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A QTL on the Ca7 chromosome of chickpea affects
resistance to the root-lesion nematode Pratylenchus thornei
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Abstract The root-lesion nematode Pratylenchus
thornei Sher & Allen, 1953 is a damaging parasite of
many crop plants, including the grain legume chick-
pea (Cicer arietinum L.). Within cultivated chickpea,
there are no known sources of strong resistance to P.
thornei, but some cultivars have partial resistance. In
the research reported here, the genetic basis for dif-
ferences in P. thornei resistance was analysed using a
population derived by accelerated single seed descent
from a cross between a partially resistant cultivar, PBA
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HatTrick, and a very susceptible cultivar, Kyabra. A
genetic linkage map was constructed from genotyp-
ing-by-sequencing data. Two quantitative trait loci
were mapped, one on the Ca4 chromosome and one
on the Ca7 chromosome. The Ca7 locus had a greater
and more consistent effect than the Ca4 locus. Marker
assays designed for single nucleotide polymorphisms
on Ca7 were applied to a panel of chickpea accessions.
Some of these markers should be useful for marker-
assisted selection in chickpea breeding. Haplotype
analysis confirmed the Iranian landrace ICC14903 to
be the source of the resistance allele in PBA HatTrick
and indicated that other Australian cultivars inherited
the same allele from other Iranian landraces. A candi-
date region was defined on the Ca7 pseudomolecule.
Within that region, 69 genes have been predicted with
high confidence. Among these, two have annotations
related to biotic stress response. Three others have
previously been reported to be expressed in roots of
PBA HatTrick and Kyabra, including one that is more
highly expressed in PBA HatTrick than in Kyabra.

Keywords Root-lesion nematode - Pratylenchus
thornei - Chickpea - Cicer arietinum - Quantitative
trait locus - Molecular markers

Introduction

The root-lesion nematode Pratylenchus thornei
Sher & Allen, 1953 is a soil-borne parasite of many
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plant species, including chickpea (Cicer arietinum
L.) and other legumes, as well as cereal crops. As
a migratory endoparasite, it migrates through and
feeds upon root tissue, causing extensive tissue
damage and reducing the stress tolerance of the
host plant (Castillo et al. 1995). In Australia, and
especially in northeastern Australia, P. thornei is one
of the most damaging pathogens of both chickpea
(Murray and Brennan 2012) and wheat (Triticum
aestivum L.) (Murray and Brennan 2009). As these
two crops are often grown in rotation with each
other, sustainable control of P. thornei would benefit
from the development and adoption of both chickpea
and wheat cultivars with improved resistance (the
ability to reduce nematode reproduction). For wheat,
there have been numerous reports on sources of
partial resistance to P. thornei (Thompson and Haak
1997; Thompson 2008; Sheedy and Thompson
2009; Thompson et al. 2009; Sheedy et al. 2012)
and some reports on the genetic control of this
resistance (Zwart et al. 2004, 2005; Thompson
et al. 2012; Linsell et al. 2014; Rahman et al. 2019).
For chickpea, some cultivars have been reported
to exhibit partial resistance (Tiwari et al. 1992;
Thompson et al. 2011; Rodda et al. 2016; Reen
et al. 2019). Stronger resistance has been reported
in Cicer species from the tertiary gene pool of
chickpea (Di Vito et al. 1995) and in C. reticulatum
Ladiz. and C. echinospermum P.H. Davis, which
are cross-compatible with C. arietinum (Thompson
et al. 2011; Rodda et al. 2016; Reen et al. 2019;
Zwart et al. 2019; Ayaz et al. 2021). There have been
no reports on the genetic control of differences in P.
thornei resistance in cultivated chickpea or its wild
relatives.

Here, we report on genetic mapping for P. thor-
nei resistance in an experimental population derived
from a cross between a partially resistant chick-
pea cultivar (PBA HatTrick; pedigree Jimbour/
ICC14903) and a very susceptible chickpea culti-
var (Kyabra; pedigree Amethyst//946-31/Barwon/3/
Lasseter/940-26//946-31/Norwin/4/8507-28H//
Amethyst/T1069///8507-28H/946-31). Among 13
chickpea cultivars evaluated for P. thornei resist-
ance by Rodda et al. (2016), PBA HatTrick was
the most resistant and Kyabra was among the most
susceptible. One of PBA HatTrick’s parents, the
Iranian landrace ICC14903, is known to be more
resistant than the other parent, Jimbour (Thompson
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et al. 2011; Rodda et al. 2016), indicating that the
resistance of PBA HatTrick would have been inher-
ited from ICC14903.

