of the nine broad-leaved weeds were poor hosts of P. thornei
and only four were good to very good hosts of P. neglectus (Table 2). In con-
trast, all of the six grass weeds were good to very good hosts of at least one
Pratylenchus spp. Most notable was the ranking of jointed goatgrass as a very
good host of both species.
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Smiley

DISCUSSION

Knowledge of hosting abilities by many crops other than small grain cereals
will become increasingly important as production increases for biofuel and
biomass-producing crops such as canola, mustard, camelina, switchgrass
and eastern gamagrass in the PNW. Our results are similar to reports from
Australia which state that densities of P. neglectus but not P. thornei are likely
to be increased by canola (as discussed in detail in Smiley et al. 2014c). Even
some bio-fumigant green-manure crops such as mustard and sorghum are
capable of increasing the density of Pratylenchus spp. in roots and soil before
the green foliage is macerated and incorporated into the soil. When incorpo-
rated into soil, the disrupted plant cells release toxic products that expedite a

decline in the number of nematodes remaining in soil.

Table 2. Hosting abilities' of weeds and of rangeland grasses

Cropland weeds Pn? | Pt Range grasses Variety Pn? | Pt
Broad-leaved Bluegrass
Common lambsquarters P Big Sherman VG | M
Dandelion P P Thickspike Critana VG | VG
Horseweed P P Brome
Kochia VG | P Smooth Manchar G G
Palmer amaranth G P Fescue
Prostrate spurge P P Hard Durar M G
Redroot pigweed G P Sheep Blacksheep | M G
Russian thistle M P Wheatgrass
Tumble mustard G P Beardless Whitmar G G
Grass Crested Fairway VG| G
Downy brome M| G Crested Hycrest VG | VG
Green foxtail VG | M Intermediate Greenar G G
Jointed goatgrass VG | VG Siberian Vavilov G | VG
Large crabgrass G | M Snake river Secar VG | VG
Rattail fescue M | VG Standard crested Nordan G | VG
Wild oat G M Tall Alkar G M
Western Rosana VG | M

! Hosting ability ratings are as shown on Table 1.
2 Pn = Pratylenchus neglectus, Pt = Pratylenchus thornei

If those same crops are grown to maturity either to cut as hay crops or to ex-
tract oil from seed, as almost always occurs in rainfed low-precipitation areas



of the PNW, the Pratylenchus spp. density may remain elevated even though
those same crops can be effective as a Pratylenchus-suppressing bio-fumigant
if green vegetation of those hosts is incorporated into soil. In rainfed systems
of the PN'W, it appears that these crops could have variable effects on the den-
sity of Pratylenchus spp. when they are grown for seed production.

All 10 cruciferous oilseed crops within the Brassicaceae family were good to
very good hosts of P. neglectus and poor to minor hosts of P. thornei. Canola cv.
Amanda was the most susceptible host of P. neglectus encountered during our
assays, including the susceptible wheat controls. These findings are important
because canola production in the PNW is capable of expanding by up to 500,000
ha in response to the impending startup of the region’s first oilseed processing
plant. While cruciferous oilseed crops sometimes increase wheat yields com-
pared to wheat monocultures, they are also generically proclaimed by many
advisory personnel to break the ‘disease cycle’ of pathogens that invade wheat
roots. This is clearly not true for P. neglectus, the most widely distributed spe-
cies of Pratylenchus in the rainfed, low-precipitation cropping systems of the
PNW. We previously reported that some of the highest densities of P. neglectus
encountered in our field trials have occurred in fields recently cropped with
canola or yellow mustard (Smiley 2009, Smiley and Machado 2009, Smiley et
al. 2008, 2005b, 2014a). Relationships between Pratylenchus spp. and cruci-
ferous oilseed crops are clearly complex, depending upon whether the crop is
grown to maturity or incorporated as a green manure, the identity and molar
quantities of various glucosinolate compounds in roots, leaves or seed of these
crops, the degree to which foliar tissues are macerated when incorporated as
a green manure, the water content of soil, and other factors (as discussed in
detail in Smiley et al. 2014c).

Chickpea is a well-known host of both P. thornei and P. neglectus (Castillo and
Vovlas 2007). However, reports of pea and lentil cultivars as hosts or non-hosts
of P. neglectus and P. thornei have been varied throughout the world. As report-
ed elsewhere, cultivars of interest in the PNW also varied in their hosting abil-
ity for these species. Additional cultivars need to be screened to help identify
the effects of specific cultivars on Pratylenchus spp. in rotations of wheat and
food legume crops in the PNW.

Cultivars of safflower, sunflower, and flax in our assays were classified as poor or
minor hosts of both species of Pratylenchus. These findings are generally similar
to those reported elsewhere in the world, as discussed by Smiley et al. (2014c).
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Alfalfa and hairy vetch were evaluated because they are components of conser-
vation grassland plantings in the PNW. However, in areas of higher precipita-
tion or where supplemental irrigation is available, each of these species are also
planted as a forage, hay or green manure crop. In our assays, both alfalfa cultivars
were a poor to minor hosts of both Pratylenchus spp. In contrast, the hairy vetch
cultivars were good hosts of P. neglectus and minor hosts of P. thornei.

It was clear that many of the rangeland grasses are capable of producing ele-
vated densities of P. neglectus and/or P. thornei before conservation grasses are
removed so the land can be converted into production of arable crops such as
wheat. Our results with some rangeland grasses confirmed results of earlier
research, as is discussed in Smiley et al. (2014b).

Jointed goatgrass was a very good host for both P. neglectus and P. thornei. The
eight weeds that were most likely to amplify densities of P. neglectus, in order
of decreasing hosting ability (based on Rf values), were kochia (13), jointed
goatgrass (12), green foxtail (12), redroot pigweed (9), large crabgrass (9),
tumble mustard (9), wild oat (8), and palmer amaranth (6). The three weeds
most likely to amplify densities of P. thornei, in decreasing order, were jointed
goatgrass (16), rattail fescue (11), and downy brome (5). Jointed goatgrass is
of particular concern because it is a very good host of both P. neglectus and P,
thornei and because it is widespread through winter wheat production areas of
the PNW. This weed and downy brome are largely responsible for the fact that
‘Clearfield’ wheat cultivars are currently the dominant cultivars planted in the
PNW because they are tolerant of the herbicide imazamox. These wheat cul-
tivars are sprayed with imazamox to selectively remove sensitive weeds such
as downy brome and jointed goatgrass from the crop. It appears likely that
when jointed goatgrass is selectively eliminated from imazamox-tolerant win-
ter wheat cultivars the nematodes could be expected to migrate from the dying
goatgrass roots and thereby increase the inoculum density available for invad-
ing the wheat roots. This phenomenon, known as the ‘green bridge, is well
known for insect pests and fungal pathogens, and should also be investigated
for plant-parasitic nematodes such as Pratylenchus spp.

Another common practice in PNW agriculture is to allow winter-annual grass
weeds and volunteer wheat plants to persist overwinter after seeds germinate
during the autumn. The weeds and volunteers often form a lawn that may per-
sist as long as six months (November — April) during the ‘sanitizing’ phase of
the 14 month fallow period between planted winter wheat crops (10 month



growing season; September - July). Common winter annual weeds such as
jointed goatgrass and rattail fescue were shown in this study to be hosts of
one or both Pratylenchus spp. These weeds are potential contributors to the
elevated numbers of Pratylenchus spp. observed during the fallow phase of the
winter wheat-fallow rotation (Smiley and Machado 2009). Our finding that
rattail fescue is a very good host for P. thornei is also important because this
weed is particularly well adapted to no-till cropping systems that are becoming
increasingly practiced in the PNW.

Results of these assays provide insights that will be included among consid-
erations for improving the efficiency of rainfed crop production systems in
the PN'W. It is likely that reduced wheat yields are caused in part by rotations
that include other crops that are also important hosts of Pratylenchus spp. This
appears to be very likely for some rotations of wheat with food legumes or
brassica species. It is also likely that reduced production efficiency during a
conversion of range land into wheat production is due in part to elevation of
Pratylenchus spp. densities in the range. Where nematode densities have be-
come elevated in grass lands it is likely be more efficient to plant a poor host
or a non-host crop such as barley, safflower, flax, brown mustard, or selected
cultivars of pea or chickpea before planting wheat. It is also likely that occur-
rences of specific weeds, such as jointed goatgrass, at any time in the cropping
system can elevate densities of Pratylenchus spp. This must become recognized
as an important attribute of weed management programs.
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SUMMARY

Soils from cropping systems experiments in 280-mm and 400-mm precipi-
tation zones of Oregon were evaluated by quantitative PCR (qPCR) to deter-
mine effects of rotations on inoculum density of Pratylenchus neglectus and
P. thornei. Inoculum was determined as picograms of DNA/gram of soil and
converted to nematodes/kg of soil by the Root Disease Testing Service in Ad-
elaide, Australia. Pratylenchus densities reported by qPCR were two- to four-
times greater but otherwise well correlated with densities detected by tradi-
tional extractions in the USA, presumably because qPCR also detects eggs.
The qPCR revealed that winter wheat in both precipitation zones selected for
a dominance of P. neglectus and that spring wheat and spring barley selected
for P. thornei. A similar shift in species dominance was detected in a single
field at another location during a three-year interval following conversion
of a winter wheat field to spring cropping. Also, two neighboring fields used
to produce either winter wheat or spring cereals in Idaho were reported to
be dominated by either P. neglectus or P. thornei in the manner consistent
with our findings within treatments of long-term experiments in Oregon. It
remains unknown as to whether species-specific selections of Pratylenchus
were a response to differences in cultivar genetics, to seasonal growth habit,

* Smiley RW (2015) Effects of cropping systems on dominance of individual species of Pratylenchus. In ‘Nematodes
of Small Grain Cereals: current status and research. (AA Dababat, H Muminjanov and RW Smiley) pp. 315-326.
(FAO: Ankara, Turkey).
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or to some other selection pressure. Nevertheless, it is important to recog-
nize that management strategies that are specific to a single Pratylenchus spe-
cies may lead to a shifting dominance to another of these species in habitats
where both species are present.

INTRODUCTION

Most information on effects of crop and soil management practices on diseases
of wheat and other rainfed field crops has been developed from short-term (<5
yr) experiments. Few studies have defined effects of long-term (>30 yr) man-
agement treatments in which multiple pathogens are assumed to have attained
equilibrium within that locality and cropping system. Long-term experiments
(LTEs) can provide valuable insights into agronomic practices for sustainable
crop production. These insights are not possible with short term experiments.
Three LTEs near Pendleton, OR have been operated continuously for 84 years
and are among the oldest active long-term agronomic studies in North Amer-
ica (Mitchell et al. 1991). These rainfed experiments occur in a semi-arid re-
gion (<400 mm precipitation annually, most of which occurs during autumn
through spring) of the Pacific Northwest (PNW) and have provided unique
insights into agricultural sustainability, soil health and productivity and eco-
nomics of crop production; for an introduction to reports see Duff et al. (1995),
Machado (2011), and Rasmussen and Smiley (1996). Findings have included
relationships between diseases and characteristics of soil chemical, physical,
and microbiological parameters. The only survey of diseases in LTEs at Pend-
leton (Smiley et al. 1996) was based upon assessment of disease symptoms and
pathogen signs before it became known that Pratylenchus spp. are important
components of cereal root disease complexes in the PNW (Smiley, 2009; Smi-
ley and Machado 2009, Smiley et al. , 2004, 2005a, 2005b) and before real-time
polymerase chain reaction (QPCR) procedures became readily available for
quantifying Pratylenchus spp. inoculum in soil (Yan et al. 2008, 2012, 2013).
The objective of this research was to evaluate effects of cropping systems on the
population dynamics of Pratylenchus spp. and other soil-borne pathogens in
regions where both P. neglectus and P. thornei were present.

METHODS

Experiments were established at three locations in Oregon; Moro, Mission and
Pendleton. The experiment at Moro was a cropping systems experiment con-
ducted from 2003 to 2012. The experiment at Mission was a series of three



single-year experiments on the same field. The experiments at Pendleton were
long-term cropping systems studies maintained continuously over a range of
periods from 11 to 84 years.

