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Genome-wide association study
reveals heat tolerance QTL for
canopy-closure and early
flowering in chickpea
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!School of Life and Environmental Sciences, The University of Sydney, Sydney, NSW, Australia, 2The
Sydney Institute of Agriculture, The University of Sydney, Sydney, NSW, Australia, The Plant Breeding
Institute, The University of Sydney, Sydney, NSW, Australia

Chickpeas are a vital source of protein and starch for a large portion of the world's
population and are known to be impacted by heat stress at every life stage.
Previously known as an “Orphan Legume”, little is known of the genetic control of
heat stress tolerance, and most previous research has focused on heat avoidance
rather than tolerance. This study utilised a population of 148 chickpea genotypes,
primarily Kabulis, in 12 field trials conducted at 2 locations, two sowing periods, and
across 3 years. Physiology was examined, and data was paired with Diversity Arrays
Technology (DArT) sequencing to perform a Genome Wide Association Study to
connect phenotypic and genotypic regions. Fourteen QTL related to yield, seed
size, time to flowering, time to maturity, and final canopy closure were found.
Among these, are the first Quantitative Trait Loci (QTL) ever identified for canopy
closure in chickpea, along with a QTL that is likely linked to early flowering under
heat stress. Early flowering in this case refers to a cultivar flowering significantly
earlier than the others in the genotype set. Additionally, several other QTL provide
validation of previous research. These QTL hotspots that can be targeted for
selective breeding of several traits concurrently. Overall, new targets for genome
assisted breeding for heat tolerance in chickpea were identified and can be utilised
by the breeder community to improve the status of selective breeding for heat
tolerance in this crop.
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1 Introduction

Chickpea (Cicer arietinum) is a crucial source of protein and starch in many countries
(Abbo et al, 2003), making up roughly 20% of global pulse production (FAO, 2020).
Chickpeas are a nutrient dense food, with high protein, iron, and starch contents, and are an
agronomically strong crop, surviving on low nutrient soils through highly efficient nitrogen
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extraction via symbiosis with rhizobial bacteria (Sharma et al., 2013).
Heat stress impacts every stage of plant growth and development
(Jeffrey et al., 2021) and the latest Intergovernmental Panel on
Climate Change (IPCC) report has found that between 2021-2040
it is very likely that the global surface temperature will increase by 1.5
°C relative to 1850-1900 (IPCC, 2021). It has been shown that high
temperatures can decrease potential yield of this crop by 10-15% for
every degree that temperature increases beyond the minimum stress
level (Upadhyaya et al., 2011), with extreme heat events leading to a
complete loss of yield (Kumar et al, 2013). With the increased
urgency of mitigating the effect of climate change on global
cropping systems, the last two decades have seen an increased
focus on breeding for heat and drought tolerance in chickpea
(Devasirvatham et al., 2015; Maphosa et al., 2020).

One of the main issues in chickpea genomic research is the
relative paucity of sequence information compared to other crops
such as wheat (Alonge et al, 2020), even though the chickpea
genome is small at roughly 12% that of wheat (Varshney et al,
2017). In the last decade there has been a surge in research linking
genetic markers to traits of interest driven by advancements in
genotypic technologies (Thudi et al., 2014; Farahani et al., 2019).
High density genotyping including over 10,000 SNP markers has
been accessible since 2012 which has expediated genetic research in
chickpea (Hiremath et al., 2012). This technology has been utilised
in a number of studies to further understand genetic diversity,
linkage disequilibrium and allelic diversity, essential for chickpea
improvement (Thudi et al., 2014; Roorkiwal et al., 2016; Farahani
et al, 2019). The most recent genome-wide marker map was
produced using Single-Nucleotide Polymorphisms (SNPs) in 2013
(Varshney et al,, 2013) with the previous iteration produced with
microsatellite Simple Sequence Repeats (SSRs) in 2000 (Winter
et al.,, 2000). Because of this, there is significant inconsistency in the
markers used in research since 2000, making it difficult to
understand the locations of previously reported marker trait
associations (MTA) and quantitative trait loci (QTL).