Methods
Population development

Recombinant inbred line (RIL) development was under-
taken within plant growth facilities at the University of
Western Australia (31.9800° S, 115.8190° E). Popula-
tion development was undertaken in three stages:

1. Parental line purification: Seeds of the desi-
type chickpea cultivars PBA HatTrick and
Kyabra were obtained from the Australian Grains
Genebank (Horsham, Vic, Australia). Plants were
cycled through four selfing generations using
the accelerated single seed descent (aSSD) con-
ditions described by Atieno et al. (2021), with a
20 h photoperiod and light emitting diode-based
arrays (red:far-red ratio 2.89; light intensity c.
325 pmol m~2 s~! at canopy).

2. Crossing and F, seed production: Five plants
of each purified parental line were grown under
aSSD conditions. At flowering, they were cross-
pollinated following emasculation as per Kalve
and Tadege (2017) using PBA HatTrick as the
maternal parent and Kyabra as the paternal par-
ent. Mature F; seeds were harvested and sown
in 4 L pots. F, seedlings were grown at 22 °C
day/18 °C night +— 3 °C under natural day length
of approximately 14 h. Hybridity was confirmed
using molecular markers. One confirmed hybrid
plant was cloned eight times as per Danehloue-
ipour et al. (2006). The resulting clones were
allowed to self-pollinate and fully mature before
F, seeds were harvested.

3. RIL development: In the F,, F; F,, and F5 gener-
ations, plants were grown under aSSD conditions.
Pods containing immature seeds were removed
at physiological maturity (about 18 d after flow-
ering). The pods from each plant were put into a
single 135 x 80 mm envelope (Tudor Press Seal
Plain, Officeworks, Australia). Envelopes were
placed in a plastic tray containing a bed (about 3
cm deep) of orange indicator silica gel beads (Sil-
ica Gel Australia, Gordon, NSW, Australia) and
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dried for 5 to 7 days in a controlled temperature
cabinet set at 25 °C with relative humidity between
30 and 40%. At about 9% moisture, based on equi-
librium relative humidity measured with a water
activity meter (Rotronic AG, Bassersdorf Switzer-
land) and converted to seed moisture based on a
moisture sorption isotherm for chickpea (Menkov
2000), seeds were sown to grow the next genera-
tion. The Fq seeds were left to fully mature on the
F; plants. One F, plant of each of 218 recombinant
inbred lines (RILs), each tracing back to a different
F, plant, was grown in a shade house in Urrbrae,
South Australia (34.9670° S, 138.6360° E) provid-
ing Fy.; seed for each RIL.

DNA extraction and genotyping-by-sequencing

Leaf tissue was sampled from each of 213 Fy plants
and from each of four plants of each of the parental
cultivars. DNA was isolated using a phenol chloro-
form method (Rogowsky et al. 1991), with the modi-
fications described by Pallotta et al. (2000). Aliquots
of DNA were sent to Diversity Arrays Technology
Pty. Ltd. (Bruce, ACT, Australia) for genotyping-by-
sequencing (GBS) analysis using its chickpea DArT-
seq 1.0 platform. As described by Aznar-Fernindez
et al. (2020), DArTseq technology involves process-
ing of DNA samples in digestion/ligation reactions,
using adaptors that include barcode sequences and
flowcell attachment sequences for Illumina sequenc-
ing. Amplification products are bulked across sam-
ples, subjected to bridge PCR, and sequenced using
an Illumina HiSeq (Illumina, USA). The resulting
data were analysed by Diversity Arrays Technology
Pty. Ltd. using its proprietary software pipeline. In
that pipeline, poor-quality sequences are filtered out,
with stringent selection in the barcode region. The
remaining sequences are assigned to samples based
on barcodes, identical sequences are collapsed into
fastqcall files, and genotypes are called for SNP and
presence/absence (“SilicoDArT”’) markers.

