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Durum wheat (Triticum turgidum L. var durum) is among the most important crops in the
world. High and stable grain yield in diverse environments is the major objective in durum
breeding programs. This trait is linked to the quantitative trait loci (QTL). For the detection
of QTL linked to the grain yield, it is necessary to construct a high-density genetic linkage
map. The aims of this study were to detect the candidate genes comprised in the QTLs on
2A chromosome linked to grain yield and annotate the single nucleotide polymorphisms
(SNPs). The linkage map of Lahn/Cham1 population was used to identify QTLs. In multi-
environmental analysis and employing bioinformatic approaches, 583 sequences
corresponding to the SNPs markers selected from the detected QTL regions were analyzed,
122 SNP sequences were annotated of which 53% of the candidate genes were involved in
stresses tolerance, 29.5% in plant development and growth, and 3.3% in cell transport.
Moreover, 1.6% of candidate genes were retrotransposon and transposon 2.4% with
unknown function. Further 9.8% were related in other cellular processes. The results also
showed that 66.7% of the candidate genes harbored on 4B chromosome, were involved in
stresses tolerance and 33.3% in plant development and growth. Additionally, in the specific
and stressed environments analysis, the DNA sequences of the four QTL detected on 2A
chromosome were used for homology search, 546 candidate genes were identified of which
some were present in several QTL (F-box gene family, hydroxyproline-rich glycoprotein-
like), retrotransposons and transposons and others. This study provided information on
employing SNPs markers to detect candidate genes linked with grain yield trait in durum
wheat in contrasting environments (dry, cold, hot).

1. Introduction

nutritional values for durum grain were published in earlier
research works [1-3]. Grain yield is related to the QTL additive

Durum wheat (Triticum turgidum L. var durum) is a tetraploid
wheat, its genome is constituted by seven homoeologous groups of
chromosomes A and B. Its grain use is reported in [1, 2]. The
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effects and to their interactions with the environment. Several
wheat genetic linkage maps were constructed with various
molecular markers, such as Restriction Fragment Length
Polymorphism  (RFLP),  Amplified Fragment Length
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Polymorphism (AFLP), Simple Sequence Repeats (SSR) and other
markers [4-13]. The construction of saturated maps with large
number of molecular markers of Single Nucleotide Polymorphism
(SNP) [14-16] and Diversity Array Technology (DArT) [10, 17-
23] are fundamental to detect candidate genes for desirable traits
in crops, such as durum wheat. Both markers (SNP and DArT) are
small sequence of DNA. These sequences can be compared with
the public databases [URGI (Unité de Recherche Génomique Info)
Blast of the Institut National de la Recherche Agronomique
(INRA, France) and NCBI (National Center for Biotechnology
Information, the USA)] to identify the candidate genes involved in
a QTL controlling a specific trait. Recently the markers (SNP and
DArT) were used for QTLs regions detection and for the
identification of the candidate genes involved in these QTLs of
wheat [24-29]. The high and stable grain yield across diverse
environments constitutes the principal aim for durum breeding
programs.

The aims of this work were to: 1) identify the SNPs mapped
into QTL regions; 2) extend the SNPs sequence analysis in terms
of functional and comparative analysis; and 3) identify the
candidate genes constituting the QTLs harbored by 2A
chromosome and linked to grain yield.

2. Materials and methods
2.1. Plant materials

The genetic population used in this study (Lahn/Cham1) was
published in [8, 30] and presented in the conference [31]. The
population was phenotyped for grain yield in 11 contrasting
environments (cold / drought / heat). The characteristics of the
parents: Lahn and Cham1 were described in earlier paper [8, 30].

The Lahn/Chaml genetic map that consisted of 1425 SNPs,
216 SSR and 31 other molecular markers was constructed using
IciMapping program v 4.1.0.0 was presented in [31].

The QTLs linked to grain yield detected using this map were
used for candidate genes identification and SNPs annotation.