All Cicer species are diploid, with 16 somatic chromosomes, but
there are sufficient differences between chromosome length and
chromosomal constrictions to distinguish C. arietinum from the
wild progenitor C. reticulatum, while maintaining a large degree of
intraspecific variation in karyotype (Varshney et al,, 2017). Due to
this speciation, early attempts to form heterotic hybrids have been
mostly unsuccessful, due to post fertilisation abortion (Ahmad and
Slinkard, 2004). As such, the primary direction for crop improvement
via genomic technologies seems to be improvement of existing map
resources, with the goal of developing enhanced genomic tools to
assist breeding (GAB) programs (Pandey et al., 2016).

With the accelerating impacts of climate change, improved
understanding of the chickpea genome and validated MTAs for GAB
programs, the genetics underlying the physiological response of
chickpea to heat stress needs to be further investigated. There have
been markers found for traits that are known to be linked to
performance under heat stress, such as flowering time, seed size, and
plant height (Kumar and Abbo, 2001; Thudi et al,, 2014). However, the
extent of this research is limited, and many of these studies have been
performed on only a small subset of genotypes, missing the full
diversity of physiological responses possible in the crop.
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This study used 148 chickpea genotypes in two commercial
growing regions in Australia to assess physiological traits under
typical and heat-stressed conditions. With these physiological trait
data, a Genome-Wide Association Study (GWAS) was completed.
The aim was to identify key QTL associated with traits related to or
impacted by heat stress, to advance future genetic improvement and
research into heat tolerance in this key crop. Additionally, the
findings of previous research were combined to produce a
chromosome map showing key genes and QTL associated with
heat stress and similar physiological traits. The objective was to
create a simplified resource that depicts known genomic regions of
interest, regardless of the marker type that was used to find them.

2 Materials and methods
2.1 Source of germplasm

Germplasm from an international genebank, consisting of 148
genotypes were examined, comprising 10 desi and 137 kabuli types.
These genotypes originated from Australia (9), ICARDA (129), and
ICRISAT (9), and are a mix of released cultivars and elite breeding
lines (Appendix 1). These genotypes were selected to represent a
diverse range of responses to heat stress.

2.2 Field trials

In total, data was collected across 3 years, 2 locations, and 2
sowing times, resulting in 12 field trials. Field trials were conducted
in Kununurra, Western Australia (15.7783° S, 128.7439° E), and
Narrabri, New South Wales (30.2737° S, 149.7350° E), using
agronomic management typical of each region. Thus,
management practices were not the same at each location. These
locations were selected to represent the historical mediterranean
environment used for cultivating chickpeas (Narrabri) and a higher
temperature environment (Kununurra). Genotypes were sown
according to commercial standards (~169 seeds and ~381 seeds
per plot in Narrabri and Kununurra respectively) in randomised
complete block designs of 2 replicates for each time of sowing
(TOS) in plots of 8 m* Trials in Kununurra were flood-irrigated
fortnightly, with regular Nitrogen side-dressing throughout the
season, whereas Narrabri trials were irrigated to simulate a typical
year, inoculated with rhizobium and a pre-emergent herbicide
applied. Temperature was collected in hourly intervals at each
location, and daily minima and maxima has been provided in
Appendix 2. These data can be found in raw form through
weather.agric.wa.gov.au (Kununurra site) and ozforcast.com.au
(Narrabri site). Delayed sowing trials were carried out annually
between 2018-2020 inclusive, with the first sowing (TOSI)
corresponding to the regional commercial season, and the second
(TOS2) delayed by 1 month in Kununurra, and 2 in Narrabri. This
variation in sowing delay between the regions is due to the shorter
season length in Kununurra, caused by consistently higher
temperatures than those of Narrabri (Appendix 2).
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2.3 Measured traits and data curation

For all 3 years, sowing times and locations, the following traits
were measured: Gross yield per plot (grams), hundred seed weight
(HSW) (grams), flowering time, and maturity time. Flowering and
maturity time were measured via a count of the number of days
between sowing and the reaching of this set lifestage, as described in
ICRISAT guidelines (IBPGR, ICRISAT, 1993). In addition, canopy
closure was measured in the 2019 Narrabri trials using the
“canopeo” app (Patrignani and Ochsner, 2015). Canopy closure
measurements were taken towards the end of the podding phase, in
order to ascertain the maximum canopy closure as a percentage of
ground cover. To assess flowering and maturity time, plots were
inspected as regularly as possible, typically every 2-3 days, to
determine the date at which 50% of the plants in each plot had at
least 1 flower and the date at which 50% of each plot was desiccated
and a brown colour. These dates were then used to calculate the
number of days from sowing to flowering and maturity (Pundir
et al., 1988).