Linkage map construction

Genotypic data from GBS were processed using the
R Statistical Computing Environment (R Core Team

2020). Markers for which parental genotypes were
unknown or uncertain (because they had not been
called for the parental DNA samples), markers with
greater than 25% missing values, and markers exhibit-
ing significant segregation distortion (greater than a
Bonferroni corrected p-value for a genome-wide alpha
level of 0.05) were temporarily set aside. Using the
genotypic data for the remaining markers, an initial
linkage map was constructed using the MSTMap (Wu
et al. 2008) functionality of the R package ASMap
(Taylor and Butler 2017). Markers for which the paren-
tal phase was unknown were then added to linkage
groups using the pushCross function of ASMap. For
markers that remained unlinked, the allelic phase was
switched and a second “push” was conducted. Any
marker that still remained unlinked was excluded from
further consideration. Finally, markers that had been set
aside due to missing values and/or segregation distor-
tion were assessed for suitability and additional mark-
ers were “pushed” into the linkage map. Linkage maps
were assigned to pseudomolecules Cal through Ca7
based on the results of a BLASTn analysis (Altschul
et al. 1990) of GBS sequence tags against version 2.6.3
(Edwards 2016) of a genome assembly for kabuli-type
chickpea (Varshney et al. 2013). A linkage map was
drawn using the software MapChart (Voorrips 2002).

To prepare the genotypic data for use in QTL analy-
sis, each set of co-locating markers was condensed to
form a representative consensus marker with a unique
map position. Marker genotypes were numerically
encoded (PBA HatTrick homozygotes as + 1; heterozy-
gotes as 0; Kyabra homozygotes as — 1). Missing geno-
type calls were numerically imputed using the flanking
marker rules of Martinez and Curnow (1992).

Evaluation of resistance to Pratylenchus thornei

Resistance to P. thornei was evaluated in each of two
years in a glasshouse in Toowoomba, Queensland
(27.5598° S, 151.9507° E). Each experiment con-
sisted of three randomised complete blocks. In the
first experiment, conducted in 2018, each of 205 RILs
was represented by three Fy siblings of the genotyped
Fy plant. In the second experiment, conducted in
2019, each of that 213 RILs that had been included
in the genotyping was represented by three F, selfed
progeny of the genotyped F, plant. Several addi-
tional entries were included in each experiment: five
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RILs that had not been genotyped, the parental lines
(PBA HatTrick and Kyabra), a P. thornei-resistant
accession of C. reticulatum (ILWC123), three mod-
erately resistant wheat lines (CPI133872, GS50a and
QT8447)), two susceptible wheat cultivars (Petrie
and Strzelecki), three wheat cultivars of intermedi-
ate reaction (Gauntlet, Sunguard and Sunzell), and
an inoculated/unsown control treatment. The 2018
(F4) experiment also included two chickpea cultivars
of intermediate reaction: Howzat and Sonali. The
pots (70 mm square base X 150 mm high), which
were designed for bottom watering, were partially
filled with 264 g of black vertisolic soil, providing a
base layer of 80% of the final total soil weight (330 g
oven-dry soil). The soil had previously been sieved to
remove aggregates larger than 1 cm, pasteurised for
40 min using aerated steam at 85 °C, and fertilised to
supply NO;-N. P, K, S, and Zn at 200, 25, 88, 36, and
5 mg/kg of soil, respectively. Two seeds were placed
on top of that base.

Inoculum prepared using P. thornei from a culture
that originated from ten specimens collected near
Jondaryan, Queensland (Thompson 2008) was applied
by pipetting 10 mL of a suspension containing 3300
P. thornei (equivalent to 10,000 nematodes per kg of
oven-dry soil) around the seeds. The remaining soil
was placed over the seeds as a cap. After emergence,
seedlings were thinned to one seedling per pot. Both
experiments were conducted on benches fitted with a
self-regulating continuous bottom-watering system set
to a water tension of 2 cm. Air and soil temperatures
were maintained in the range of 20 to 25 °C using
reverse-cycle air conditioning and evaporative coolers.

At 16 weeks after sowing and inoculation, the roots
and soil were removed from the tubes. The soil and
roots from the lower half of the pot were removed and
stored at 3 °C in sealed plastic bags for later process-
ing. The plants and upper soil and roots were re-pot-
ted and returned to the glasshouse so that the plants
could grow to maturity to produce seed. The soil
and roots of the lower half of each sample were then
manually cut into segments approximately 1 cm long
and homogenised. A 100 g subsample of the soil-root
mixture from each tube was dried at 105 °C for 48
h to determine gravimetric moisture content. Nema-
todes were extracted from another 150 g subsample
at 22 °C for 48 h using the Whitehead tray method
(Whitehead and Hemming 1965) and collected on a
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20-pm sieve. Samples were stored in 30 mL vials at
3 °C. Nematodes were counted using a 1 mL Peters
nematode counting chamber slide (Chalex Corpora-
tion, Portland, OR, USA) under a compound micro-
scope (40 X).