Moro: Details of this experiment were published in Smiley et al. (2013). This
paper addresses results for only two of the 14 treatments, and sampling con-
ducted only during the last year. Briefly, the experimental site receives 282 mm
mean annual precipitation, nearly all of which occurs from late autumn (Octo-
ber) through spring (May). Mean daily air temperature is -1°C during January
and 19°C during July and August. Soil is a moderately deep silt loam.

The experimental area consisted of 14 treatments (15 x 105 m plots) random-
ized within each of three blocks. Each phase of each rotation was present each
year to allow data for each treatment to be collected every year. Crops were
harvested in late July. The two treatments of interest for this report were winter
wheat and spring wheat planted annually without tillage. Soil samples were
collected from the three replicates of both treatments on 10 May 2012. Forty
soil cores (2.5-cm diam x 30-cm deep) were composited for each of the six
plots. Samples were dried in an oven at 40°C for 48 hours and 500 g of dry
soil for each plot was sent to the Root Disease Testing Service, South Australia
Research and Development Institute, Adelaide, Australia (Ophel-Keller et al.
2008). The lab extracted DNA from the entire 500 g of soil using the PreDicta B
real-time PCR analysis system (http://www.sardi.sa.gov.au/products and ser-
vices/entomology/diagnostic service/predicta b). Inoculum concentrations
were reported for nine species or groups of soilborne plant-pathogenic fungi
(as picograms DNA/g of soil) and for five plant-parasitic nematode species, in-
cluding Pratylenchus neglectus and P. thornei (as nematodes/g of soil). Another
sub-sample of each plot was extracted using the Whitehead tray method and
Pratylenchus spp. were identified by morphological and molecular methods
(Yan et al. 2008, 2012, 2013).

Mission: Details of this experiment were published in Smiley et al. (2014a).
The focus of this report is on the pre-plant densities of Pratylenchus spp.
in a field used for three experiments with spring wheat during 2011, 2012
and 2013. None of the specific variables in each experiment are discussed
in this report.

Trials each year were located on nearby (< 200 m distances) sites within a
single field located 10 km southeast of Pendleton, Oregon. The field receives
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an average of 330 mm annual precipitation. The soil is a deep silt loam. The
field was maintained without tillage and was planted regularly to winter
wheat before and during 2008, was maintained as chemical fallow during
2009, was planted to canola during 2010, and was planted to spring wheat
during 2011. Our spring wheat experiments were planted after canola during
2011 and following spring wheat during 2012 and 2013. Pre-plant density
of plant-parasitic nematodes in each experimental area (800 m?*) was deter-
mined by collecting two composite soil samples (25 cores of 2.5-cm diam X
30-cm depth) from each experimental area at or before the time of planting.
Samples were sent to Western Laboratories (Parma, Idaho) for extraction
and enumeration of nematodes. The lab uses a modified Oosterbrink elutri-
ator and centrifugal flotation extraction method. Densities of plant-parasitic
nematodes were reported and nematodes were identified to the genus level.
Nematode suspensions from Western Labs were returned to our laboratory
for identification of Pratylenchus spp. using morphological and molecular
methods (Yan et al. 2008, 2013, 2014).

Pendleton: Details of this experiment are being prepared for publication in
the journal Plant Disease during 2016. The objective of this two-year survey
was to assess inoculum densities of pathogens in five long-term experiments
to provide focus for future research on disease complexes in wheat-based crop-
ping systems. We also sampled three shorter-term (10-13 yr) experiments to
expand the value of this research. All experiments are at Oregon State Uni-
versity’s Columbia Basin Agricultural Research Center, near Pendleton. The
climate is temperate with warm, dry summers (21°C) and cool, wet winters
(1°C). About 75% of the 397 mm mean annual precipitation occurs from No-
vember to May. The soil is a deep silt loam. Only two of the experiments at
Pendleton are discussed in this paper; i) blocks of winter wheat, spring wheat
and spring barley planted annually, and ii) blocks of cultivated or non-cultivat-
ed soils planted to 3-year rotations of winter wheat, spring wheat and fallow.
One sample (20 soil cores of 2.5-cm diam x 30-cm deep) was collected from
each half of each cereal sub-block during two separate years; 2013 and 2015.
Samples (400 g) were sent to Australia for DNA extraction and analysis, as
described previously.

Annual cereals. A field was planted annually to winter wheat from 1931 to 1982
using a conventional tillage system consisting of a moldboard plow followed
by disking. In 1982 the block was divided into three sub-blocks (20 x 100 m)
that have been planted annually to either winter wheat (84 yr), spring wheat



(33 yr) or spring barley (33 yr) on the same sub-block each year. Soil in each
block continues to be cultivated as it was from 1931 to 1982, except that till-
age occurs during the autumn in the winter wheat sub-block and during the
spring in the sub-blocks planted to spring cereals. An identical series of the
three cereal sub-blocks was established during 1997 on an adjacent field that is
not tilled between crops (18 years). Prior to 1997 the block had been used for
a winter wheat-cultivated fallow rotation.

Three-year rotations. Fields were managed as 3-yr rotations of winter wheat,
spring wheat and fallow, all without cultivation (no-till). Two sub-blocks
were present and were sampled for each of the three rotational phases during
each year (2013 and 2015). Sampling was as described for the annual cereals
experiment.

RESULTS

Moro: During the final year of the experiment, soil samples were uniformly
mixed and a subsample was sent to the Root Disease Testing Service (RDTS).
Another subsample was extracted in our laboratory by using the Whitehead
tray method. Both methods indicated that winter wheat had a greater density
of P. neglectus and that spring wheat had a greater density of P. thornei (Table
1). DNA data showed that these trends were relatively consistent in the annual
rotations (Table 1), in the 2-year rotations of winter wheat with fallow or win-
ter pea (data not shown), and in 3-year rotations that include winter wheat
as one of the two crops (data not shown). It was notable that in the winter
wheat-winter pea rotation, there was a greater inoculum density of P. neglectus
when the current crop was winter wheat and a greater inoculum density of P
thornei when the current crop was winter pea, each reflecting the influence of
the crop during the previous year, yet the density of generic ‘Pratylenchus sp’
was equivalent in each phase of the rotation.

Mission: Initial densities of Pratylenchus spp. in the field were 1,316, 12,144
and 26,400 Pratylenchus spp./kg of soil during 2011, 2012 and 2013, respec-
tively. During 2011 the population included a much greater proportion of P
neglectus than P. thornei but specific proportions were not determined. During
2012, there was a 2:1 ratio of P. thornei to P. neglectus, and during 2013 the
pre-plant density was distributed as a 9:1 ratio of P. thornei to P. neglectus. The
proportion of Pratylenchus spp. clearly shifted within a single field during the
3-year course of our investigation, apparently during a transition from a winter
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wheat-based cropping system to several successive plantings of spring wheat
on the field during the course of our investigation.

Pendleton: Annual cereals experiment: Treatment means are shown in Table 2.
The treatment effect for year was significant for P. thornei, with inoculum den-
sity being greater during the wetter (2013) than the drier (2015) year (12,157
vs. 8,618 nematodes/kg). The treatment effect for tillage was not significant
for either P. neglectus or P. thornei, however, the treatment effect of crop was
significant for both species. A far higher inoculum density of P. neglectus oc-
curred in winter wheat than in spring wheat or spring barley; 22,121, 3,835 and
2,129 nematodes/kg, respectively (HSD .= 4,072). For P. thornei, inoculum
densities were higher in spring barley than in spring wheat and winter wheat;
17,682, 12,002 and 1,478 nematodes/kg, respectively (HSD . = 3,595). The
year X tillage interaction was significant for P. thornei; inoculum density was
unaffected by the year in cultivated soil (10,653 and 10,928 nematodes/kg) but
was greater during the wetter than drier year (13,386 vs. 6,582 nematodes/kg)
in the no-till block. All interactions among main treatments

Table 1. Relationship between two methods for quantifying Pratylenchus neglectus and P. thornei in soils collected
from annual winter wheat and annual spring wheat plantings in a long-term experiment at Moro, Oregon (from
Smiley et al. 2013)

Nematode and Winter Spring WW:SW
extraction method' wheat wheat ratio

P. neglectus

Whitehead 6,631 a 1,747 b 3.8
DNA 10,913 a 1,110 b 9.8

P, thornei

Whitehead 1,691 a 7,189 a 0.2
DNA 1,874 b 7,959 a 0.2

! Subsamples of well-mixed soil from each of three replicates for each crop were used to extract nem-
atodes from soil; Whitehead = Whitehead tray method, or DNA = counts from qPCR analyses and
standard curves. Pratylenchus sp. are reported as nematodes/kg of soil.

were significant for P. thornei but only one interaction was significant for P
neglectus. Tillage x crop interactions were significant both P. neglectus and P.
thornei. Inoculum density of P. neglectus was greater in cultivated than in no-
till blocks of winter wheat (26,595 vs. 17,648 nematodes/kg) and the opposite
occurred for spring wheat (1,285 vs. 6,384 nematodes/kg) and spring barley
(48 vs. 4,211 nematode/kg). In contrast, inoculum of P. thornei was greater in
cultivated than in no-till blocks for spring barley (27,155 vs. 8,209 nematodes/
kg) and the opposite occurred for spring wheat (4,773 vs. 19,230 nematodes/
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kg) and winter wheat 443 vs. 2,514 nematodes/kg of soil). The year x crop
interaction was significant for P. thornei. The interaction reflected a lack of
differences between years for spring barley (18,428 vs. 16,936 nematodes/kg
during 2013 and 2015) and winter wheat (2,173 vs. 784 nematodes/kg) and an
important difference between years for spring wheat (5,252 vs. 18,751 nem-
atodes/kg during 2013 and 2015). The year x tillage x crop interaction was
significant for P. thornei. The density of P. thornei was particularly high in the
cultivated spring barley during both 2013 and 2015, and was also high in the
no-till spring wheat during 2015. Other trends were not apparent for explain-
ing this 3-way interaction.

Table 2. Influence of cereals planted annually into cultivated or non-cultivated soils on inoculum densities of Praty-
lenchus neglectus and P. thornei.

Tillage' Crop® P. neglectus P. thornei Pn:Pt ratio
(nematodes/kg of soil)
Plow SB 48 ¢? 27,155 a 0.0b
Plow SwW 1,285 ¢ 4,723 ¢ 0.3b
Plow WW 26,595 a 443 ¢ 60.0 a
No-till SB 421 c 8,209 ab 0.1b
No-till SW 6,384 c 1,923 ab 33b
No-till wWw 17,648 b 2,514 ¢ 7.0 ab
! Blocks were managed either with inversion tillage using a moldboard plow (Plow) since 1931 or
without tillage (No-till) since 1997. Each block was divided into three sub-blocks that were planted
annually to the same crop since the inception date indicated. ? Crops were spring barley (SB), spring
wheat (SW) and winter wheat (WW). 3 Data are means of samples collected during two years. Num-
bers followed by the same letter within a column are not significantly different at P = 0.05 according to
Tukey’s honestly significant different test (HSD).

Table 3. Influence of cereals planted into a non-cultivated 3-year rotation (winter wheat-spring wheat-fallow) on
inoculum densities of Pratylenchus neglectus and P. thornei.

Crop phase! P. neglectus P. thornei Pn:Pt ratio
(nematodes/kg of soil)
wWw 11,992 a? 9,172 ab 13a
SW 3,219b 19,382 a 0.2b
Fallow 449 c 7,373 b 0.1b

! Crop phase indicates the influence of the management of the block during the year prior to sampling;
winter wheat (WW), spring wheat (SW) or fallow (Fallow). 2 Data are means of samples collected dur-
ing two years. Numbers followed by the same letter within a column are not significantly different at P
= 0.05 according to Tukey’s honestly significant different test (HSD).
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Three-year rotation experiment: Significant treatment differences were detect-
ed for both P. neglectus and P. thornei. Treatment means are shown in Table
3. There was no significant treatment effect of year. The effect of the previous
rotational phase was significant for both pathogens. For P. neglectus, the inoc-
ulum density was greatest following winter wheat, intermediate after spring
wheat, and lowest following fallow (Table 3). For P. thornei, the inoculum den-
sity was greatest following spring wheat, intermediate after winter wheat, and
lowest following fallow.