Phenotypic data is summarised in Table 1. The predicted means
were calculated using linear mixed models in Genstat software
(VSN-International, 2022), and subsequent data was organised into
Quartile-Quartile (QQ) plots in R, grouped by location and year

10.3389/fpls.2024.1458250

(Appendix 3). Year, genotypes, and sowing dates were arranged as
fixed effects for each location, with range, and row within reps and
sowing dates within years arranged as random effects. This was
done to determine data conformity to a normal distribution, to
assess quality for GWAS analysis.

2.4 DNA extraction

Seeds were sprouted in petri dishes until large enough to
produce sufficient leaves for extraction. The first 3-4 young leaves
per individual were collected and dried in an Eppendorf tube with
silica gel for 2-3 days. Two ball bearings were added to each tube,
and tissue was subsequently crushed with a lyser for 2min at 20
rpm. Ball bearings were then removed, and 800 uL of CTAB buffer
added to each tube, with samples incubated at 65°C for 30-40 min,
followed by 5 min at room temperature. 600 uL Phenol-chloroform
(24:1 ratio) was added to each tube, and samples were mixed for 2
min and then centrifuged at 10,000 rpm for 10 min. 600 pL
supernatant was removed and placed in a 1.5 mL microcentrifuge
tube, followed by 500 pL cold isopropanol. Samples were then
chilled at -20°C for 20 min, and then centrifuged at 10,000 rpm for
10 min. Supernatant was discarded, and remaining ethanol was

TABLE 1 Mean and standard deviation of examined traits across trials; year, TOS and site.

Kununurra

2018

Narrabri

2018

Mean 201572 +39.01 | 2704.67 + 4538 | 256822 £57.19  2179.44 +29.46 | 1724.68 +23.95 | 978.53 + 1536
TOS1
G SD 496.45 564.9 693.29 353.51 29323 186.79
TOSS
Yield (g) Mean 213307 +£37.99  2917.73+47.13 | 2073.07 £5224 | 140442 + 1515 116558 + 18.03 | 516.74 + 18.02
TOS2
SD 483.43 586.68 633.27 187.35 220.04 219.14
Mean 35.64 + 0.57 36.51 + 0.57 33.44 + 0.49 37.21 + 0.56 35.16 + 0.45 37 +0.49
TOS1
SD 7.14 7.00 586 6.66 546 587
HSW (g)
Mean 33.78 + 0.54 38.81 + 0.6 31.24 + 047 34.65 + 0.5 31.57 + 0.44 32.32 + 043
TOS2
SD 6.78 7.38 5.60 6.10 5.30 5.14
Mean 52.13 + 0.45 57.98 + 0.76 6745 + 0.55 87.78 + 0.25 84.91 + 0.44 97.49 + 0.28
TOS1
Flower SD 5.64 9.36 6.63 2.99 532 3.32
owerlng
Age (days) Mean 5522 + 0.49 52.49 + 0.55 62.93 + 0.25 78.18 + 0.55 65.17 + 0.28 67.23 027
TOS2
SD 6.14 6.79 2.99 6.79 3.32 3.24
Mean 111.03 + 0.37 127.55 + 0.26 129.3 +0.28 133.62 + 0.2 153.68 + 0.31
TOS1
Maturity SD 4.65 324 3.30 245 3.68
Age (days) Mean 99.39 + 0.25 133.39 + 0.47 116.04 + 0.25 102.34 + 0.2 110.32 + 0.35
TOS2
SD 3.16 582 3.09 2.39 421
Mean 79.7 £ 0.67
TOS1
Final SD 8.09
Canopy
Closure (%) Mean 62.09 + 0.45
TOS2
SD 541
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removed through drying. The DNA pellet was washed via the
addition of 500 uL washing to each tube, and the use of a
centrifuge at 7,000 rpm for 10 min. Samples were then dried, and
100 uL TE (pH 8) and RNAse (1:100 ratio) was added to each tube,
before incubation at 37°C for 1-2 hours. DNA samples were diluted
with double-distilled autoclaved water to 50 ng/pL and stored at
-20°C until use.