Statistical analysis of nematode counts

Nematode counts from each experiment were initially
subjected to an analysis of variance containing a fac-
tor for distinguishing among entries (RILs, parents,
and control cultivars). The profile likelihood methods
outlined by Venables and Ripley (2002) were used
to determine optimal values for a in the transformed
response In(Pt + «), where Pt is the number of P.
thornei nematodes per kg (oven-dry equivalent) of
soil and roots.

Transformed trait values were then analysed
using a linear mixed model (LMM) that parti-
tioned and accounted for genetic and non-genetic
sources of variation (Gilmour et al. 1997). The
LMM included fixed-effect indicator terms to allow
estimation of mean effects for the RIL population,
each parent and each control cultivar and a random-
effect term to account for non-genetic variation
from experimental design blocks. To account for
potential spatial variation across the experimental
layout, the variance of the residuals of the LMM
were assumed to contain a separable AR1 by ARI1
(AR1 = autoregressive structure of order 1) correla-
tion structure in row and column directions. To esti-
mate the genetic variance among the RIL progeny,
the LMM also contained a random-effect term to
distinguish among the RILs. From the fitted LMM,
empirical best linear unbiased estimators (eBLUEs)
of the parental lines were extracted and used as
total predictions for the parents. For each RIL, a
total prediction was calculated from the overall
eBLUE for the population and the empirical predic-
tor (eBLUP) for the RIL.

All LMM analyses of phenotypic data were con-
ducted in the R statistical computing environment
(R Core Team 2020) with the ASReml-R package
(Butler et al. 2017), which uses the REML algo-
rithm of Patterson and Thompson (1971) to esti-
mate model parameters. Additional model diagno-
sis was conducted using the ASExtras R package
(http://www.mmade.org).
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Whole-genome QTL analysis

QTL analysis was conducted following the whole-
genome average interval mapping (WGAIM)
approach of Verbyla et al. (2007) and Verbyla et al.
(2012), except that analysis was based on individ-
ual marker loci rather than the midpoints of inter-
vals between marker loci. The LMM was extended
to partition total genetic effects into additive and
residual genetic random components, and then the
complete set of markers was incorporated in the
variance of the additive effects as a known additive
genomic relationship matrix scaled by an unknown
additive variance parameter. The inclusion of the
additive term was then tested using a simple likeli-
hood ratio test and if found to be significant at an
alpha level of 0.05, an outlier detection method was
used to select the marker that was most strongly
associated with the trait. That marker was then
moved to the fixed component of the LMM as a
numerical covariate and any markers within 20
cM of the selected marker were removed from fur-
ther analysis. This forward selection process was
repeated until the term containing the remaining set
of markers was non-significant. All QTL analyses
and summaries were performed using the wgaim R
package (Taylor and Verbyla 2011).

Development and application of marker assays for
SNPs in QTL regions

For 15 SNPs that were found to be linked with a QTL
affecting resistance to P. thornei, primers for Kom-
petitive Allele Specific PCR™ (KASP™) marker
assays were designed using Kraken™ software (LGC
Genomics Limited, Hoddlesdon, UK). These assays
were applied to single-plant DNA samples from
PBA HatTrick, Kyabra, and 66 other chickpea acces-
sions using an automated SNPLine™ system (LGC
Genomics Limited, Hoddlesdon, UK) according to
the manufacturer’s instructions.

Results
The aSSD process started with the sowing of 250 F,

seeds. In each generation, the plants flowered between
25 and 28 days after sowing. In the F, through F,

generations, the number of growing degree days from
sowing to harvest ranged from 917 to 981 (taking T,
to be 0 °C, as per Lake et al. (2016)). Between 3 and
10 mature F seeds were harvested from each of 218
Fs plants (87.2% of 250). Of these lines, 213 were
used for genotyping, 205 were included in the F, phe-
notyping experiment, and all 218 were included in the
F, phenotyping experiment.

In both phenotyping experiments, nematode
counts were lower for PBA HatTrick (eBLUE = 9.56
+ 0.58 in the Fy experiment and 11.58 + 0.57 in the
F, experiment) than for Kyabra (eBLUE = 10.43 +
0.58 in the Fg experiment and 12.71 + 0.57 in the F;
experiment) and varied among the PBA HatTrick X
Kyabra RILs (Fig. 1). Among the RILs, there was a
significant positive phenotypic correlation between
the two experiments (r = 0.35, p < 0.00001) (Fig. 2).