DISCUSSION

In the experiment at Moro we determined that annually planted winter
wheat had selected for a greater density of P. neglectus and annually planted
spring wheat had selected for a greater density of P. thornei (Smiley et al.
2013). In successive experiments on a single field at Mission we observed
a shift from a dominance of P. neglectus to a dominance of P. thornei over
a 3-year period at a time when the cropping system was changed from
producing winter wheat to planting spring wheat annually (Smiley et al.
2014a). Samplings from the well-stabilized LTEs at Pendleton supported
our previous findings regarding the dynamics of Pratylenchus species on
winter versus spring cereals. This occurred in the 83-year-old monocul-
ture blocks planted annually to winter wheat, spring wheat or spring bar-
ley, and also in the 16-year-old fields of 3-year rotations of winter wheat,
spring wheat and chemical fallow. Additionally, a similar phenomenon was
reported by wheat producers on two neighboring farms in Idaho that pro-
duce either winter wheat only or spring wheat only.

In the semi-arid PNW winter wheat is planted on more than 95% of the rainfed
fields. However, the steady increase in crop grown without tillage has caused
a commensurate increase in plantings of spring cereals and other field crops.
It remains unknown as to whether the differential selection of Pratylenchus
spp. we observed was associated with a difference in hosting abilities among
cultivars of winter and spring wheat, or whether it was associated with the
different growth habits of these crops. However, we clearly established that dif-
ferent wheat crops differ in their ability to host reproduction of these species.
For instance, we reported that some locally-popular cultivars of winter wheat
are poor hosts of P. neglectus but very good hosts of P. thornei (references are
in Smiley et al. 2013). We also reported from glasshouse assays that a popular
spring wheat cultivar is a much better host of P. thornei than of P. neglectus



(Smiley et al. 2014b). It appears that the choice of wheat cultivar could have
an impact on the dominance of these two species of Pratylenchus in locations
where both are known to be present. Regardless of the mechanism causing
the shift in Pratylenchus species dynamics, these observations will influence
the development of recommendations for controlling these nematodes. For
instance, we clearly need to amplify our emphasis on developing cultivars that
carry dual-species resistance. Toward that goal, we recently registered a map-
ping population that includes lines with resistance to both P. neglectus and P.
thornei (Smiley et al. 2014a; Thompson et al. 2015). Until commercial cultivars
with dual-resistance are released, it remains very important for growers to have
access to diagnostic services that identify Pratylenchus to the species level. To-
ward that goal, DNA-based testing methods for distinguishing P. neglectus and
P, thornei (Yan et al. 2008, 2012, 2013) are now offered as a commercial service
by at least one diagnostic laboratory in our region.
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SUMMARY

Nematode identification using morphological and morphometrical data is not
only time-consuming, it is also problematic due to the high phenotypic plas-
ticity among populations and the absence of clear diagnostic characteristics
for cryptic species. Therefore, the traditional way of microscopic identification
has been increasingly complemented with molecular techniques. At first, PCR-
RFLP profiling and sequencing of parts of the rDNA cistron were applied.
However, other molecular techniques were needed to speed up acquisition of
results and reduce costs. This has led to the development of species-specific
primers for end-point PCR and DNA-probes used in real-time PCR. During
the last 15 years, several species-specific assays have been developed for de-
tection of Heterodera species, of which only few cereal cyst nematode species
(CCN). However, more assays for CCN are desirable, preferably those allowing
multiplexing and on-the-spot sample examination. To achieve this, sequenc-
ing DNA regions different from the traditional rDNA cistron, and screening
for DNA-polymorphisms within species, is recommended. By facilitating fast
and accurate detection, in combination with low costs and reduced labour and

*  Waeyenberge L, Viaene N (2015) Molecular identification of cereal cyst nematodes: status, prospects and recom-

mendations. In ‘Nematodes of Small Grain Cereals: current status and research’ (AA Dababat, H Muminjanov
and RW Smiley) pp. 329-334. (FAO: Ankara, Turkey).
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time, molecular techniques will become the most important tools for detection
and identification. They can be applied by national and regional plant protec-
tion agencies, but also by farmers and industry. These tools are expected to al-
most completely replace the traditional way of identification as the number of
specialists in this field is decreasing spectacularly. New technologies, including
digital PCR (dPCR), Loop-Mediated Isothermal Amplification (LAMP) and
Next Generation Sequencing (NGS) will likely lead to even more promising
molecular diagnostic tools.

INTRODUCTION

The genus Heterodera contains more than 60 species. Amongst them, the
cereal cyst nematodes are the most economically important. Especially Het-
erodera avenae, H. filipjevi and H. latipons can cause serious yield reduction
in wheat-producing regions throughout the world. Less prevalent species of
cyst nematode species associated with wheat include H. arenaria, H. bife-
nestra, H. hordecalis, H. mani, H. pakistanensis, H. pratensis, H. zeae, and
Punctodera punctata.

Rapid and reliable identification of cereal cyst nematodes is important for
monitoring their movement or introduction. Accurate identification of the cyst
nematode up to species level is required for the development of control mea-
sures relying on rotation and resistance. Morphological identification posed
particular problems, with many isolates not reliably identifiable to species lev-
el. However, molecular techniques were introduced to offer a solution for this.

HISTORY

In 1993, Ferris et al. published the first sequences of the internal transcribed
spacers of ribosomal RNA genes (ITS-rDNA) from several isolates of cyst
nematodes belonging to the genus Heterodera. A few years later, Szalanski et al.
(1997) used nucleotide sequencing and polymerase chain reaction - restriction
fragment length polymorphism (PCR-RFLP) profiling to assess variation be-
tween and/or within a few Heteroderid species. From 2000 onwards, a number
of articles contributed to the expansion of ITS-RFLP profiles and sequences of
more than 40 different species of cyst nematodes belonging to the genus Het-
erodera. It was demonstrated that these molecular techniques were very use-
tul for Heterodera species identification. However, some limitations could be
noted: (i) a combination of several RFLP profiles is needed to clearly separate



cereal cyst nematode species from each other and from other Heterodera spe-
cies, increasing costs considerably, (ii) identical ITS sequences can be found in
morphologically clearly distinct Heterodera species making it unable to sepa-
rate them, (iii) heterogeneity is present in several Heterodera species, resulting
in composite RFLP profiles which are difficult to interpret. Due to addition-
al technical limitations, RFLP profiling is still rarely applied and sequencing
(DNA-barcoding) became more popular. However, DNA-regions other than
ITS-rDNA should be investigated and the technique is quite labour-intensive.

In the last decade, emphasis has been placed on the creation of species-specific
primers and DNA probes to be used in conventional and (semi-) quantitative
PCR (Real-Time PCR). These techniques make diagnostic procedures more
effective and accessible, even to scientists not specialised in taxonomy. How-
ever, species-specific primers or probes remained absent for cereal cyst nema-
todes until very recently.

PRESENT STATUS

In 2001, Amiri et al. designed a primer specific for species from the H. schachtii
sensu stricto group, using the available ITS-rDNA sequence information. In
the same year, Subbotin et al. (2001) published a method to rapidly identify
juveniles and cysts of the soybean cyst nematode H. glycines, based on PCR
with species-specific primers. In 2002, Amiri supplemented his research with
a species-specific primer to detect H. schachtii. In 2005, Madani et al. used this
H. schachtii specific primer in combination with SYBR green I dye to detect
and quantify H. schachtii nematodes in soil extracts using real-time PCR. All
the above mentioned authors performed their research at the Institute of Ag-
ricultural and Fisheries Research (ILVO), Belgium. The expertise developed
in ILVO has been applied from 2010 onwards, to resolve the need for similar
diagnostic tools for cereal cyst nematodes.

In 2013, the first species-specific end-point PCR assay for the detection of the
cereal cyst nematode species, Heterodera latipons, was published (Toumi et al.
2013a, fig. 1). This paper was followed by another in which two species-spe-
cific primer sets are described to detect the cereal cyst nematodes H. avenae
and H. filipjevi (Toumi et al. 2013b). Considering the above mentioned lim-
itations of ITS-rDNA sequences, other DNA regions were explored. The H.
latipons species-specific primer set amplifies part of the actin gene, while the
species-specific primer sets for H. avenae and H. filipjevi target part of the COI
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(cytochrome oxidase subunit I) gene of the mtDNA (mitochondrial DNA). All
three assays were able to detect the respective target species amongst 14 other
Heterodera species and a Punctodera punctata population. The assays were also
able to detect 1 infective juvenile of the respective target species mixed with
100 infective juveniles of a non-target Heterodera species.

_ 500bp

Figure 1. Heterodera latipons species-specific PCR. L: 100 bp DNA ladder; 1: Heterodera pratensis, 2: Punctodera
punctata, 3: H. avenae, 4: H. hordecalis, 5: H. glycines, 6: H. schachtii, 7: H. betae, 8: H. filipjevi, 9: H. goettingiana, 10:
H. humuli, 11: H. ciceri, 12: H. trifolii, 13: H. carotae, 14: H. daverti, 15-22: different populations of H. latipons, 23:
negative control (Toumi et al. 2013a).
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Figure 2. Standard curve of the qPCR assays (SensiFast Probe Hi-Rox) for Heterodera latipons (left panel) and H.
avenae (right panel). Threshold cycle number (Ct) plotted against the dilution series (1/10, 1/50, 1/100, 1/500 and
1/1000) of DNA extracted from 120 infective juveniles (Toumi et al. , 2015).

Real-time PCR or qPCR is more sensitive than end-point PCR due to the alter-
native way of signal detection. It is also faster since it eliminates the time-con-
suming post-PCR agarose gel electrophoresis. A qPCR assay for the quantita-
tive detection of H. avenae and H. latipons was published in 2015 by Toumi
et al. The species-specific QPCR primer sets were based on sequences within
the mitochondrial COI gene. Their specificity was confirmed by the lack of
amplification of DNA extracted from infective juveniles from 14 other Het-



erodera species. The assays were demonstrated to be efficient and sensitive as
well as they showed a highly significant linearity between their Ct-values and
the tested dilution rates (Fig 2), and were able to detect DNA of a single infec-
tive juvenile mixed with DNA from 100 infective juveniles from a non-taget
Heterodera species.

PROSPECTS AND RECOMMENDATIONS

In the last decade, several surveys showed that mixtures of 2 and sometimes
even 3 cereal cyst nematode species coexist in the same field. The species-spe-
cific (q)PCR assays can be applied for accurate detection of the three most eco-
nomically important cereal cyst nematodes, but at this stage the assays cannot
be combined in a multiplex performance. Neither do species-specific assays
exist for the detection of other cereal cyst nematode species. More species-spe-
cific primers or probes with comparable properties should be developed so
that they can be used in a multiplex PCR to detect simultaneously different
cereal cyst nematode species.

The (q)PCR assays are designed and optimised to be used on DNA extracted
from infective juveniles released from cysts and not on DNA extracted direct-
ly from soil samples. It is rather easy to extract cysts from soil and by doing
so avoiding the presence of potential soil-borne amplification inhibitors when
performing DNA-extraction directly on soil. However, inspection services can
benefit from on-the-spot sample processing in which DNA is extracted direct-
ly from soil. The so-called LAMP (Loop-Mediated Isothermal Amplification)
technique is particular interesting for on-site diagnosis as the amplification
runs at a single temperature avoiding the need for a thermo-cycler.

One major challenge remains the presence of virulence groups. Several patho-
types occur within H. avenae, and the same is anticipated for H. filipjevi and H.
latipons. New technologies have opened the door to high-throughput sequenc-
ing (Next Generation Sequencing methods). The screening of more DNA-re-
gions simultaneously (amplicon sequencing) or of complete genomes (whole
genome sequencing) offers opportunities for in-depth species diagnosis.