2.5 Marker filtering

DNA samples were sent for DArT-SeqTM genotyping through
Diversity Arrays technologies Pty Ltd (Canberra, Australia), which
returned 3,339 SNP markers. Data was curated by removing poor-
quality markers. Markers with minor allele frequency < 5%, markers
that failed to provide information for > 20% of lines, and markers
without mapped positions on the Cicer arietinum CDC Frontier
genome v1.0 map (BioProject PRINA175619) (Varshney et al,
2013) were removed. 2,361 reported SNPs and 1,919 mapped
positions were used for the GWAS analysis.

2.6 Genetic population structure

Population structure was investigated for the 148 genotypes
and filtered marker set, principal component analysis (PCA) and
phylogenetic cluster dendrogram were used to assess genetic
relationships between individuals. Kinship matrix was calculated
using the “synbreed” package in R (Wimmer et al., 2012), and
visualised as a PCA using ggplot2 (Wickham, 2016) with
genotypes colour coded by Desi and Kabuli type chickpeas
(Appendix 1, Figure 1).

10.3389/fpls.2024.1458250

2.7 Genome wide association analysis and
marker projection

GWAS analysis was used to identify QTL, which refers to an
identifiable genomic region that can be associated with the
presentation of a particular phenotype (Abiola et al., 2003).
GWAS analysis was conducted using the “rrBLUP” package
(Endelman, 2011), this package implements the unified mixed-
model approach of Yu et al. (2006). Phenotypic data was reasonably
normally distributed therefore transformations did not result in any
significant changes in the association results. This stability suggests
that the rrBLUP model effectively managed deviations from
normality and other potential biases in the raw data. Four
approaches were trialled, and the most appropriate model selected
and implemented. Models tested include: i) naive model with no
measures of relatedness, ii) K model, incorporating the kinship
structure, iii) QK model, building on relatedness by chickpea type
and origin as a measure of population structure, and iv) QK model
using Principal Components (PCs) as a measure of population
structure. Final model selected was a QK fixed for chickpea type and
including 3 PCs. QQ plots were generated for the -logl0
transformed p-values derived from the association tests
performed on each phenotypic trait (Appendix 3). Deviations of
the points from the red line indicate potential genetic associations
with the trait. Upward deviations, particularly at the tail end,
suggest the presence of true genetic signals, while flatter regions
near the middle indicate a good fit to the null hypothesis. Markers
associated with traits at significance level of —loglOp > 3 were
referred to as MTAs (marker-trait associations), regions with >1
significant marker within 10mbp were considered putative QTL.
Manhattan plots were created by plotting the -log10(p) values of the
marker-trait associations against their chromosomal positions using
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Principal component analysis (PCA) of the kinship matrix visualizing the genetic relationships between147 desi and kabuli chickpea genotypes. The
figure on the left (A) represents the first principal component (PC1; x-axis) and the second principal compnent (PC2; y-axis), and the figure on the
right (B) represents PC1 and the third principal component (PC3; y-axis). In both plots, genotypes are coloured according to chickpea type.
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the R package ‘qqman’ (Turner, 2018). Genome-wide significance
thresholds were set at -loglO(p) = 3 (Supplementary Figure 3).
Marker effects were estimated utilising the GWASPoly package
(Rosyara et al., 2016). Visualisation was performed using Mapchart
2.32 (Voorrips, 2002). Known genes and QTL were located from
existing literature, and their sequences identified using the NCBI
Basic Local Alignment Search Tool (BLAST) (Sayers et al., 2022).
These genes were added to the same map to determine validity of
data and existence of novel QTL. Novel QTL were named according
to their identified chromosome, their order, and the physiological
trait associated. In total, 48 GWAS (148 individuals, across 2
environments, 3 years, 2 TOS, and 5 traits, minus 12 missing
environments in Table 1) were conducted. From this, 56
significant MTA were identified, contributing to 14 QTL
identified across 4 chromosomes. QTL were defined within each
analysis, leading to different trials producing different QTL.

3 Results
3.1 Genotypic and phenotypic diversity

Principal component analysis PC1 and PC2 explained the
accumulated genotypic variation of 20.50% and 8.93%,
respectively (Figure 1). Genotypic marker data, clustered by
chickpea type (Desi and Kabuli), there was sufficient overlap to
allow interbreeding among genotypes, and the population has
suitable diversity to mine for QTL. Along with this genetic
variation, there was a strong relationship between environment
and trait performance, demonstrated by the variation among all

10.3389/fpls.2024.1458250

treatment levels (Year, TOS, Environment) and across all traits
(Table 1), while phenotypic data remained within the limits of
normal distribution.