2.2. SNPs annotation and candidate genes identification

The methodology used for the SNPs annotation and the
candidate genes identification is as flowing:

For the QTLs detection in specific and stressed environments,
9 QTLs were detected, 4 of which were localized on 2A, due to its
strong contribution to grain yield [32, 33], the full DNA sequence
of 2A chromosome were downloaded from URGI and the 4 DNA
sequences corresponding to the 4 QTL were isolated based on
markers flanking of these QTL regions [24, 25, 29] using the
GeneStudio software. More informations about the environments,
DNA sequences size, environmental conditions, QTL intervals and
flanking markers are summarized in Table 1. Thereafter, the
sequences isolated were served as queries for Blast search in NCBI
against Rice and Brachypodium genomes to identify the candidate
genes composing these QTLs detected in the four environments
(EP, INC, RF, and RQ), see Figure 1

In multi- environmental analysis, the 583 SNPs selected from
the QTLs regions and harbored by durum chromosomes [31] were
analyzed through Blast (Basic Local Alignment Search Tool)
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search homology using the URGI Blast of (INRA), France
(https://urgi.versailles.inra.fr/blast/blast.php) with the aim to
expand the SNP sequences in terms of length [34] (Figure 2).

2A DNA sequence downloaded from URGI?

( QTL" sequence isolation (using the flanked
markers and GeneStudio software)

genomes

VI I I

( NCBI° blast? against Rice and Brachypodium

Candidate gene identification

2URGI : Unité de Recherche Génomique info

PQTL : Quantitative trait loci

°NCBI: National Center for Biotechnology Information, the USA
9Blast: Basic Local Alignment Search Tool

Figure 1: Candidate genes identification in specific and stressed environments

Subsequently, the derived genomic sequences (280bp) were
served as query to identify the candidate genes using Blast search
homology in NCBI (National Center for Biotechnology
Information, the USA), see Figure 2. The Venn diagram was used
to present the results.

SNP? sequence

URGI® blast®

M4 UM

Sequence expansion

NCBI¢ blaste

N
VNI I Y

Candidate gene identification

2SNP : Single Nucleotide polymorphism

PURGI : Unité de Recherche Génomique info

¢ Blast: Basic Local Alignment Search Tool

4 NCBI: National Center for Biotechnology Information, the USA
I Similarity presence in URGI

B No similarity presence in URGI

Figure 2: Candidate genes identification in multi-environmental analysis

More details about the candidate genes identified in combined
and in specific environments QTLs analysis are shown in
supplementary materials S1 and S2, respectively.
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Table 1: QTL detected on 2A chromosome with the environmental conditions, QTL peak positions in cM, QTL regions interval size in centimorgan (cM) and
in Mega bases (Mb) and with QTLs region flanking markers.

. Environmental Pe_a.k . QTL . Flanking markers
Environment Conditions position interval size

(cM) cM Mb  Left marker Right marker
EPP Cold 142 5.02 1.33  wsnpf 2280363  wmc9177bp190
INC® Drought (vetch 046 590 264 wsnp' 998898  cnlM127bpa3s

incorporation)

RF Drought 270 359 457 wsnp’ 1000185 gwmi312bp189
RQ® Heat 063 6.49 0.10 wsnp’ 2276833 gwm636bp111l

2QTL: Quantitative Trait Loci

PEP: Early planting at Tel Hadya / Syria (ICARDA main station), 36°0.1°N 36°56’E, 284m, the sowing is in mid-October, 330mm of rainfall and 70mm of irrigation
at sowing, the temperatures were 2 °C at Tillering and 20 °C at flowering
°INC: Incorporated in field (vetch biomass incorporation in soil) at same station, the sowing date in Mid-November with 330mm as rainfall, the temperatures were

8 °C at tillering and 24 °C at flowering

dRF: Rainfed (vetch above biomass harvested, no incorporation in soil) at the same station, sowing in Mid-November, the rainfall temperatures are also the same
eRQ: Raqga station (35°57” N 39°0’E, 295m) with chickpea rotation, sowing in Mid-November, the rainfall was 150mm and 450 mm of irrigation,

were 10 °C at tillering and 30 °C at flowering
fSNP: Single Nucleotide Polymorphism
Swmc: Wheat Microsatellite Consortium (SSR)
fenl: Cornell University (EST-SSR)
igwm: Gatersleben Wheat Microsatellite (SSR)

3. Results

3.1. Candidate genes detection in specific and stressed
environments

The search for candidate genes in the QTLs corresponding to
the environments (dry / cold / heat) show the presence of 407
candidate genes in Rice as in Brachypodium databases. Moreover,
in the Rice database 139 genes identified were retrotransposons
and transposons that have showed no correspondence in
Brachypodium database.