It is clear from the work performed over the last 20 years that molecular tech-
niques are powerful tools for nematode diagnostics. Using these tools, scientists
have solved a number of problems, but still a large number remain a challenge.
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INTRODUCTION

The cereal cyst nematode Heterodera avenae is one of the most economical-
ly important plant-parasitic nematodes in the world. Its life cycle from egg
to adult passes through four juvenile stages. The second-stage juvenile (J2) of
H. avenae is also the infective stage that penetrates the root tip and migrates
intracellularly through the cortex to the vascular cylinder, where it inserts its
stylet into a selected parenchyma cell and induces its transformation into a
feeding site (Jones 1981). The plant primary cell wall is a complex and dynamic
association of different high molecular weight polysaccharides and structural,
enzymatic and catalytic proteins (Somerville et al. 2004). Nematode secreted
effectors to the host cell, including cellulose and expansin, which modify and
degrade the host cell wall to facilitate parasitism, such as b-1,4-endoglucanases
(Ledger et al. 2006), Pectate lyase (de Boer et al. 2002), Cellulase (Smant et al.
1998), Expansin (Qin et al. 2004, Long et al. 2012). Expansins are proteins that
can rapidly induce extension of plant cell walls by weakening the non-covalent
interactions during cell growth (Cosgrove 1998, 2000). Globodera rostochiensis
can also secret a functional expansin and contains two domains: domain I at
the N-terminal end shows significant similarity to the carbohydrate-binding
module family IT (CBM II) of nematode endoglucanases, and domain II at the

*  LiuJ, Peng H, Peng DL (2015) Molecular characterization of expansin gene from the cereal cyst nematode Het-
erodera avenae. In ‘Nematodes of Small Grain Cereals: current status and research.” (AA Dababat, H Mumin-
janov and RW Smiley) pp. 335-338. (FAO: Ankara, Turkey).
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C-terminal shows similarity to plantp-expansin. Cloning and function analy-
sis of expansin gene (HaEXPB2) from the cereal cyst nematode H. avenae will
help to increase our understanding, on a molecular basis, of pathogenesis as
well as plant cellular processes particular in plant-nematode interactions.

MATERIALS AND METHODS

Nematodes: Heterodera avenae was cultured on glasshouse-grown wheat
Triticum aestivum cv. Wenmai 19. The temperature of seedling cultures was
maintained at 16°C for the first week and then 22°C for the remaining growth
period. Wheat roots infected with H. avenae ]J2s were harvested 5, 10, 20 and
30 days post-inoculation (dpi), and different parasitic stages of H. avenae were
collected by root blending and sieving (De Boer et al. 1999). Adult white fe-
males were directly hand-picked from root surfaces under a dissecting micro-
scope at 40 dpi.

Cloning of H. avenae genes encoding putative secreted proteins: About 46
putative secreted protein genes with signal peptide and without transmem-
brane domain were first selected from the transcript libraries for cloning. The
genes were amplified by PCR using gene-specific primers from J2 cDNA and
cloned into the plant expression vector pGDG. The putative secreted protein
genes were PCR amplified following the protocol provided in the platinum Ex-
Taq DNA polymerase kit (Takara). DNA fragments were amplified using plat-
inum ExTaq DNA polymerase and gene-specific pairs of primers correspond-
ing to the ORF regions that exclude the predicted signal peptide sequence.
PCR was performed for 35 cycles using the following parameters; initial de-
naturation at 94°C for 30 s followed by 35 cycles of 94°C for 30 s; 55°C for 30
seconds; 72°C for 1 min per Kb and a final extension at 72°C for 5 min. PCR
products were purified with Gel Extraction Kit (Promega) before cloning in
the pGDG vector.

Gene expression analysis by real-time quantitative PCR: Total RNA was
isolated from pre-parasitic ], parasitic ], J,, J, or adult females with TRIzol
(Invitrogen) according to the manufacturer’s instructions. All total RNA sam-
ples were treated with RNase-free DNasel to remove DNA contamination.
First-strand cDNA synthesis was conducted by SuperScript™ III First-Strand
Synthesis System for RT-PCR kit (Invitrogen), according to the manufacturer’s
instructions. Transcriptions of HaEXPB?2 in different developmental stages of
H. avenae were determined by real-time quantitative PCR. Actin genes of H.



avenae were amplified from each sample as a positive control using the primers
ActinF and ActinR.

RESULTS AND DISCUSSION

We cloned putative secreted protein genes from the transcript libraries, and ob-
tained 46 genes with signal peptide and without transmembrane domain. The
genes were cloned to the plant expression vector pGDG and trans-expression in
Nicotiana benthamiana. Ha-EXPB2 is one of the putative secreted proteins. The
full length cDNA of HaEXPB2 was cloned from H. avenae, with 870 bp ORF
encoding a 289 amino acid protein. The deduced protein Ha-EXPB2 had 89%
identity to Ha-EXPB1, containing a signal peptide, a CBM II and an expansin
domain. HaEXPB?2 transcript specifically accumulated in the subventral gland
cells of the pre-parasitic J2s by situ hybridization. HaEXPB2 was relatively more
highly expressed in the parasitic J2s by quantitative real-time RT-PCR analysis.
The results suggested a role in the early parasitic-stage process, most likely in
modifying host cell wall to facilitate migration within the plant.
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SUMMARY

Meloidogyne graminicola is one of the major constraints to rice production
because of its unique biology and life cycle due to its adaptation to flooded
conditions. The genetic variation among 20 populations of M. graminicola (16
from Myanmar and four from China) was investigated using the rDNA-ITS
sequences data alignments. The result showed that all the populations were
clearly separated from other species and it was also observed that there was
low genetic variation among the tested isolates. A set of species-specific prim-
ers was designed based on the resulting sequences to develop a species-specific
molecular tool for accurate identification of M. graminicola. The primers re-
liability, specificity and sensitivity test proved that the primer set (Mg-F3 and
Mg-R2) was able to produce the expected fragment sizes, 369 bp from DNA
template of target nematode populations but not from non-target organisms.
A duplex PCR test will allow saving the diagnostic time and costs by ampli-
tying species of interest from a nematode mixture. Thus, this species-specific
primer set may be a powerful tool to improve the taxonomic identification for
non-specialists and also for the design of successful management practices.

*  Htay CC, Peng H, Peng DL (2015) Molecular diagnosis and detection of rice root-knot nematode (Meloidogyne
graminicola). In ‘Nematodes of Small Grain Cereals: current status and research’ (AA Dababat, H Muminjanov
and RW Smiley) pp. 339-346. (FAO: Ankara, Turkey).
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INTRODUCTION

Rice (Oryza sativa L.) is one of the most widely consumed staple foods for a
large part of the world’s human population, especially in Asia. The rice root-
knot nematode Meloidogyne graminicola (Golden and Birchfield) is the most
damaging root-knot nematode of rice, and is widely distributed in all rice
growing ecosystems of the world (Le et al. 2009). M. graminicola has short life
cycle, wide host range and is well adapted to flooded conditions, which makes
this species difficult to control (De Waele & Elsen 2007). To select effective
management schemes, accurate and rapid identification of root-knot nema-
todes up to the species level is the most essential work.

The morphological characteristics of adult females (perineal pattern), males
and juveniles (J2) were traditionally used to identity Meloidogyne spp. (Eisen-
back et al. 1981). However, the diagnosticians have to face the challenges to
identify this species correctly due to extremely similar morphological features
between species, wide host ranges, life stages in different habitats, indistinct
species boundaries, sexual dimorphism, species with a potential hybrid origin
and polyploidy (Blok & Powers 2009). Moreover, species and race identifica-
tion of Meloidogyne based on phenotypic characterization is time-consuming
because adult forms are hardly accessible since males are usually rare and fe-
males are malformed (Besnard et al. 2014). Morphological identification also
requires a lot of skill (Hooper 1990).

Therefore, the use of biochemical and molecular tools has been introduced to help
nematode taxonomists, to identify the nematode species as well as to investigate
the phylogeography and population dynamics of nematodes (Blok & Powers 2009,
Gilabert & Wasmuth 2013). In the present study, phylogenetic analysis was car-
ried out based on ITS-rDNA region of individual juveniles (J2) to investigate the
genetic diversity of rice root-knot isolates originating from different locations in
Myanmar and China. In addition, a set of species-specific primers designed for
fast and reliable diagnosis of M. graminicola according to the ITS-rDNA sequences
obtained from this study will be allowed to identify specifically to the target nem-
atode species from a mixture of species in a single step PCR.

METHODS

Soil and plant root samples infested with rice root-knot nematode were col-
lected from rice fields of different locations in Myanmar and China. Nema-



todes were extracted from soil and root samples by using the Whitehead tray
method. A single nematode (J2) was hand-picked and placed into a sterile PCR
tube to extract genomic DNA, followed by PCR amplification with the general
primer set TW81 and AB28. The amplified products were electrophoretically
separated on 1.5% agrose gel and stained with ethidium bromide, and then the
gel was visualized under a UV trans-illuminator and photographed.

The ITS amplified fragments for three individual nematodes from each popula-
tion were purified using the TIANgel Purification Kit, followed by ligation and
transformation into competent cells E. coli, DH5a. The positive colonies with
the expected insert size were sent for sequencing. The resulted ITS sequences
were deposited at NCBI and analyzed for intraspecific differences among the
specimens. All the resulting sequences were manually edited with EditSeq and
aligned with Clustal (W), and then analyzed by Maximum likelihood (ML)
based on 1000 bootstrap replicates with MEGA 5 software. Through sequence
alignments, a pair of species-specific primers was developed based on the re-
gions unique that could be used as a molecular tool for the diagnosis of M.
graminicola by using the Primer Premier 5 software. The selected potential
species-specific primers were compared with Nucleotide (Nt) dataset using
primer-blast to examine the specificity. The PCR conditions were optimized
for specificity by performing a temperature gradient PCR to determine the
optimum annealing temperature.

To test the reliability of the primers, extracted DNA from 20 populations of M.
graminicola that provided template DNA for sequencing was amplified with
the optimized conditions. Additional primer reliability was tested with differ-
ent life stages of nematodes; including eggs, ]2, J3, J4, female and male. Investi-
gation on the potential of specific primers set was done with duplex PCR con-
taining two sets of primers in a single test. The first primers set D2D3 which
amplify D2-D3 expansion regions of the 28S rRNA gene (Nunn 1992) was
used as an internal control. The second set included a species-specific primer
set which targeted to nematode DNA sequences of interest. To investigate the
primers sensitivity, different numbers of J2 DNA (n = 1, 2, 3, 4 and 5) were
used to determine the minimum amount of J2 detectable in the PCR assays.
Sensitivity was also performed in a PCR tube containing M. graminicola ge-
nomic DNA alone or in a combination of DNA from non-target root-knot
nematode species; M. enterolobii and M. incognita with the ratio of 1:1.
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RESULTS

Sequence and phylogenetic analysis: In the present study, PCR amplification
of the ITS containing region yielded a single fragment with a length of approx-
imately 579 bp in all populations tested by using the general primer set. The
blast result showed that all nucleotide sequences of ITS sequences were 98-
100% similar to those of a M. graminicola isolate from Genbank. Phylogenetic
analysis indicated that all the isolates and other species were clearly separated
into independent clusters with a high bootstrap value of 100%. All the Chinese
isolates, five Myanmar isolates, and JN241866.1 clustered together with a boot-
strap value of 76%, and 65% bootstrap with the rest of the Myanmar isolates.

Primer design: The species-specific forward (MgF3) and reverse (MgR2)
primers were designed. The length of the expected amplified fragment with the
specific primers is 369 bp, which contained part of the ITS 1 and 5.8 S regions
of ribosomal DNA.

Primer reliability, specificity and sensitivity test: In the primer reliability
test, the expected band size of 369 bp was amplified by PCR with the specific
primer set from all of the tested populations of M. graminicola. Additionally,
the reliability test with different life stages of nematode (eggs, J2, 3, J4, female
and male) showed that amplification of all developmental stages gave posi-
tive results as well. For the primer specificity test, duplex PCR was performed
with two sets of primers. After optimizing PCR cycling conditions, every tar-
get nematode species of M. graminicola yielded two distinct fragments; ~766
bp for 28S regions and 369 bp for specific primer set. A single band of ~766
bp was observed from the 28S region of non target species. Primer sensitivity
was investigated with different numbers of J2 in the PCR assays. The results
showed that the minimum detection concentration required for the PCR assay
is a single juvenile. It was also observed that the higher the juvenile numbers
used in PCR, the stronger the bands. Moreover, specific bands were observed
in PCR tubes containing target nematode species either alone or in a mixture
with non-target nematode species. DNA mixtures of M. graminicola and M.
enterolobii produced two fragments of 369 bp and ~230 bp. The mixture of M.
graminicola and M. incognita generated two fragments of 369 bp and ~1000 bp.
No fragments were generated in the no DNA-template.