3.2 Novel and validated QTL identified by
this study

This study identified a total of 14 QTL across 8 genomic regions,
relating to gross yield, HSW, flowering age, maturity age, and final
canopy closure. The QTL were located on chromosomes 1, 4, 6 and
8 (Table 2; Figure 2). Five QTL, one for each trait; were novel,
located in regions that have not previously been linked to traits of
interest, two of which were co-located (Figure 2). For each of the
measured traits, there was at least 1 QTL aligning with genetic
region associated with previously described QTL (Figure 2). QTL
for flowering are the most extensively reported in literature
(Table 3), whereas for this study, the trait with the highest
representation of QTL was HSW (Figure 2, Table 2). Most QTL
were related to the Narrabri field trials (10 of 14) particularly TOS1
(6), conversely there were more linked to the Kununurra TOS2
trials (3) than TOS1 (1) (Table 2). QTL associated with yield were
detected in TOS1 trials, one at each location, whereas those for
HSW span multiple trials (Table 2).

Several of QTL identified overlap with QTL and genes identified
in previous research, such as the co-location of Qyield_1.1 and Q1-1
(Rehman et al,, 2011). In total, there are 5 regions where QTL have
overlapping positions with mapped QTL and genes found in
previous literature. These are as follows: (1) Qyield_1.1,
overlapping with QTL IDs 1-6, linked to days to flowering, days

TABLE 2 QTLs identified via GWAS for five physiological traits across 147 genotypes in 12 trials.

Trait Linked Trial # of Associated  Marker Left Right
Markers Effect Location Location
Qyield_1.1 Gross Yield Kun_2019_TOS1 2 20814 1.744678 1.744744
Per Plot
Qcanopy_1.1 Canopy Closure Na_2020_TOS1 2 -4.42 6.161699 6.383597
Cal Qcanopy_1.2 Canopy Closure Na_2020_TOS2 2 0.91 7.630859 7.649141
Qyield_1.2 Gross Yield Na_2018_TOS1 1 376.00 33.185604 42.615142
Per Plot
Qcanopy_1.3 Canopy Closure Na_2020_TOS1 8 -9.61 35.323486 40.351158
Qhsw_4.1 Seed Size Kun_2018_TOS2 | 5 3.12 11.212337 11.441367
Qhsw_4.2 Seed Size Na_2019_TOS2 5 -2.39 11.212337 11.441367
Qhsw_4.3 Seed Size Na_2020_TOS1 5 -2.98 11.212337 11.441367
o Qhsw_4.4 Seed Size Na_2020_TOS2 5 -3.00 11.212337 11.441367
Qflo_4.1 Flowering Time Na_2019_TOS1 3 -0.08 35.29603 37.725454
Qmat_4.1 Maturity Time Na_2020_TOS2 3 2.15 37.725454 38.784252
Qflo_6.2 Flowering Time Kun_2020_TOS2 | 2 -1.41 1.829402 2.53797
e Qhsw_6.5 Seed Size Kun_2018_TOS2 | 2 -3.91 26.349028 26.360262
Ca8 Qmat_8.2 Maturity Time Na_2019_TOS1 2 -1.07 11.150126 14.248237
Frontiers in Plant Science 05 frontiersin.org
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Physical map of QTLs identified in this study, along with the location of relevant and related gene and QTL findings from previous research.
Chromosomes are represented as white vertical lines, with mapping markers denoted by black lines across the chromosomes. Genes are positioned
according to Mb, and external QTLs are represented by black bands, numbered in order of chromosome and position, to the right of their relevant
chromosome. QTLs identified by this study are represented by coloured bands, and labelled according to their linked trait. Positions are based on
the CDC Frontier genome assembly (BioProject ID: PRINA175619, NCBI Reference: NC_011163.1). A complete list of genes and QTLs, including their
original position formats can be found in Supplementary Data Sheet 1. Colours denote putative roles in the following traits: Pink, total yield per plot
(grams); Orange, final canopy closure (percentage); Green, 100-seed weight; Blue, days to 50% plot flowering; Purple, days to 50% maturation.