3.1.1. Dry environment

As for the dry environments (RF and INC), the QTLs detected
in these environments (Table 2) spanned on 4.57 Mb for RF and
2.64 Mb for INC. In RF (dryland) were identified 147 candidate
genes and in INC (dryland with incorporation of vetch crop) 376
candidate genes, including genes involved in stress tolerance
(biotic and abiotic stress) and in other cellular processes, the
retrotransposons and transposons were also  present in the two
QTLs with a high frequency especially in the RF environment

(Supplementary: Table S1). Also, it was noticed that the
incorporation of legume vetch in the soil increased the expression
of candidate genes. This expression is higher in dryland with
vetch incorporation in soil (INC) than in dryland without vetch
incorporation in the soil (RF). This may be due to increased
availability of nitrogen and water through the organic matter
incorporation in the soil.

3.1.2. Cold environments

In the cold environment (EP) characterized by low
temperature during the tillering developmental stage (Table 2),
the QTL detected was spanned on 1.33 Mb, it contained 17
candidate genes among those involved in plant development and
abiotic/biotic stress tolerance: as Germin-like protein 8-14,
protein farl-related sequence 5, putative FBD-associated F-box
protein, Photosystem Il 44 kDa protein and others. The
retrotransposons and transposons are also present in this QTL
(Supplementary: Table S1).

Table 2: The environmental conditions, the number of candidate genes identified for the four QTL linked to grain yield of the four stressed environments (EP,
INC, RF and RQ) with the QTL interval size, and the number of candidate genes identified for Rice and Brachypodium

. Environmental
Environment

QTL?Interval size

Candidates genes number

Conditions (Mb) Rice Brachypodium
EPP Cold 1.33 017 012
INC® Drought (vetch 2.64 147 113
incorporation)
RF Drought 4,57 376 277
RQ® Heat 0.10 006 005

2QTL: Quantitative Trait Loci

PEP: Early planting at Tel Hadya / Syria (ICARDA main station), 36°0.1°N 36°56°E, 284m, the sowing is in mid-October, 330mm of rainfall and 70mm of irrigation

at sowing, the temperatures were 2 °C at Tillering and 20 °C at flowering

°INC: Incorporated in field (vetch biomass incorporation in soil) at same station, the sowing date in Mid-November with 330mm as rainfall, the temperatures were

8 °C at tillering and 24 °C at flowering

9RF: Rainfed (vetch above biomass harvested, no incorporation in soil) at the same station, sowing in Mid-November, the rainfall temperatures are also the same
°RQ: Raqga station (35°57° N 39°0°E, 295m) with chickpea rotation, sowing in Mid-November, the rainfall was 150mm and 450 mm of irrigation, were 10 °C at

tillering and 30 °C at flowering
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Table 3: SNPs annotated and not annotated in A and B genomes

SNPs
Genome Annotated Not annotated Total Percentage of SNPs annotated (%)
1A 15 24 39 38.46
2A 17 63 80 21.25
3A 6 33 39 15.38
4A 8 31 39 20.51
5A 1 11 12 08.33
6A 5 14 19 26.31
TA 7 46 53 13.20
A genome 59 222 281 20.99
1B 17 35 52 32.69
2B 16 63 79 20.25
3B 2 10 12 16.66
4B 9 64 73 12.32
5B 5 28 33 15.15
6B 13 29 42 30.95
B 1 10 11 09.10
B genome 63 239 302 20.86

3.1.3. Hot environments

Further, the QTL detected in the hot environment (RQ) which
is characterized by high temperatures during the anthesis
developmental stage compared with the other environments
(Table 2), the QTL region was spanned on a small interval of
0.1Mb that contained 6 genes, the first one is an LRR receptor-
like serine/threonine-protein kinase gene involved in plant
resistance to pathogens and the others are a retrotransposons and
transposons (Supplementary: Table S1).

3.2. Mapping of SNPs to identify candidate genes

Of the mapped SNPs, 80 were mapped on 2A. Additional
information for other chromosomes is shown in Table 3.

196

2URGI : Unité de Recherche Génomique info
°NCBI: National Center for Biotechnology Information. The USA

As for the candidate genes number, the 2A along 1B harbored
the highest number (17), while in terms of annotation percentage
for other chromosomes see Table 3.

The SNPs sequences availability provides the possibility of
identifying gene loci contributing to grain yield.