From among 806 tag pairs discovered by DArT-
seq GBS, 610 were genetically mapped (Online
Resource 1) at 211 unique positions (Fig. 3a). Infor-
mation from physical anchoring of sequence tags to
the version 2.6.3 genome assembly for kabuli-type
chickpea was sufficient to assign linkage groups to
pseudomolecules. Each of the eight chickpea chro-
mosomes was represented by one linkage group.
These groups ranged in length from 16.8 to 121.7
cM. The longest intervals between markers on the
same linkage group were on the chromosomes cor-
responding to pseudomolecules Cal (31.3 cM), Ca4
(21.3 cM), Ca5 (21.3 cM), Ca7 (23.6 cM), and Ca8
(24.2 cM). Information from physical anchoring of
sequence tags was used as basis for orienting link-
age groups, but some of the orientations shown in
Fig. 3a should be considered tentative, given dis-
crepancies between physical and genetic marker
order (Online Resource 1).

Two P. thornei resistance QTLs were mapped
(Table 1), one on the Ca4 chromosome (detected only
in the Fg experiment; Fig. 3b) and one on the Ca7
chromosome (detected in both experiments; Fig. 3c)
(Table 1). At each of these loci, the favourable allele
(reducing the nematode count) was from PBA Hat-
Trick. For the Ca4 QTL, differences (if any) in nema-
tode numbers between the PBA HatTrick and Kyabra
genotypic classes are not obvious (Fig. 2a). For the
Ca7 QTL, lines with the PBA HatTrick genotype
clearly tend to have fewer nematodes than lines with
the Kyabra genotype (Fig. 2b).

@ Springer
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Fig. 1 Phenotypic distributions for predictions of log-trans-
formed numbers of Pratylenchus thornei per kg of soil and
roots for a population of PBA HatTrick X Kyabra recombinant
inbred lines (RILs) evaluated in (a) the Fq generation in 2018
and (b) the F, generation in 2019

The Ca7 QTL was selected for further investiga-
tion. When the 94 GBS tag sequences that were genet-
ically mapped on the same linkage group as this QTL
were BLASTed against the version 2.6.3 genome
assembly for kabuli-type chickpea, 84 had their best
hit on the Ca7 pseudomolecule, nine had their best
hit on other pseudomolecules (two on Ca2 and one
on each of Cal, Ca3, Ca4, and Ca6), and three had
no hit (Online Resource 1). Within the 56.25 Mb Ca7
pseudomolecule, there are nine regions longer than 3
Mb (ranging from 3.03 to 5.70 Mb) in which no tags
were anchored, but there are other regions, including
the QTL region, in which many tags were anchored.
In the QTL region, all 19 tags that were genetically
mapped between 15.41 and 19.23 ¢cM were anchored
to physical positions between 22.57 and 23.60 Mb
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Fig. 2 Log-transformed numbers of Pratylenchus thor-
nei per kg of soil and roots, for 181 PBA HatTrick X Kyabra
recombinant lines evaluated in the F4 generation in 2018 and
the F; generation in 2019. The lines shown are those that are
homozygous in QTL regions on the Ca4 and Ca7 chromo-
somes and that were evaluated in both experiments. Dark and
white symbols represent lines with the PBA HatTrick and
Kyabra genotypes, respectively at (a) the Ca4 QTL and (b) the
Ca7 QTL

(Online Resource 1). From 16.37 to 19.23 cM, the
genetic order was entirely consistent with the physical
order (Fig. 4, Online Resource 1).

KASP assays were designed for 15 SNPs that
mapped between 15.41 and 19.23 cM on the Ca7
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linkage group (Fig. 4, Online Resource 2). When
these assays were applied to 68 chickpea accessions,
ten accessions exhibited the PBA HatTrick haplotype,
16 accessions exhibited the Kyabra haplotype, and
seven other haplotypes were observed (Fig. 4).

Within the 1.03 Mb region from 22.57 to 23.60
Mb on the Ca7 pseudomolecule, 69 genes have been
predicted with high confidence (Online Resource 3).
Among these, five (Ca_16754, Ca_16755, Ca_16756,
Ca_16784, and Ca_16790) have previously been
reported (Channale et al. 2021) to be expressed in
roots of PBA HatTrick and Kyabra, with and/or with-
out inoculation with P. thornei (Online resource 4).
Transcript abundance results (from Channale et al.
2021) for the three most highly expressed genes
(Ca_16755, Ca_16756, and Ca_16790) are shown in
Fig. 4b. For Ca_16790, transcripts were consistently
more abundant in root tissue from PBA HatTrick than
in root tissue from Kyabra.