to maturity, days from flowering to maturity, and height ( (Rehman
et al.,, 2011; Mallikarjuna et al., 2017), and HSFA4C
(Chidambaranathan et al., 2018), (2) Qcanopy_1.1 and
Qcanopy_1.2, overlapping with QTL IDs 7 and 8, linked to yield
(Paul et al., 2018), (3) Qhsw_4.1-4.4, overlapping with QTL IDs 27-
29, linked to pod setting and days to flowering (Cobos et al., 2007;
Mallikarjuna et al., 2017), and HSFB2A (Chidambaranathan et al.,
2018), (4) Qflo_6.2, overlapping with QTL IDs 41 and 42, linked to
double podding and seed size (Cho et al., 2002; Jamalabadi et al.,
2013), and HSFA8 (Chidambaranathan et al., 2018), (5) Qmat_8.2,
overlapping with QTL ID 61 linked to days to flowering (Jha et al.,
2021) (Figure 2, Tables 2-4).

4 Discussion

The QTL identified have the potential to advance current
knowledge of the chickpea genome. The overlap of new and
previously discovered QTL on chromosomes 1, 4, 6 and 8 suggest
the presence of highly valuable QTL hotspots, which could be
targeted for marker-assisted breeding for future improvement of the
crop (Figure 2, Tables 2, 3). This is particularly exciting, considering
the range of traits these QTL are associated with.
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Due to the large number of trials on which these findings are
based, it is also possible to infer and predict the expression of each
QTL, based on the presence of a stressor. This provides a deeper
understanding of the plasticity of these traits, and improved
understanding of the expression of these traits under particular
conditions. Most QTL found in this study are linked to Narrabri
field trials, particularly those of TOS1, and these are linked both to
physiological and yield traits (Table 2). This may be related to the
domestication of chickpeas to a Mediterranean environment, which
is similar in climate to Narrabri (Kumar and Abbo, 2001), reflecting
selection pressure for this environment type. However, the location
of Qflo_6.2, linked to flowering time in Kununurra TOS2 2020,
indicates the expression of a genomic region linked to flowering
under this particular heat stress, given that it does not co-locate with
other mapped QTL for flowering time (Lichtenzveig et al., 2006)
(Figure 2, Table 3). Qflo_6.2 overlaps with the mapped gene
HSFAS8, which is a HSF linked to shoot apical meristem and
floral tissue development under heat stress (Chidambaranathan
et al, 2018) (Figure 2, Table 3). This overlap suggests that Qflo_6.2
is linked to a developmental acceleration under heat stress,
particularly as early flowering, or “escape”, is a known
physiological strategy for coping with heat stress (Kumar and
Abbo, 2001), and plant growth was accelerated under the higher
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TABLE 3 QTLs identified by external literature for chickpea, related to traits measured in this study.

10.3389/fpls.2024.1458250

Related To QTL_ID In This Map LG QTL Name Reference
2 Ql-1 (Rehman et al., 2011)
7 Cal Qgy01_1
(Paul et al., 2018)
8 Qgy01_1
21 Qtlyd (Cobos et al., 2007)
Ca4
26 Q4-1 (Rehman et al.,, 2011)
Yield
36 Qgy02_5
Ca5
37 Qgy02_5
(Paul et al., 2018)
47 Qgy03_6
48 Ca6 Qgy03_6
49 Casypp_NS6 (Jha et al., 2021)
20 Qtlswl (Cobos et al., 2007)
24 Ca4 (Cho et al., 2002)
Seed Size 42 (Jamalabadi et al., 2013)
57 Ca7 Qph-2 (Gupta et al,, 2015)
62 Ca4 Ca4_TIFY4B (Nguyen et al., 2022)
Seed Number/Plant 23 Ca4 (Cho et al., 2002)
27 Q%Podset03_4
Ca4
28 Q%Podset03_4
32 Q%Podset06_5
Pod Setting % Ca5
33 Q%Podset06_5
43 Q%Podset08_6
Ca6
44 Q%Podset08_6
11 Qfpodo1_2
Ca2
12 Qfpod01_2 (Cobos et al,, 2007; Paul
34 Qfpod02_5 et al., 2018)
Pod Filling Ca5
35 Qfpod02_5
45 Qfpod03_6
Ca6
46 Qfpod03_6
13 Qts01_2
Ca2
14 Qts01_2
Number Of Seeds
38 Qts02_5
Ca5
39 Qts02_5
Number Of Filled Pods 51 Cab Cafp_NS6 (Jha et al., 2021)
54 Ca3 Qsw-2 (Gupta et al.,, 2015)
Height 6 Cal Q1-1
(Rehman et al., 2011)
25 Ca4 Q4-3
Early Flowering 22 Ca4 QTLEF1 (Cobos et al., 2007)
Double Podding 41 Cab (Cho et al., 2002)
Days To Podding 9 Cal Cadpi_LS1 (Jha et al., 2021)
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TABLE 3 Continued