Among the 583 SNP sequences selected, 122 sequences were
annotated. the candidate genes involved in various growth,
development processes, and stress tolerances have been identified,
of which 77 sequences were enlarged with URGI database and
annotated with NCBI. Whereas the remaining 45 SNPs sequences
were annotated directly with NCBI, as no-similarity presence was
available to enlarge in URGI database (Figure 3). Several
sequences did not show any similarity in URGI and NCBI
databases

196 No similarity found in (NCBI*/ URGI)

URGI“ similarity gene function not
identified

NCBI? similarity gene function not

Similarity in both databases gene function
not identified

5 NCBI similarity gene function identified

Similarity in both databases gene function

71 identified

Figure 3: Annotation and similarity study on VVenn diagram of SNP.
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Unknown function 2.4%

Retrotransposon &
transposon 1.6%

Others 9.8%

Transport 3.3%

Stress 53%

Plant growth &
development
29.5%

Both stress
23.1%

Abiotic stress
32.3%

Figure 4: Functional classification of candidate genes co-located with QTLs linked to grain yield.

The 583 SNPs marked on Venn diagram (Figure 3) showed that
77 sequences were annotated (candidate genes identified) with
similarity presence with both databases; while 45 sequences were
annotated with similarity presence only in NCBI. Further, 73 were
not annotated but had similarity in both databases. Also 167 SNP
had similarity only in URGI and 25 only in NCBI, consequently
both sets of SNPs were not annotated). The remainingl96
sequences were not annotated, showing no similarity in the two
databases.

The analysis with bioinformatic tools showed that 53% of
candidate genes found were related to stresses tolerance, with
44.6% of them to biotic stress [powdery mildew, stem rust (sr32),
leaf rust (Ir10, 1r34)], 32.3% to abiotic stress (cold heat, drought,
salinity) and 23.1% to both stresses; 29.5% to plant development
and growth; 3.3% to cell transport, and 1.6% to retrotransposon
and transposon; and only 2.4% were with unknown function.

Further, 9.8% were involved in other cellular processes
(secondary metabolism, pigments, herbicide detoxification, wall
formation, etc.), see Figure 4. More informations about the SNPs
annotation and candidate gene functions were shown in the
supplementary table (S2).

Some candidate genes are involved in several processes, such
as the basic helix-loop-helix (bHLH) proteins pertaining to the
superfamily of transcription factors (TFs) and linked with
wsnp_3026224. These proteins have been linked with the
regulation of diverse biological processes as growth, development,
and response to diverse stresses.

Moreover, in the 4BS, 57.1% of candidate genes found, were
linked to stresses tolerance and 42.9% in plant development and
growth.

www.astesj.com

4, Discussion

4.1. Candidate genes detection in specific and stressed
environments

We found among 9 QTLs related to grain yield, four were
located on 2A chromosome, these QTLs were detected in diverse
stressed environments: EP characterized by cold, INC and RF by
drought, and RQ by heat. These results are in accordance with
several studies on grain yield QTLs located on 2A chromosome
[24, 32, 33].

4.1.1. Dry environment

In the dry environment (INC), among the candidate genes were
serpin-Z5, Probable glucuronosyltransferase 0s04g0103100,
Chalcone synthase 1, Fatty acid amide hydrolase isoform X1,
Amino acid permease 3 (Supplementary: Table S1). This is in the
agreement with the study of [30] where the transcriptomic pattern
under progressive water stress of the two parents: Lahn and
Chaml (parents of the current studied population) and one
recombined inbred line where the candidate genes cited above
showed an overexpression. Such as the candidate gene coding for
the mitochondrial metalloendopeptidase OMAL identified in the
QTL of the dry environment RF (Supplementary: Table S1). This
was also confirmed by [30]. Similarly, the F-box and associated
protein family were overexpressed in the dry environments RF
and INC (Supplementary Table S1), but under cold stress was
downexpressed [35]. Some genes of this large family under
abiotic stress may be over or underexpressed depending on the
stress [36]. As for the candidate gene coding for the
Hydroxyproline-rich glycoprotein-like identified in the QTLs
detected in the dry and cold environments: RF, INC, and EP
(Supplementary: Table S1), this gene was associated with drought
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tolerance in barley [37] and with the resistance to bacterial
pathogen in rice [38].