Discussion

Prior to this research, resistance to P. thornei had been
identified within wild relatives of chickpea, including
C. arietinum ssp. reticulatum and C. echinospermum,
which are cross-compatible with cultivated chickpea.
While effort has been made to introgress this resist-
ance into chickpea, this is a lengthy process and may
not result in lines that combine adequate resistance
with good agronomic performance. To complement
this effort, we sought to exploit intraspecific variation
within C. arietinum. As there were no reports of any
sources of strong resistance in cultivated chickpea, we
chose to investigate the genetic basis of the difference
between a partially resistant cultivar (PBA HatTrick)
and a very susceptible cultivar (Kyabra). To acceler-
ate the development of PBA HatTrick x Kyabra RILs
for use in genetic mapping, we employed aSSD meth-
ods similar to those reported by Croser et al. (2016)
and Ribalta et al. (2017) for narrow-leaf lupin (Lupi-
nus angustifolius L.) and pea (Pisum sativum L.) and
as applied to chickpea by Atieno et al. (2021). After
confirmation of hybridity, F, plants were vegeta-
tively propagated so that a large number of F, seeds
could be obtained to initiate aSSD. The entire pro-
cess, from sowing of the parents for crossing through
to harvest of F, seed was completed within just 18
months (compared to 3 to 4 years using conventional

glasshouse-based single seed descent). From just 250
F, seeds sown, 218 F¢.; lines were developed, rep-
resenting an average attrition rate of just 2.6% per
generation.

With GBS, hundreds of SNPs were discovered
and genetically mapped. While some regions of
the genome had many polymorphic SNPs, others
had none, presumably due to PBA HatTrick (pedi-
gree Jimbour/ICC14903, which can be expanded
to  Amethyst/Barwon//ICC14903) and Kyabra
(pedigree Amethyst//946-31/Barwon///Lasse-
ter/940-26//946-31/Norwin////8507-28H// Amethyst/
T1069///8507-28H/946-31) having inherited some
identical chromosome regions from their common
ancestors Amethyst and Barwon. Anchoring of the
markers to a genome assembly revealed numerous
discrepancies between genetic and physical marker
orders, and for some chromosomes, the correct ori-
entation of the linkage group(s) was not clear. This
will need to be taken into account if the PBA Hat-
Trick X Kyabra population and linkage map are
used for other traits. Discrepancies in marker order
can be due to errors in the linkage map, errors in
the genome assembly or true biological differences
in materials. In this case, it seems unlikely that the
differences are due to differences between desi-type
chickpea (PBA HatTrick, Kyabra, and their progeny)
and kabuli-type chickpea (CDC Frontier, the cultivar
used for the genome assembly), because we obtained
similar results (not shown) with a desi-type genome
assembly. Fortunately, there were no discrepancies in
marker order within the QTL regions mapped in this
research.

As expected, PBA HatTrick exhibited more resist-
ance than Kyabra in both inoculated experiments.
The distributions of the phenotypic values observed
in the two experiments overlapped with each other,
but nematode numbers were considerably higher in
the F, experiment than in the Fg experiment. Such
differences between experiments are not unusual for
this trait. They may be partly due to seasonal varia-
tions in environmental conditions, as the experiments
were conducted in a regular glasshouse, not a con-
trolled environment facility. Seed source effects could
also be involved in this case, with the Fy seeds having
come from Fj plants grown under conditions used for
aSSD and the F; seeds having come from F, plants
grown under more favourable conditions. Despite the
differences between experiments, nematode counts
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«Fig. 3 Linkage map (a) for a PBA HatTrick x Kyabra chick-
pea population and outlier statistics for the association of
marker positions on the Ca4 (b) and Ca7 (c) chromosomes
with log-transformed numbers of Pratylenchus thornei per
kg of soil and roots, as evaluated in the Fy generation in 2018
(dark symbols) and the F; generation in 2019 (white symbols).
In panel a, the horizontal lines on the linkage groups represent
positions at which genotyping-by-sequencing tag pairs were
mapped and the scale bar on the left shows genetic distances
incM

varied widely among the RILs in both experiments
and were significantly correlated between experi-
ments, providing a basis for QTL mapping.