DISCUSSION

In the present study, molecular identification based on ITS-rDNA of 20 pop-
ulations was reported by using a general ITS primer set. Nucleotide variabil-
ity was observed in a comparison of the ITS-rDNA sequences obtained from
the same individual nematode as well as different nematodes of same sample.
The observation of the differences in the ITS sequences between clones of the
same population could be due to variation among copies of the ITS within an
individual, or due to errors arising through PCR amplification or cloning or
sequencing (Pokharel et al. 2007).

Furthermore, sequence analysis showed that 20 tested isolates clearly divided
into two groups; 16 populations from Myanmar which were again separated
into two subgroups leading to the conclusion that genetic variation was not
corresponding to their geographical conditions. However, the second group
included four populations from China that belonged to the same cluster. This
may be due to the low population tested or to a lower degree of sequence dis-
similarity among the Chinese isolates. In order to be strong data on the genetic
diversity of M. graminicola, it would be necessary to add the isolates of these
nematodes to those originating from different countries, climatic conditions,
or geographic locations.

In addition, this current study also reports a species-specific primer set which
can be used as a molecular tool in the diagnosis of the rice root-knot nema-
tode, M. graminicola. In the primer reliability test, the newly developed primer
set produced a unique specific band of 369 bp with genomic DNA from 20
M. graminicola isolates. Likewise, a specific PCR amplicon was produced with
DNA from different developmental stages of the target nematode species. The
primer specificity analyzed with other nematode species showed that a specific
fragment was observed only in the PCR tests with DNA from M. graminicola,
and no specific products were amplified when PCR was carried out with DNA
templates from non-target nematode species. Thus, the newly developed spe-
cies-specific primers might be able to be used as a molecular marker that sat-
isfies the three criteria reported by Hiibschen et al. (2004) to diagnose the rice
root-knot nematode M. graminicola. Additionally, duplex PCR using two sets
of primers was developed in a single-step amplification to save the amount of
time, labor and costs which are required for identification of pathogens.

In conclusion, the high level of homogeneity among the isolates tested indicat-
ed that it might be important information for rice breeders to improve varieties
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with higher yield and resistance to economically important nematodes in the
future. Also, it suggested that similar control methods against this nematode
could be used in the locations where the samples were collected. Furthermore,
the species-specific primer set developed in the present report appear to be a
useful molecular marker which is reliable, specific and sensitive for the rapid
diagnosis of M. graminicola. However, further investigation on the validation
of this newly-developed primer set will be required using larger populations of
the same species as well as closely-related species.
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SUMMARY

The extent of crop losses caused by plant parasitic nematodes is substantial
and contributes to significant reductions in crop yields resulting in annual
yield losses of about US$ 173 billion (Elling et al. 2013). The cereal cyst
nematode (CCN), Heterodera avenae (Wollenweber 1924), is one of the
economically important cyst nematode species that attack wheat and barley
crops in many cereal growing regions of the world (Smiley and Nicol 2009).
Although agronomic management practices are often deployed to manage
plant nematodes, control with chemical nematicides is also used for high
value crops. Because chemical nematicides are toxic and persistent, they are
a human health risk and most are being phased out (Dhawan and Pankaj
1998). There is an urgent need to find new gene targets which can be used
to develop novel and environmentally friendly nematode control methods
(Elling et al. 2013, Brown and Kerry 1987).

H. avenae is an obligate sedentary endoparasite that reproduces mainly by
amphimixis. After infection of host plants, they develop a close interaction
with and feed from a group of interconnected syncytial cells of their host
plants. The life cycle starts with an egg present inside an encysted female.

*  Rao U, Kumar M, Banakar P, Thakur PK (2015) A draft genome sequence for the cereal cyst nematode, Heterodera
avenae. In ‘Nematodes of Small Grain Cereals: current status and research’ (AA Dababat, H Muminjanov and
RW Smiley) pp. 347-352. (FAO: Ankara, Turkey).
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The first stage larva (J1) develops within the egg and second stage larva (J2)
hatches in response to low soil temperatures (5-15°C) (Mokabli et al. 2001).
J2s may invade main or lateral roots in the zone of elongation and migrate
intracellularly towards the vascular cylinder (Gheysen and Fenoll 2002).
Each ]2 selects a single cell that becomes the initial feeding cell (IFC). In a
susceptible host, the cells next to the IFC expand and become interconnected
after local dissolution of cell walls at pit fields, resulting in the formation of a
multinucleate syncytium with characteristics of transfer cells. J2s feed from
associated syncytia and undergo three molts, during which they develop either
into a mobile male or become a sedentary endoparasitic female that continues
to feed until reproduction is completed. The female then dies and forms a
cyst which protects the eggs inside it. As a survival strategy not all J2s hatch
simultaneously in the same season, but hatching can occur over several years
with some unhatched eggs retained within the cyst (Wyss and Grundler 1992).

We isolated a H. avenae Indian strain from wheat roots cultivated in Rajasthan,
India. Preliminary analysis of 18S rRNA sequence of this strain revealed 100%
similarity with Genus Heterodera. The genomic DNA was isolated using the
DNeasy kit (Real Biotech Corporation, Taiwan). Whole genome shotgun
(WGS) sequencing was performed using the illumina gx 72bp short read
sequencing along with Roche 454 to achieve 95x coverage. Hybrid assembly
approach used for the assembly of genome using Velvet and SOAPdeNOVO
software resulted in approximately 75.3 Mb (7,8957,772 bases) draft genome.
The assembled genome contains 17,342 scaffolds (longest scaffolds 50,404 bp
with a N50 of 6,687 bp) and with GC content 34.27% similar to Globodera
pallida (36.7%). Repeat Masker with updated RepBase v20140131 (http://www.
repeatmasker.org) generated a library using Repeat Masker. We have identified
27% repetitive elements in H. avenae genome. Among them, we found 89.74%
interspersed repeats, small RNA (0.03%), Simple repeats (6.48%) and low
complexity (2.98%) (Figure 1).

Gene prediction was done by maker pipeline with SNAP gene prediction
software using scaffold greater than 1000 bp that resulted in 14,433 (Brandi
et al. 2008) out of which 12,230 gene models with gene density 168.03/mb,
72,912 cds and 13,280 transcripts (1.08 transcripts per gene) were obtained.
66.4% transcripts showed significant hit with NCBI non-redundant database
(nr). Blastp results showed top hits with Ascaris suum and other plant parasitic
nematodes like H. avenae, H. glycines, Globodera rostochiensis, Meloidogyne
javanica, M. incognita and G. pallida. We applied OrthoVenn clustering to
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Figure 1. Repetitive elements in H. avenae genome consist mostly of interspersed repeats. Approximately 10% of the
genome is classified as repeat elements such as small RNA, Simple repeats and low complexity

identify the gene clusters enriched in four nematode species (M. incognita,
G. pallida, C. elegans and H. avenae). The species (M. incognita, G. pallida,
C. elegans and H. avenae) form 12,847 clusters, 7,884 orthologous clusters (at
least contains two species) and 580 single-copy gene clusters (Figure 2).

Globodera pallida

Fhelerodera aenas

Caenofhabdilis ehegans

Figure 2. Result of OrthoVenn showing Venn diagram the distribution of shared gene families (orthologous clusters)
among M. incognita, G. pallida, C. elegens and H. avenae
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Gene functions were annotated by KEGG, pfam, and Clusters of Orthologous
Groups (COG) databases. We used signalp to identify effector genes in H.
avenae. Interestingly, secretory peptides were identified in approximately
25% of the transcripts. Several genes that are secretory in nature and could be
involved in host pathogen interaction were found. All the three types of rRNA,
namely, 5S, 188§, and 288, have also been annotated.

Analysis of the parasitome, to decipher the genes required for successful
parasitism, revealed the presence of genes which have already been described,
and also some novel ones. Such genes, if vital for parasitism, provide new
targets that can be studied further for developing new management strategies.
Known parasitism genes, or genes having a ‘parasitic signature’ were identified
computationally, and some were validated by providing transcriptional
evidence. Some of these potential targets have been studied in more detail. A
hydolase, which had only been reported previously in root knot nematodes,
was also found in H. avenae. Analyzing the genome of this unique parasite
may help us in understanding the ability of cyst nematode adaptation and
plant nematode interaction.
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SUMMARY

India is the second largest producer of wheat next to China, accounting for about
35% of the total food grain production in the country. Heterodera avenae (CCN,
cereal cyst nematode) causes 10-15% loss of wheat yields in India and most prob-
ably equivalent losses in many other countries ensuring it as one of the most eco-
nomically important of cyst nematodes. However, the present CCN management
options are inadequate in many countries. Designing of modern novel approaches
based on genomics is becoming quite popular globally. In view of this, we have
attempted to explore the utility of some of the unique and novel genes reported by
us in the CCN transcriptome (Kumar et al. 2014). For this, we have selected four
unique vital genes for functional validation by in vitro RNAi; nuclear hormone re-
ceptor, polyadenylate binding protein, intron binding protein and epsin.

Nuclear hormone receptors are ligand-activated transcription factors that reg-
ulate gene expression by interacting with specific DNA sequences upstream
of their target genes. In response, these receptors work with other proteins to
regulate the expression of specific genes, there by controlling the development,
homeostasis, and metabolism of the organism (Evans 1988, Olefsky 2001). A
unique property of nuclear receptors that differentiates them from other class-

*  Gantasala NP, Kumar M, Banakar P, Thakur PK, Rao U (2015) Functional validation of genes in cereal cyst nem-
atode, Heterodera avenae, using siRNA gene silencing. In ‘Nematodes of Small Grain Cereals: current status and
research’ (AA Dababat, H Muminjanov and RW Smiley) pp. 353-356. (FAO: Ankara, Turkey).
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es of receptors is their ability to directly interact with and control the expres-
sion of genomic DNA. As a consequence, nuclear receptors play key roles in
both embryonic development and adult homeostasis (Mangelsdorf et al. 1995,
Novac and Heinzel 2004). Nuclear receptors are specific to metazoans (ani-
mals) and are not found in protists, algae, fungi, or plants. There are 270 nucle-
ar receptors in the nematode Caenorhabditis elegans alone (Sluder and Maina
2001)>pMM:|jres°. The second gene selected is Poly (A)-binding protein (PAB
or PABP) which is a RNA-binding protein that binds to the poly (A) tail of
mRNA (Kahvejian ef al. 2005). PAB may be involved in cytoplasmic regulatory
processes of mMRNA metabolism such as pre-mRNA splicing, translationally
coupled mRNA turnover and other functions. The third gene is intron-binding
spliceosomal protein required to link pre-mRNA splicing and snoRNP (small
nucleolar ribo nucleoprotein) biogenesis.

It plays a key role in position-dependent assembly of intron-encoded box C/D
small snoRNP, splicing being required for snoRNP assembly. It may act by
helping the folding of the snoRNA sequence and binds to intron of pre-mR-
NAs in a sequence-independent manner, contacting the region between snoR-
NA and the branch point of introns (40 nucleotides upstream of the branch
point) during the late stages of splicing (Beenken et al. 1991). Lastly, epsins are
a family of highly conserved membrane proteins that are important in creating
membrane curvature. Epsins contribute to membrane deformations like endo-
cytosis, and block vesicle formation during mitosis (Sen et al. 2012). Epsin con-
tains various protein domains that aid in function. Starting at the N-terminus
is the ENTH domain. In general, most vertebrates contain at least two epsin
paralogs. The two paralogs, epsin-1 and epsin-2 are members that contribute
to the clathrin coated endocytotic machinery and are localized at the plasma
membrane. In mammals, the two main classes of epsin’s are expressed through-
out tissues but has the highest expression in the brain, whereas the third epsin
has higher expression in the epidermis and the stomach (Tessneer et al. 2013).
In addition, epsin is thought to play a role in the notch signaling pathway;,
which is critical for normal embryonic development. The epsin homologue of
C.elegans is EPN-1. The epsin homologue of Drosophila melanogaster is liquid
facets and was first identified due to its role in eye patterning in flies. Knock-
out of epsin-1 and epsin-2 in mice showed embryonic death at day10. Further
investigation showed vascular defects in the embryo proper, placenta and yolk
sac which are characteristic of a loss in notch signaling (Musse et al. 2012).