10.3389/fpls.2024.1458250

Related To QTL_ID In This Map LG QTL Name Reference
53 Ca6 Cadpi_LS6
30 Ca4 Cadpf_NS4
Days To Pod Filling
60 Ca8 Cadpf_LS8
4 Cal Q1-1
Days To Maturity 16 Ca3 Q3-1 (Rehman et al., 2011)
55 Ca7 Q7-1
1 Cal Qefl2-1 (Mallikarjuna et al., 2017)
3 Cal Ql-1 (Rehman et al., 2011)
10 Qefll-1
Ca3 (Jamalabadi et al., 2013)
18 Qefl3-2
15 Ca3 Q3-1 (Rehman et al., 2011)
19 Qefll-2
Ca4
29 Qefl2-3
Days To Flowering (Mallikarjuna et al., 2017)
31 Ca3 Qefl3-1
40 Ca6 Qefl4-1
50 Cal QTL1 (Lichtenzveig et al., 2006)
52 Ca6 Cadfi_LS6 (Jha et al,, 2021)
58 Ca8 Qefl2-4 (Mallikarjuna et al., 2017)
59 Ca8 Q8-2 (Rehman et al., 2011)
61 Ca8 Cadfi_LS8 (Jha et al., 2021)
5 Cal Q1-1
Days Fro.m Flowering 17 Ca3 Q3-1 (Rehman et al., 2011)
to Maturity
56 Ca7 Q7-1
TABLE 4 Genes identified by external literature for chickpea, related to heat stress.
Symbol LG Description Gene ID Reference
HSFA4C Cal Heat Stress Transcription Factor A-4c 101515265
HSFB4B Ca2 Heat Stress Transcription Factor B-4b 101499841
HSFA6B Heat Stress Transcription Factor A-6b 101499033
Ca3
HSFB3 Heat Stress Transcription Factor B-3 101502316
HSFA3 Heat Stress Transcription Factor A-3 101513159
HSFA6A Ca4 Heat Stress Transcription Factor A-6a 101493622
(Chidambaranathan et al., 2018)
HSFB2A Heat Stress Transcription Factor B-2a 101505110
HSFA2 Heat Stress Transcription Factor A2 101510605
Ca5
HSFB4 Heat Stress Transcription Factor B-4 101514043
HSFA1B Heat Stress Transcription Factor A-1b 101514812
HSFA4A Ca6 Heat Stress Transcription Factor A-4a 101489852
HSFA5 Heat Stress Transcription Factor A-5 101494390
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TABLE 4 Continued

10.3389/fpls.2024.1458250

Symbol LG Description Gene ID Reference
HSFAS8 Heat Stress Transcription Factor A-8 101489530
HSFB5 Heat Stress Transcription Factor B-5 101504520
HSFA9 Heat Stree Transcription Factor A-9 101495918
Ca7
HSFB1B Heat Stree Transcription Factor B-1b 101504213
HSFA1 Heat Stree Transcription Factor A-1 101492154
HSFB1A Heat Stress Transcription Factor B-1a 101494022
Ca8
HSFB2B Heat Stress Transcription Factor B-2b 101502512
HSFC1 Heat Stress Transcription Factor C-1 101489265
FTA3 Protein FLOWERING LOCUS T 101515383
Ca2
FT-B Protein FLOWERING LOCUS T 101505276
FTA1 Protein FLOWERING LOCUS T 101497376
Ca3
FTA2 Protein FLOWERING LOCUS T-Like 101496618 (Ridge et al., 2017)
CAELF3B Ca4 Protein EARLY FLOWERING 3b 101488316
ELF3A Ca5 Protein EARLY FLOWERING 3a 101489432
FD Ca6 Protein FLOWERING LOCUS D 101490188