Of two QTLs that were mapped here, the Ca7 QTL
was detected in both experiments, at almost exactly
the same position, explaining 40% of genetic varia-
tion in one experiment and 51% of genetic variation
in the other experiment. That QTL was chosen for
further investigation. The Ca4 QTL, which explained
less variation in the first experiment and was not
detected in the second experiment, was not pursued.

The development and application of KASP assays
for 15 SNPs in the Ca7 QTL region made it possible to
investigate haplotypes across a panel of chickpea acces-
sions. Given that Jimbour is known to be more suscepti-
ble to P. thornei than ICC14903 (Thompson et al. 2011;
Rodda et al. 2016), it was expected that PBA HatTrick
(Jimbour/ICC14903) would have inherited its partial
resistance from its other parent, the Iranian landrace
ICC14903. Consistent with this, ICC14903 exhibited the
same haplotype as PBA HatTrick. That haplotype was
also observed in two other Iranian landraces (ICC3996
and ICC13729) and in six other Australian chickpea cul-
tivars (Ambar, Genesis 509, Genesis 510, PBA Bound-
ary, PBA Maiden and PBA Seamer), all of which have
partial resistance (Thompson et al. 2011; Rodda et al.
2016). PBA Seamer (pedigree 9081-3024/PBA HatTrick)
would have inherited the resistance-associated haplotype

from ICC14903 via PBA HatTrick. Ambar (pedigree
ICCV92501/1CC13729//WACPE2021/ICCV96808)
could have inherited the same haplotype from ICC13729,
while Genesis 509 (pedigree ICC3996/ILC/5928), Gen-
esis 510 (pedigree ICC3996/1LC5928), PBA Boundary
(pedigree Jimbour/ICC3996), and PBA Maiden (pedigree
Howzat//940-105/ICC3996) would all have inherited it
from ICC3996.

Assessment of resistance to root-lesion nematodes
requires either substantial labour for nematode count-
ing (as done here and by Reen et al. (2019)) or DNA-
based quantification of nematodes in soil and roots
(as done by Rodda et al. (2016)). Both methods are
too costly for large-scale application in breeding pro-
grammes. Accordingly, this trait is a good candidate
for marker-assisted selection. The best marker(s) for
this purpose would be closely linked with the QTL
position and would distinguish the favourable hap-
lotype from other haplotypes in chickpea breeding
germplasm. All of the markers shown in Fig. 4 are
very closely linked with the estimated QTL position.
Among these markers, the one that is most closely
linked with the QTL position, wri438 (at 17.3 cM
and 23.1 Mb), distinguishes the PBA HatTrick hap-
lotype from all other haplotypes except haplotype
IX, as do the nearby markers wri437 (at 23.1 Mb)
and wri428, wri430, and wri530 (at 22.9 Mb). The
markers wri431 (at 22.8 Mb) and wrid27, wri426,
and wri432 (at 22.7 Mb) all distinguish the PBA
HatTrick haplotype from all other observed haplo-
types. Given that Desavic, one of the haplotype IX
cultivars, is known to be quite susceptible (Thomp-
son et al. 2011), it seems unlikely that haplotype IX
confers resistance. On this basis, the four markers at
22.7-22.8 Mb (wri426, wri427, wri431, and wri432)
can be expected to be more diagnostic of resistance
across a wide range of germplasm than the five mark-
ers at 22.9-23.1 Mb.

Table 1 QTLs detected for numbers of Pratylenchus thornei in a population of PBA HatTrick X Kyabra recombinant inbred lines of

chickpea
Experiment Chromosome Marker Position (cM) LOD p % of genetic
variance
explained
F¢ plants evaluated in 2018  Ca4 10266564IFI0-33:T>G  78.20 2.55 0.0003 18
Ca7 29631748IFl0-45:A>G  17.32 596 <0.0001 40
F; plants evaluated in 2019  Ca7 5826018IFI0-44:G>A4  17.55 22.56 < 0.0001 51

At each QTL, alleles from PBA HatTrick were associated with a reduction in the nematode count
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«Fig. 4 a Genetic positions of 19 genotyping-by-sequencing
markers that are within 2 cM of the estimated position of a
QTL for resistance of chickpea to Pratylenchus thornei, physi-
cal positions at which those markers were anchored on the
Ca7 pseudomolecule of version 2.6.3 of a genome assembly
for kabuli-type chickpea; and haplotypes observed among 68
chickpea accessions genotyped with KASP assays for 15 of
those markers. In the haplotypes, nucleotides shown in white
text on a dark background are the same as those carried by the
partially resistant parent PBA HatTrick and nucleotides shown
in dark text on a white background are the same as those car-
ried by the susceptible parent Kyabra. b Physical positions
of 69 genes predicted with high confidence within a 1.03 Mb
region of the Ca7 pseudomolecule, with transcript abundance
data (from Channale et al. 2021) for three of those genes