We have successfully cloned and sequenced nuclear hormone receptor, ployade-
nalyte binding protein, intron binding protein and epsin genes from H. avenae.
Gene sequences were submitted in NCBI database. Gene silencing through
siRNA soaking was performed. Target gene transcripts were quantified using
qRT-PCR to confirm the effect of gene silencing which revealed 6-fold down
regulation in epsin and 1.5-, 3.3-, 2.1-fold up regulation in nuclear hormone
receptor, intron binding protein and ployadenalyte binding protein, respectively.
The effect of gene silencing was determined on the nematode infection, de-
velopment and reproduction and it was found that there was a reduction of
71%, 26%, 60% in females and eggs due to the silencing of epsin, intron binding
protein and ployadenalyte binding protein respectively. On the other hand, si-
lencing of nuclear hormone receptor led to a 25% increase in females and eggs.
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SUMMARY

Cereal cyst nematodes (Heterodera avenae group) are crucial pest pests in
most wheat growing areas and cause economic losses when above threshold
levels. It is well known that developing resistant/tolerant wheat varieties is the
most effective control method against cyst nematodes. Different mapping ex-
periments have been done and diagnostic markers “Crel and Cre3” resistance
genes against the cereal cyst nematode have been developed. Huge amounts
of germplasm from the Turkish National Breeding Program and the joint
TURKEY CIMMYT International Winter Wheat Improvement Program have
been tested by previous researchers and they found that the Iranian land race

*  Baloch FS, Imren M, Alsaleh A, Dababat AA, Ayaz A, Toktay H (2015) Genome wide association studies for iden-
tification of different resistance genes in wheat of fertile crescent. In ‘Nematodes of Small Grain Cereals: current
status and research’ (AA Dababat, H Muminjanov and RW Smiley) pp. 357-368. (FAO: Ankara, Turkey).
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“Sardari” was resistant against the Crel gene. Many genes have been identified
for the resistance mechanism in wheat. In our studies, we also found that some
wheat varieties were resistant against cyst nematodes but those wheat cultivars
did not show any evidence at the molecular level about the presence of resis-
tant genes. This showed that either some other resistant genes were present or
some other genetic mechanism occurs in those varieties. The Fertile Crescent
is the primary center of domestication and diversity of cereals and of many
other important crops. In spite of the importance of genetic resources from
this area, there is a severe lack of information about the genetic structure of
the wheat gene pool for resistance mechanisms against these pests from this
region. Turkey contributes a critical role in the Fertile Crescent. Despite of
the importance of gene pool from Turkey, no efforts had been made to get
information about the genetic structure of the Anatolian wheat gene pool as
it regards nematode genetic mechanisms. Therefore, we are planning to do
genome-wide association mapping studies of the gene pool from the Fertile
Crescent using 100-660K wheat high-throughput genotyping.

Keywords: Cereal, nematodes, next generation sequencing, association map-
ping

INTRODUCTION

Cereal cyst nematodes (CCN) are distributed in cereal growing areas
throughout the world and cause significant economic yield losses in many
countries, particularly where rain fed cereal growing systems are the pre-
dominant cropping system (Nicol et al. 2003). These nematodes infect a wide
range of host plants, including wheat (Triticum aestivum L.) and grain crops
that are grown in rotation with wheat. Cereal cyst nematodes together with
biotic and biotic factors such as water stress and fungal pathogens results in
synergistic negative effects. Researchers have reported high yield losses in
various geographic regions of the world. Yield losses were 15-20% in Paki-
stan, 40-90% in Saudi Arabia, 23-50% in Australia, and 24% in the USA due
to CCN:s, as referenced by Nicolos et al. (2003). Similarly Whitehead (1998)
reported that 10% of cereal production worldwide is lost due to plant-feed-
ing nematodes. Economic and yield losses caused by CCN is approximately
78% around the world (Barker et al. 1998).

Twelve important species are included in the CCN group. Heterodera avenae,
H. filipjevi and H. latipons are considered the most important species and con-



stitute a major limiting biotic factor to cereal production in temperate rain fed
growing regions including China, India, Turkey, Australia, the United States,
and many countries in Europe (Rivoal and Cook 1993, Dixon et al. 2009).

Cereal cyst nematodes have been recognized as a global problem and, as a
consequence, in the last three decades various research efforts, in particu-
lar in Australia, Spain and France, have identified resistant accessions from
various Triticum, Aegilops and Secale species. Several attempts were imple-
mented to control CCNs around the world. Crop rotation, using resistant
varieties and lines with different tillage techniques are recommended to con-
trol nematodes in wheat production. Crop rotation is generally ineffective
in reducing the occurrence and severity of CCN. Chemical methods can be
applied but they are not preferred by the producers because of the high cost
per unit area in wheat fields.

Resistance is considered one of the most appropriate control methods as this is
cost-effective, environmentally friendly and achievable through collaborations
of research groups around the world. Resistant crops do not allow nematodes
to reproduce and increase in number in the roots. The development of resis-
tant wheat cultivars to nematodes has become increasingly important due to
the prevalence and wide host range of the nematode, and the usage restrictions
and ineflicacy of nematicides.

Plants that reduce the nematode population in root systems and in the soil
are considered to be resistant. Resistant cultivars have the capacity to reduce
nematode reproduction and nematode densities in the soil (Rohde 1972).
Tolerant wheat cultivars can survive and yield well within nematode-infest-
ed soils but allow reproduction, thus leaving nematodes within the soil to at-
tack subsequent crops. Therefore, the use of resistant and tolerant cultivars is
now considered the most efficient, economical and environmentally accept-
able means for nematodes control (Castillo et al. 1998). Resistant crop species
and cultivars are valuable in crop rotations because they reduce the threat to
subsequent crops. Resistance sources around the world were obtained from
wild wheat relatives through breeding programs (Ogbonnaya et al. 2001). It
is reported that nine resistance genes were transferred to control the cereal
cyst nematode H. avenae in bread wheat; Crel gene from Triticum aestivums;
Cre2, Cre5 and Cre6 genes from Aegilops ventricosa; Cre3 and Cre4 genes from
Triticum tauschii, Cre7 from Aegilops species; and Cre8 and CreR from Secale
cereale (Barloy et al. 2007).
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Developing nematode-resistant cultivars has proven difficult mainly due to the
complex genetic basis of nematode resistance, the interaction of nematode and
plant with the environment, and imperfect screening methods. Nematode distri-
butions are greatly influenced by environmental factors such as temperature, soil
fertility, soil texture, rainfall, and planting date, which makes characterization
and evaluation of cultivar performance extremely challenging. Evaluation of re-
sistance against nematodes can be laborious and costly, requiring replicated in-
oculated trials involving counting of nematodes or the extraction of DNA from
soil and root systems, followed by real-time polymerase chain reaction (PCR) to
estimate the quantity of nematodes. Molecular markers for nematode resistance
could therefore be very useful selection tools in wheat breeding, allowing phe-
notyping resources to be allocated only to progeny that had been pre-selected as
likely to carry the resistance allele. Host-plant resistance (Cook and Evans 1987)
is one of the most effective methods of managing CCNss as it is environmentally
sustainable and requires no additional equipment or cost. However, farmers will
only use resistant cultivars if they are comparable to other commonly cultivat-
ed wheat cultivars in terms of yield performance. The continuous cultivation of
wheat varieties with tolerance to CCNs can increase the nematode population
and have adverse effects on the successive crop, particularly if it is a susceptible
variety. The use of host-plant resistance requires a sound knowledge of the viru-
lence spectrum of the target species and pathotypes.

Plant breeding has successfully improved crop resistance to both biotic and
abiotic stresses, including drought, through phenotypic selection (Araus et
al. 2008, Cooper et al. 2009). Previously, molecular markers linked to genes
for resistance to nematode resistance have been identified using bi-parental
populations obtained by crossing resistant and susceptible wheat genotypes.
Sources of resistance to H. avenae populations worldwide have been collated,
reviewed, and their gene designation reported (Rivoal et al. 2001, Nicol 2002,
Nicol et al. 2003, McDonald and Nicol 2005, Nicol and Rivoal 2007). Though
quantitative trait loci (QTL) mapping has been successful, bi-parental QTL
mapping generally requires years to develop a mapping population and gene
discovery is limited to the genetic background of the two parents. Linsell et
al. (2014) identified three QTL on chromosomes 2B and 6D co-located with
genomic regions previously linked to P. thornei resistance in wheat, validating
the robustness of these QTL as useful sources of resistance in different genetic
backgrounds. Wheat cultivars resistant to H. avenae in one region may be fully
susceptible in other regions, as demonstrated by Imren et al. (2013) for land-
race and national cultivars evaluated in Turkey. QTL identified in one genetic



background and working in one environment may not be productive in the
other. That is the reason QTL mapping is a long process and could be replaced
with association mapping to identify markers that are strongly associated with
traits of interest using historical linkage among diverse germplasm.

Association mapping (AM) is an alternative to bi-parental linkage mapping
that uses natural populations, thereby eliminating the need for developing
mapping populations. AM is credited for detecting QTL with great resolution
from populations of diverse origins. AM uses linkage disequilibrium (LD) be-
tween alleles within diverse populations to identify markers associated with
particular traits. Recently, AM has been used to identify marker-trait associa-
tions in higher plants including disease resistance in potato and wheat. With
increasing numbers of single-nucleotide polymorphisms (SNPs) combined
with declining costs in genotyping, AM has become an attractive approach
for revealing the genetic basis of target traits in crop species. The effective uti-
lization of resistance genes requires the phenotypic and genotypic characteri-
zation of the mapping population under study. This has been widely exploited
in many genetic studies, either through the use of classical bi-parental crosses
and linkage mapping to determine the number and chromosomal locations of
stripe rust resistance genes (Yang et al. 2003), or the use of recent approaches
such as genome-wide association mapping (GWAM) which involves a collec-
tion of adapted germplasm. A diagrammatic scheme of linkage disequilibrium
mapping is shown in Figure 1.

The advantages of GWAM over a bi-parental mapping population include
higher mapping resolution, increase in allele number, and time savings for es-
tablishing a marker-trait association and immediate application of its results in
abreeding program. High-density SNPs data are widely used to detect marker-
trait associations in QTL mapping experiments and genome-wide association
studies (GWAS) (Jia et al. 2013, Tian et al. 2011, Zhao et al. 2011). Advances in
next-generation sequencing have significantly facilitated the discovery of SNPs
by whole genome (Berkman et al. 2012, Chia et al. 2012, Xu et al. 2012), tran-
scriptome (Allen et al. 2011, Cavanagh et al. 2013), or reduced-representation
sequencing in diverse populations of individuals (Elshire et al. 2011).

Lev-Yadun et al. (2000) proposed a “core area” for the origins of agricul-
ture within the Fertile Crescent. This was based on the proposition that wild
einkorn and wild emmer from this area are genetically more closely related to
the domesticated wheat plants than elsewhere. Wheat landraces are an import-
ant potential source of new resistance genes since relatively few landraces have
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Collection of wheat landraces and
wild relatives from Fertile crescent
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different locations DLl el

Nematodes screening of GENOTYPING BY SEQUENCING (GBS
the wheat germplasm DArTseq (61-100k) or SNP(90-660k)

Bl Phenotyping for nematodes and
other traits of interest for each
location and as well as combined.

B Structure analysis based on
genotypic data

Bl Matrix analysis for nematodes
screening and other triats of Interest.

B Genome wide association mapping
(LG or GS) using TASSEL program.

Association between marker and phenotypic data for Genome wide
association mapping (LG or GS) using TASSEL program

Figure 1. Scheme of genome-wide association mapping (GWAS) for nematode resistance in wheat

been used in modern plant breeding. Studies have demonstrated that wheat
landraces can be an important source of nematode resistance. The Iranian
bread wheat landrace, Sardari, was found to test positive with the Crel primer,
demonstrating the importance of landraces originating from the Fertile Cres-
cent and its surroundings. Therefore, it is possible that some of the land races
and early and advanced cultivars may contain these resistant genes.