Further, other candidate genes identified in the dry
environment (RF): GDSL esterase/lipase EXL3; the cold
environment (EP): UDP-glycosyltransferase 79-like isoform, and
the glutathione S-transferase identified in both environments
(Supplementary: Table S1). These genes play role in plant
development and growth through the action on ABA homeostasis
[39]; germination and growth [40]; detoxification and plant
pathogen resistance [41].

4.1.2. Cold environment

In the cold environment (EP), among the candidate genes
composing the QTL detected: 5'-3' exoribonuclease 3 isoform X1,
NADH dehydrogenase; as for the QTL of dry environment (RF),
it contains the genes: starch synthase3, chloroplastic/amyloplastic
and a photosystem | P700 chlorophyll an apoprotein Al candidate
gene. While the gene coding for the Photosystem Il 44 kDa protein
were identified in the QTLs for the cold (EP) and dry (RF)
environment, as for the ankyrin repeat family protein-like it was
found in the INC environment (Supplementary Table S1). All
these candidate genes expression was altered under water stress
[30]. Some candidate genes identified in QTLs for INC and RF
environments like zinc finger family genes play an important role
in physiological traits of yield potential under heat stress [27].
Moreover, in the QTL for the RF environment, the gene coding
for BTB/POZ and MATH domain-containing protein 2 was highly
repeated in this QTL, this gene is involved in heat tolerance and
in plant growth and development [42].

4.1.3. Hot environment

In the hot environment RQ, six candidate genes were identified,
one coding for LRR receptor-like serine/threonine-protein kinase
RCHL1 involved in resistance to pathogens [43, 44]. The remaining
candidate genes were belonging to the family of
retrotransposon/transposase. This gene family was also present in
the other QTLs especially in RF (dry environment) with a high
frequency. The abundance of this gene family presence can be
explained by their involvement in stress conditions, [30] reported
that the activity of these genes was altered under water stress and
by the fact that the retrotransposon/transposon may represents 80
to 90% of wheat genome [45].

4.2. Detection of candidate genes in other chromosomes

Additionally, the presence of the wsnp_993293 SNP marker in
the chromosome 1A and its linkage with the candidate gene
implicated in powdery mildew resistance, confirms earlier
mention on one parent of the population (Lahn) that carries
moderate resistance to powdery mildew. Additionally, the
wsnp_2265986, located in the 1B chromosome and linked to 3-
ketoacyl-CoA synthase 6-like, this candidate gene plays also a role
in abiotic (drought, heat and cold) and in biotic stress resistance.
This reflects the genes carried by the second parent Chaml for
good drought and heat tolerance, osmotic adjustment, and proline
content.

www.astesj.com

The candidate genes covered the entire genome and were
linked to different biotic (powdery mildew, rust, etc.) and abiotic
(drought, cold, heat, etc.) stress resistance / tolerance (Fig 4).

In the current work, a large part of candidate genes harbored
by the 2A, in addition to 4B chromosome, were related to stress
tolerance. They were also involved in plant growth and
development. The 4BS results corroborate earlier studies [25, 46-
50] on the importance of the 4BS and its contribution to grain yield
in stressed environments.

5. Conclusion

The candidate genes found were linked to yield performance
under drought and temperature extreme conditions. Also, this
study showed the importance of 2A chromosomes for contrasting
environments (drought, cold, and heat).

In this study specific and general candidate genes were
detected. For the specific environments, the candidate genes in
cold environment (EP) involved the genes of 5'-3'exoribonuclease
3 isoform X1 and NADH dehydrogenase. As for the dry
environment (RF) the genes included were starch synthase3,
chloroplastic/amyloplastic, and a photosystem | P700 chlorophyll.
Further, in the dry environment (RF), the gene coding for
BTB/POZ and MATH domain-containing protein2 was highly
repeated in this environment. This gene is also effectuates heat
tolerance, plant development and growth. Similarly, the ankyrin
repeat family protein-like was found in the dry environment (INC),
it contains the genes synthase3, chloroplastic/amyloplastic and
photosystem | P700 chlorophyll. For the general candidate genes
involved in diverse stressed environments, the following genes
were identified: The Photosystem 1l 44 kDa protein were
identified in the cold (EP) and the dry (RF) environments. Also,
some of the candidate genes are operating in all 3 stresses, such as
the zinc finger family genes. This gene also plays a significant role
in physiology of yield potential under heat stress frequently.
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