Based on anchoring of marker sequences to the
Ca7 pseudomolecule, a candidate region of 1.03 Mb
was selected and a list of 69 high-confidence pre-
dicted genes was compiled (Online Resource 3).
Given that no genes for resistance against migratory
endoparasitic nematodes have been isolated from
any host plant and that little is known about resist-
ance mechanisms (Mathew and Opperman 2020),
none of these genes can be excluded solely based
on annotation. Nevertheless, two of these predicted
genes (Ca_16763 at 22.9 Mb and Ca_16772 at 23.1
Mb) may be stronger candidates than others, in that
they are similar to the Medicago truncatula genes
Medtr82020290.1 and Medtr8g020300.1, respec-
tively. These genes belong to the Toll interleu-
kin-1 receptor-nucleotide binding site-leucine rich
repeat (TIR-NBS-LRR) family. TIR-NBS-LRR genes
have been implicated in responses to biotic stress
responses in many plants, including chickpea (Sagi
et al. 2017). The potato (Solanum tuberosum L.)
Grol-4 gene, which confers resistance to the golden
nematode Globodera rostochiensis Wollenwebber,
1923 (a sedentary endoparasite), is a TIR-NBS-LRR
gene (Paal et al. 2004).

Five predicted genes in the candidate region have
previously been reported to be expressed in roots of
PBA HatTrick and Kyabra (Channale et al. 2021).
For two of these genes (Ca_16754 and Ca_16784),
Channale et al. (2021) detected transcripts only at low
levels and only in mock-inoculated control plants of
PBA HatTrick. For the other three genes (Ca_16755,
Ca_16756, and Ca_16790), transcripts were detected
at high levels in both PBA HatTrick and Kyabra and
in both P. thornei-inoculated and mock-inoculated

control plants. Two of these genes are similar to genes
encoding transcription factors in M. truncatula: an
alfin-like transcription factor (Medtr82019520.2, sim-
ilar to Ca_16755) and a CCAAT-binding transcrip-
tion factor (Medtr8g019540.1, similar to Ca_16756).
Both of these genes are between two of the most diag-
nostic markers: 299672911FI0-44.G>A (wri427; 16.3
cM ; 22.7 Mb) and 10266262IFI0-30:C>A (wri431;
16.37 cM; 22.8 Mb). The third highly expressed gene
(Ca_16790) has no known homolog in either M. trun-
catula or Arabidopsis thaliana, but is of particular
interest because its transcript abundance was consist-
ently higher in the roots of PBA HatTrick than in the
roots of Kyabra (Fig. 4b). The position of this gene on
the Ca7 pseudomolecule (23.3 Mb) is just distal to the
marker that was the most significant in the F, experi-
ment: marker 5826018|FI0-44:G>A (wri439; 17.55
cM; 23.2 Mb). In future research aimed at identifying
the resistance gene, Ca_16790 could be given prior-
ity for functional analysis, and Ca_16755, Ca_16756,
Ca_16763, and Cal6772 may also be worth investi-
gating. However, based on current evidence, it would
be premature to definitively exclude any of the other
64 predicted genes in the candidate region. Higher
resolution genetic mapping could be pursued to nar-
row the candidate region. Within the PBA HatTrick
X Kyabra population, there are a number of lines for
which the genotyped F, plant was heterozygous in the
Ca7 QTL region (Online Resource 1). These materi-
als could be useful for generating recombinant prog-
eny for fine mapping.

Given that the favourable allele at the QTL dis-
covered here is present in PBA HatTrick and some
other recent cultivars (Ambar, PBA Boundary, PBA
Maiden, and PBA Seamer), there is an immedi-
ate opportunity to apply marker-assisted selection
in chickpea breeding, providing some protection to
chickpea and to wheat and other crops that are grown
in rotation with chickpea. More complete protec-
tion would require discovery of additional resistance
loci within cultivated chickpea and/or introgression
of resistance alleles from wild relatives. Potential
sources that have already been identified in C. reticu-
latum and C. echinospermum (Thompson et al. 2011;
Rodda et al. 2016; Reen et al. 2019) could be used
as parents for further genetic mapping and to develop
molecular markers for the loci responsible for their
resistance.
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