Evaluation of the landraces from the areas of domestication and diversity of
any species can provide useful information for understanding the pattern of
evolution and how socio-economic and geo-ecological factors of those areas
have influenced their genetic structure. These landraces serve great purposes
such as: 1) they can serve as sources of new genes or new variations (alleles); 2)
they can possess high variation at inter- and intra-population levels, and this
intra-population diversity is very important because it can provide a buffering



capacity against increasing stochastic environmental variation; 3) their genetic
structure could provide very useful insights towards a better understanding
of the role of society, the agro-climatic conditions, and of their interaction to
design their genetic structure. These reasons make it of utmost importance to
investigate landraces (Karakoy et al. 2012). We therefore anticipate that new or
underutilized genes for resistance to different nematode pathotypes may exist
in winter wheat landraces.

Some researchers from various parts of the world screened wheat landraces
and their exotic germplasm for presence of Crel and Cre3 genes by using
the known DNA-based markers, and testing the effectiveness of these genes
against H. filipjevi under controlled greenhouse conditions. They reported
that Crel or Cre3 markers were found in the genetic background of a limit-
ed number of Turkish winter bread and durum wheat accessions investigat-
ed. However, the number of accessions used in that experiment was limited
and requires further investigation in a larger subset. However some studies
showed that some wheat lines harboring the Cre genes are susceptible to
CCNs. Therefore some complex genetic mechanism appears to be serving
as a background role in nematode resistance. Therefore more new QTL are
indispensable to be identified and new molecular markers linked with re-
sistance need to be developed for marker-assisted selection. For example,
in Turkey, the Crel gene appears effective against H. filipjevi, but Cre3 is
not (Akar et al. 2009, Nicol et al. 2009). The Cre3 gene is effective against
H. avenae in Australia (Vanstone et al. 2008), but not in Europe (Majnik et
al. 2003). The Cre2 and Cre4 resistance genes from Aegilops, and an uniden-
tified resistance gene from wheat line AUS4930, offer promising sources of
resistance against an array of CCN species and pathotypes (Nicol et al. 2001).
Several lines containing Cre5 were tested by Dababat et al. (2014a) and did
not successfully confer resistance to CCNs. Imren ef al. (2013) used six Cre
genes in international bread wheat germplasm to identify genetic resistance
to H. avenae, H. filipjevi, and H. latipons. The results indicated that the resis-
tant genes Crel, Cre3, and Cre7 provided resistance against both H. avenae
and H. latipons. The other genes, Cre8 and CreR, provided resistance against
H. filipjevi only. None of the Cre genes studied provided complete resistance
to the three CCN species; see more detail in Dababat et al. 2015.

Genetic improvement of cultivated wheat remains slow, because of narrow ge-
netic base or limited genetic variation for nematodes resistance among culti-
vated or elite lines. Lack of requisite genetic variation for nematode resistance
in cultivated wheat has necessitated systematic collection, documentation and
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evaluation of wild wheat species for use in wheat improvement programs fo-
cused on nematode resistance. Due to the lack of genetic diversity for nematode
resistance in cultivated modern bread wheat, new sources of resistance are be-
ing sought from wild wheat progenitors (Ogbonnaya 2008, Zwart et al. 2010).
Hexaploid bread wheat originated in the Fertile Crescent in the Middle East
through a few random crossings between wild wheat species (Nesbitt 2001). It
has been suggested that in the original hybridization, only a limited number
of nematode resistance genes from the diploid Aegilops tauschii and the tetra-
ploid Triticum turgidum wild progenitors were involved, and thus hexaploid
wheat lacks the diverse genetic sources of resistance genes that its ancestors
possess (Breiman and Graur 1995). The wild relatives of wheat provide a good
opportunity for increasing the genetic variation of cultivated wheat, since the
variability for resistance to biotic and abiotic stresses in the modern wheat va-
rieties is insufficient. Many improved cultivars of crops are vulnerable to insect
pests as they lack the defense mechanisms of their wild progenitors. Similarly
Cre2, Cre5 and Cre6 genes in Aegilops ventricosa; Cre3 and Cre4 genes in Trit-
icum tauschii, and Cre7 in Aegilops species have been derived from wild rela-
tives of wheat. Initially, Thompson and Haak (1997) screened accessions of Ae.
tauschii from Iran and found Pratylenchus thornei resistance in all taxonomic
subgroups of this species. Resistance found in Ae. tauschii can be transferred
to bread wheat by direct crossing (Gill and Raupp 1987) or by developing syn-
thetic hexaploids through hybridization with a durum, T. turgidum, which can
then be crossed to bread wheats (Lagudah et al. 1993, Mujeeb-Kazi 1995). In
recent years, effective sources of resistance to P. thornei and P. neglectus have
been identified and mapped in synthetic hexaploid wheat lines (Ogbonnaya
2008, Thompson et al. 2009, Toktay et al. 2006) and Middle Eastern landraces
(Schmidt et al. 2005, Sheedy and Thompson 2009, Thompson et al. 2009). QTL
for resistance to P. thornei have been identified on the B and D genomes on five
different chromosomes in the investigated sources (Schmidt et al. 2005, Tok-
tay et al. 2006). The mode of resistance to P. thornei is multigenic and additive
(Zwart et al. 2004) and thus makes it a suitable trait for marker-assisted se-
lection. Therefore it is of utmost importance to screen wild wheat germplasm
from its area of diversity for nematode resistance, and to transfer nematode-re-
sistance genes into cultivated bread wheat through marker-assisted selection.
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SUMMARY

Pratylenchus spp. (root-lesion nematodes, RLN) and Heterodera spp. (cereal
cyst nematodes, CCN) are the most important nematodes that affect small
grain production in rainfed fields of the Pacific Northwest (PNW). Each genus
includes two species that are important in the region. Information on manage-
ment strategies for these four species has been greatly amplified in the PNW
during the past decade and accurate identification of the species is now as im-
portant as determining the overall number of nematodes. These nematodes
were previously identified only at the genus level but we now provide manage-
ment recommendations showing that crops and cultivars differ in resistance
and/or tolerance to individual species. In this paper we report examples of
research that illustrate the importance of identifying these species, and com-
parisons of applications of DNA-based tests to distinguish four locally import-
ant species of RLN and CCN. Some of these PCR tests are now available as
a routine service by a commercial laboratory that previously identified these
nematodes only to the genus or group level. A PCR-RFLP test is also used
in research laboratories to distinguish the locally important species of Het-
erodera. Molecular diagnostics now provide a readily-accessible tool that com-
plements management recommendations to minimize crop losses caused by
Pratylenchus and Heterodera.

* Smiley RW, Yan GP (2015) Molecular tools aid in detecting and managing cereal nematodes in the USA. In ‘Nematodes
of Small Grain Cereals: current status and research! (AA Dababat, H Muminjanov and RW Smiley) pp. 369-380.
(FAO: Ankara, Turkey).
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INTRODUCTION

Research in the Pacific Northwest (PNW) states of Idaho, Oregon and Wash-
ington has shown that cereals are far more affected by two species of Praty-
lenchus and two species of Heterodera compared to other plant-parasitic
nematodes. Introductions to that literature are exemplified by Smiley (2009a,
2009b), Smiley and Yan (2015), Yan and Smiley (2010), and Yan et al. (2008,
2012, 2013a, 2013b). The research in the PNW shows that some wheat and
barley cultivars differ in resistances and tolerances to the two species within
each genus. For cereal producers to effectively utilize results of the research it
became important for them to also have the ability to identify these nematodes
to the species level in each field. Most commercial laboratories in the PNW
only reported numbers of Pratylenchus and Heterodera at the genus level due
to complexities and liability associated with identifying species in diagnostic
environments in which high numbers of samples must be processed within
very short periods. More precise and rapid procedures were required before
management recommendations could be effectively used by cereal producers.
End-point PCR, real-time PCR, and PCR-RFLP methods were therefore de-
veloped to address the practical needs of cereal producers and to also serve the
needs of research laboratories.

The objective of this paper is to present examples of individual reports that ad-
dressed these issues. References to appropriate papers are cited for those who
wish to examine these results in greater detail.

METHODS

Experiments are described to illustrate the need for species specific iden-
tification of Pratylenchus spp. and Heterodera spp. in the PNW, and de-
velopment of molecular tools to increase the efficiency of providing spe-
cies specific identifications.

Tolerance of spring cereals to P. neglectus and P. thornei. Field experiments
were performed to screen spring wheat and spring barley during multiple years
at locations where either P. neglectus or P. thornei were the only species or were
the dominant species (details are in Smiley 2009). Experiments at each loca-
tion were planted into non-tilled fields. Experiments included up to 34 spring
wheat and six barley cultivars, each of which was planted into three replicates
of 1.4 x 9.1 m plots that were either treated or not treated with aldicarb; Temik



15G, 4.2 kg ha™' of active ingredient. This nematicide is not registered for use
in commercial crops but serves as an excellent screening tool in research tri-
als. Trials were of a strip-plot design with cultivars being planted side-by-side
in drill rows that were treated or not treated with nematicide. Aldicarb was
placed 10 cm below the seed in alternate drill strips. Grain was harvested from
each plot using a small-plot combine. Cultivar tolerance was rated by deter-
mining the percentage yield increase due to reduced nematode stress in the
nematicide-treated versus the control drill strips. Tolerance ratings were very
tolerant (VT, <5% yield response), tolerant (T, 5-10%), moderately tolerant
(MT, 10-15%), moderately intolerant (MI, 15-30%), intolerant (I, 30-50%), or
very intolerant (VI, >50%).

Resistance of spring wheat to P. thornei. Wheat lines were assayed against P
thornei in a glasshouse to examine the resistances of F,-generation lines and
parental lines of a cross between partially-resistant cultivar Persia 20 and sus-
ceptible cultivar Alpowa (details are in Yan et al. 2012). Plants were grown in
a silt loam. At the one-leaf stage each pot was inoculated with P. thornei de-
rived from pure cultures maintained on wheat roots. The species identity was
confirmed using the methods described by Yan et al. (2008). After 16 weeks
incubation, roots were cut to fine pieces and mixed thoroughly with soil, and
nematodes were extracted from the soil and plant roots using the Whitehead
tray method. Nematodes were quantified using microscopic method and re-
ported as nematodes/kg of soil plus roots. Nematode DNA was extracted from
0.5 g soil of each subsample in triplicate and quantified using real-time PCR
(Yan et al. 2012). Multiplication rates (MR) of the nematode were calculat-
ed by dividing the final population of nematodes by the initial population in
each pot. The lines were classified as resistant (R, MR< 1), intermediate (I, MR
1-9.9) and susceptible (S, MR >10).

Standard PCR for identifying Pratylenchus spp. A species-specific end-point
PCR protocol developed in our lab was validated for detecting and discrimi-
nating P. neglectus and P. thornei in soil samples harboring a range of popula-
tion densities of P. neglectus and P. thornei (details are in Yan et al. 2008). The
nematodes were extracted from soil using the Whitehead tray method and
identified using traditional microscopy. DNA was also extracted from 0.5 g
of soil and DNA extractions were performed four times for each sample. PCR
was performed as described in Yan ef al. (2008) to compare results with mor-
phological identifications.
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Real-time PCR for identifying Pratylenchus spp. Fifteen soil samples were
collected from rainfed wheat fields, divided, and submitted to three commer-
cial labs and one research lab for identification and quantification of Pratylen-
chus spp. using traditional procedures (details are Yan et al. 2012 and 2013b).
Lab 1 utilized the Whitehead tray method for nematode extraction and Labs
2-4 used the wet-sieving and sugar-density flotation method. Species identity
in each soil sample was confirmed by conventional PCR method (Yan et al.
2008) and nematode DNA was extracted from 0.5 g of soil and analyzed using
real-time PCR (qPCR). Three independent DNA extractions were conducted
for each soil sample and each extract was assayed in duplicate qPCR reactions.
Results from the qPCR and traditional methods were compared.

Resistance of spring wheat to H. avenae and H. filipjevi. Six spring wheat cul-
tivars were assayed in a single silt loam soil series that was naturally infested by
H. avenae, H. filipjevi, or by neither species (details are in Smiley and Yan 2015).
Wheat cultivars Ouyen and Louise were known to be either resistant or suscepti-
ble, respectively, to H. avenae. Cultivars Sonmez and SY Steelhead were thought
to be resistant to H. filipjevi. Roots were washed and numbers of swollen white
females were counted nine weeks after plants emerged in small pots of natural-
ly-infested soil. Resistance reactions were compared to the pre-assigned suscep-
tible control; Louise. Resistance ratings were very resistant (VR, <1% of white
females produced on Louise), resistant (R, 1.1-5%), moderately resistant (MR,
5.1-15%), moderately susceptible (MS, 15.1-30%), susceptible (S, 30.1-60%), or
very susceptible (VS, >60%). The Heterodera species was identified by the pres-
ence (H. filipjevi) or absence (H. avenae) of an underbridge in the cyst. The ex-
periment was repeated using soils collected during a second sampling.