temperatures in Kununurra. This is further suggested by the
presence of the other QTL for flowering time, Qflo4.1, which was
identified in Narrabri TOS1 2019, overlapping with Qmat_4.1
(Figure 2, Table 2). This could be caused by differential protein
expression that is dependent on the environmental conditions. In
contrast, the QTL identified for HSW predominately share an
overlapping location on chromosome 4, though they are linked to
different trials (Figure 2). This suggests that the expression of the
genomic region responsible for seed size is not strongly impacted by
environment, making it desirable for genomic selection (Pierce,
2020). This is supported by an investigation by Jeftrey et al. (under
review)', which found HSW to be highly heritable, particularly
compared to yield. Additionally, the overlap of Qhsw_4.1-4.4 and
the gene HSFB2A may indicate that under heat stress, plants divert
energy away from new growth and into existing structures, such as
seeds. HSFB2A is an HSF that is upregulated under heat stress,
linked to the development of all tissue types except those of shoots,
and linked most heavily with the development of young pods
(Chidambaranathan et al., 2018). Similarly, the QTL associated
with yield in this study were both linked to TOSI trials, although
different locations, suggesting that yield may be more heritable
under stress-free conditions (Figure 2, Table 2). This suggestion
validates the need for lab-based markers related to yield in
this species, as it would assist breeders in marker assisted
selection (MAS).

1 Jeffrey, C., Ziems, L., Kaiser, B., and Trethowan, R. A Growing Degree Day
(GDD) model determines the effect of temperature stress on diverse chickpea

genotypes. Front. Plant Sci. (under review).
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4.1 Canopy closure — A recommendation
for future research

This study is the first to describe genomic regions associated
with final canopy closure in chickpea. This is an exciting discovery
both from the perspective of novel QTL discovery, and the potential
to build on research that is focused on stress management. Much
previous research has focused on heat escape, examining traits such
as earliness in flowering and maturity (Berger et al., 2011).
However, while breeding for heat escape can be beneficial, this is
only a solution if seasons remain predictable, and temperature shifts
minimal, which does not align with recent predictions (NASA,
2022). It has been known for some time that canopy climate is
crucial for the maintenance of healthy plant tissues, particularly
reproductive organs (Gates, 1968). The creation of shade via canopy
closure has the potential to protect root systems, and their rhizobial
symbionts, from overheating (Lewis et al., 2000). Additionally, as
effective transpiration can cool leaves from 6-10°C, canopy closure
can create a cooler zone in which pods and other delicate tissues can
grow with reduced heat stress (Mathur et al., 2014). This study
identified 3 novel QTL linked to final canopy closure, which are also
linked to yield QTL found by both this and previous research (Paul
et al,, 2018; Jha et al,, 2021). This doesn’t just give the potential to
produce new chickpea genotypes that survive under high
temperature, but also the potential to create genotypes that can
manage their own stress response and thrive through physiological
processes, without sacrificing yield. Finally, Qyield_1.1,
Qcanopy_1.1, and Qcanopy_1.2 overlap with a QTL for flowering
date (Mallikarjuna et al, 2017), a QTL for yield, flowering time,
height, and maturity (Rehman et al, 2011), and a QTL for yield
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(Paul et al., 2018), along with gene HSFA4C, which is linked to a
heat stress transcription factor (HSF), and expressed in the presence
of a fusarium wilt infection (Chidambaranathan et al, 2018)
(Figure 2, Tables 2, 3). This overlap suggests that these particular
traits are linked or pleiotropic, suggesting the potential for GAB to
vastly improve the performance of future chickpea genotypes
(Pierce, 2020).

The discovery of QTL linked to this trait creates the potential for
further understanding of its expression, control, and breeding
potential, and this could lead to the development of genotypes that
can respond to and manage stress at a significantly more efficient and
effective rate. Additionally, as transpiration efficiency has been found
to have a heritability rate of up to 70% (Thudi et al,, 2014), and
stomatal conductance is seen to be higher in heat tolerance genotypes
(Kaushal et al,, 2013), breeding plans can be created that target all of
these traits, enhancing the tools we currently have for breeding.

Based on the review of existing literature (Table 3), this study
identified the first QTL associated with final canopy closure in
Chickpea, with Qcanopy_1.1, 1.2, and 1.3 identified on
chromosome 1, and closely linked to yield-linked QTL Qyield_1.1
and 1.2, and those discovered in previous literature designated QTL
7 and 8, also linked to yield (Paul et al., 2018) (Figure 2, Table 2).
These QTL were found across both trials in which the trait was
measured (Table 2).
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