End-point PCR and PCR-RFLP for identifying Heterodera spp. Soil sam-
ples were collected from commercial rainfed fields in a 20 km? area in eastern
Washington where both H. avenae and H. filipjevi were known to occur (details
are in Smiley and Yan 2015). We had no previous knowledge of infestations by
either species in most fields sampled and there were no patches of stunted or
uneven growth to focus the areas sampled. Samples from each field consisted
of a composite of 10 shovel slices (2.5 x 10 x 15 cm) from a 2- to 4-ha area.
Subsamples were sent to Western Laboratories in Parma, ID for extraction and



enumeration using a modified Oostenbrink elutriator extraction method. Het-
erodera was reported at the genus level and the lab returned suspensions to us
for species identification using molecular and morphological procedures (Yan
et al. 2010 and 2013a). Subsamples retained from the original sample were
used to extract cysts using the sieving-decanting method and also to extract
juveniles using the Whitehead tray method. These extractions provided spec-
imens for species additional identifications in our laboratory. Nematode DNA
was extracted from each sample and species-specific PCR was conducted. The
species identity was also confirmed by PCR-RFLP restriction pattern analysis
and by evaluating morphological features of cysts.

RESULTS

Tolerance of spring cereals to P. neglectus and P. thornei. Cultivars of barley
and wheat differ in levels of tolerance to P. neglectus and P. thornei and there is
no clear relationship between tolerance or intolerance of an individual cultivar
to both species (Table 1). For example, Jefferson is moderately intolerant of P
neglectus and tolerant of P. thornei. Louise and Yecora Rojo wheat and Radi-
ant barley have nearly equal reactions to both species. Growers must be able
to learn which species is present on each field if they wish to plant a tolerant
cultivar as part of their disease management program.

Resistance of spring wheat to P. thornei. Resistance reactions are more easily
determined using glasshouse experiments than field trials. Wheat lines from
a mapping population clearly demonstrated different levels of resistance, as
quantified using either traditional methods or qPCR assays of DNA extracts
from soil (Table 2). The table is abbreviated to illustrate differences that were
experienced in these assays. Both methods resulted in identical reaction as-
signments for 17 of 20 lines shown in Yan et al. (2012). Three lines differed in
reaction type, indicating that real-time PCR predicted the phenotypes in 85%
of the tested lines. There, were no instances for which the two procedures pro-
vided contradictory assignments of susceptible versus resistant phenotypes.
There was a significant positive correlation (R? = 0.65, P < 0.001) between the
estimates of the numbers of P. thornei determined by the real-time PCR assay
and by the Whitehead method.
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Table 1. Yield increase and tolerance rankings when spring barley and wheat were planted into plots treated or not
treated with a nematicide in fields infested by Pratylenchus neglectus or P. thornei '

P. neglectus P. thornei
Cultivar
Yield? Tolerance® Yield Tolerance
Barley
Camas 7.1 T 3.9 VT
Bob 14.0 MT 4.3 VT
Radiant 19.5 MI 17.8 MI
Wheat
Tara 2002 13.3 MT 55 T
Jefferson 15.8 MI 5.6 T
Louise 18.0 MI 17.0 MI
Otis 18.7 MI 8.8 T
Eden 26.6 MI 33.3 I
Yecora Rojo 26.9 MI 26.1 MI
Alpowa 31.7 I 10.6 MT
Alturas 337 I 24.8 MI
IDO377S 83.0 VI 27.6 MI

! Selected data from Smiley (2009a); means are from 2 (P. neglectus) or 3 trials (P. thornei).

*Percentage yield increase; 100x(aldicarb-treated yield - untreated control yield) / untreated yield.

* Tolerance ratings were very tolerant (V'T, <5% yield increase), tolerant (T, 5-10%), moderately tolerant
(MT, 10-15%), mod. intolerant (MI, 15-30%), intolerant (I, 30-50%), very intolerant (VI, >50%).

Table 2. Maximum range of responses' when identifying resistance to Pratylenchus thornei (Pt) in wheat using either
a traditional method or a real-time PCR (qPCR) method

i Microscopic estimate qPCR estimate
Pt MR? Reaction* Pt MR Reaction
1 343 0.2 R 2,007 1.0 R
2 375 0.2 R 4,776 24 I
3 1,468 0.7 R 1,626 0.8 R
4 1,533 0.8 R 423 0.2 R
5 4,865 2.4 I 13,514 6.8 I
6 4,934 2.5 I 3,297 1.6 I
7 5,301 2.7 I 1,239 0.6 R
8 14,245 7.1 I 6,100 3.1 I
9 24,526 12.3 S 8,957 4.5 I
10 35,510 17.8 S 45,017 225 S

! Maximum variability of data selected from Yan et al. (2012); the full data set showed a high correlation (R* = 0.65,
P < 0.001) between methods and also that identical resistance assignments were made by both methods for 17 of
20 lines tested.

* P. thornei/kg of soil based on Whitehead tray extractions.

* Multiplication rate (MR) after 16 weeks of incubation. Initial inoculation rate was 2,000 P. thornei/kg.

* Resistance ratings based on MR; (R) < 1; intermediate (I) 1-9.9; susceptible (S) > 10.

* P. thornei/kg of soil based on means of two independent DNA extractions, each of which was analyzed in duplicate
qPCR reactions.




End-point PCR for identifying Pratylenchus spp. There was good correlation
between traditional and PCR identification procedures (Table 3). The limit of
PCR detection for P. neglectus was 343 nematodes/kg of soil, as determined by
the Whitehead tray method. The limit of PCR detection for P. thornei was 126
nematodes/kg of soil. The PCR method was more accurate and required less
time than traditional methods.

Table 3. Pratylenchus neglectus (Pn) and P. thornei (Pt) extracted from naturally-infested soils using traditional
procedures compared to PCR assays'

Nematodes/kg of soil PCR assay®
Soil

Pn Pt Pn Pt
1 87 0
2 343 0 +
3 2,697 0 +
4 3,609 570 + +
5 16,836 324 + +
6 17,959 0 +
7 0 0
8 0 117
9 0 126 - +
10 0 9,430 - +

! Selected data from Yan et al. (2008).
? Numbers derived from Whitehead tray extractions.
* Presence (+) or absence (-) detected by PCR.

Real-time PCR for identifying Pratylenchus spp. Using well-mixed subsam-
ples from naturally-infested fields, we compared nematode numbers detected
by a qPCR assay and those reported by four labs that use traditional meth-
ods (Table 4). There was a strong (R* = 0.76; P < 0.001) correlation between
numbers based on qPCR and those reported by Lab 1. The qPCR generally
produced higher estimates than those from the Whitehead tray method. Few
samples showed significant differences between methods (Yan et al. , 2012 and
2013b). Poor correlations existed between numbers based on qPCR and re-
ports from Labs 2-4, each of which used wet-sieving and sugar-flotation ex-
traction methods.

Resistance of spring wheat to H. avenae and H. filipjevi. Numbers of swol-
len white females were significantly fewer on Ouyen and WB Rockland than
on other cultivars in soil infested by H. avenae, and were less on Sonmez and
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SY Steelhead than on other cultivars in soil infested by H. filipjevi (Table 5).
Ouyen and WB Rockland were characterized as resistant to H. avenae and
Sonmez and SY Steelhead were resistant to moderately resistant to H. filipjevi.
If disease management based on cultivar resistance is to be used successfully
in commercial practice, the grower clearly must know which species is present

on each field.

Table 4. Pratylenchus neglectus and P. thornei in naturally-infested field soils using real-time PCR (qPCR) compared
to traditional methods at three commercial and one research lab!

P. neglectus® P. thornei
Soil

qPCR Lab 1 Lab 2 Lab 3 Lab 4 qPCR Lab 1 Lab 2 Lab 3 Lab 4
1 0 53 220 70 0 0 0 0 0 54
2 0 0 0 0 36 0 0 0 0 0
3 1,155 974 442 20 0 3,672 812 898 120 2,846
4 2,945 553 1,240 120 0 0 0 0 0 1,254
5 8,571 629 5,520 10 6,226 6,515 2,691 0 110 692
6 10,076 2,175 4,480 140 5,186 0 0 0 0 0
7 15,254 1,733 4,522 140 8,366 0 0 1,938 0 0
8 17,374 5,964 6,413 70 0 184 1,361 5,247 60 7,162
9 25,669 4,016 3,460 100 5,400 88 0 0 0 0
10 27,847 2,156 3,948 100 5,234 90 0 1,692 0 0
11 28,503 3,700 8,444 160 1,936 7,774 1,871 5,176 40 484
12 42,246 5,385 5,566 120 0 0 0 4,554 0 1,036

! Selected data from Yan ef al. (2012 and 2013b).

2 Estimates using qPCR were based on three independent DNA extractions, each of which was analyzed in
duplicate reactions. Lab 1 used the Whitehead tray extraction method. Labs 2, 3 and 4 used the wet-sieving and
sugar-density flotation extraction methods.

End-point PCR and PCR-RFLP for identifying Heterodera spp. Using well-
mixed subsamples from naturally-infested fields, we compared nematode
identities detected by PCR and PCR-RFLP using suspensions that were quan-
tified at the genus level and returned to our lab for identifications (Table 6).
There was an absolute agreement for identities determined by the two mo-
lecular methods. This occurred for soils infested with only H. avenae, only H.
filipjevi, or with both species.
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Table 5. Heterodera avenae or H. filipjevi white females produced on roots of five unknown spring wheat cultivars
compared to a susceptible control (Louise) in naturally-infested soils !

Species Louise Ouyen WB 936 WB Rockland Sonmez SY Steelhead

(number of white females/plant)

H. avenae 333 1.1 21.8 1.3 23.7 25.9

H. filipjevi 60.4 19.1 46.4 30.6 2.9 5.7

(resistance rating)*

H. avenae R VS R VS VS

H. filipjevi S Vs S R MR

! Selected data from Smiley and Yan (2015); data are means of two repetitions.

2 Resistance reactions; VR = resistant (<1% of white females produced on control), R = resistant (1.1-5%), MR =
moderately resistant (5.1-15%), MS = moderately susceptible (15.1-30%), S = susceptible (30.1-60%), VS = very
susceptible (>60%).

Table 6. Distribution of Heterodera species in fields within a 20 km? area of Washington!

Heterodera spp. Identified® by:
Density? Species PCR RFLP
40 avenae X X
4,080 avenae X X
8,712 avenae X X
760 avenae + filipjevi X X
20,724 avenae + filipjevi X X
240 filipjevi X X
4,320 filipjevi b X
6,864 filipjevi X X

! Selected data from Smiley and Yan (2015).
? Heterodera spp./kg of soil) includes juveniles extracted from soil plus eggs + juveniles from cysts.
* Molecular identifications of species using species-specific PCR assays and PCR-RFLP procedures.

DISCUSSION

Wheat and barley cultivars differed in resistance and tolerance to invasion by
four species of Pratylenchus and Heterodera that reduce small grain yields in
the PNW. Similar observations have been made for non-cereal crops invaded
by P. neglectus and P. thornei (Smiley et al. 2014). Crop management guidelines
in the PNW are now specified according to the species of these genera pres-
ent in individual fields. However, commercial diagnostic laboratories generally
identified these nematodes only to the genus level, and our findings demon-
strated important discrepancies when several labs were asked to specify the
distribution of individual species of Pratylenchus that they were reporting. It
became clear that more precise and more rapid methods must be developed
and incorporated into these laboratory protocols before growers could be-
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gin to utilize results of the management-related research we were conduct-
ing. Multiple DNA-based methods were therefore developed and optimized
to identify and, in some cases, to enumerate the four most important species
affecting crops in our region. Several of those new diagnostic methods are now
provided as a readily accessible and affordable commercial service to agricul-
turalists in our region.
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