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Abstract

The waxy cuticle on plant surfaces, comprising a cutin polymer matrix and complex very long chain fatty acids, figure in
protective barrier against water loss and environmental damage. In this study, we employed a F, population (comprising
of 237 individual plants) constructed by the crossing of HX128 (female parent without cuticular wax) with HX027 (male
parent with significant cuticular wax). Two extreme phenotypic bulks were constructed according to the variation of wax
trait in F, population, and bulked segregant RNA-seq (BSR-seq) was implemented to decipher the molecular underpinnings
of waxiness trait in durum wheat. The QTL related to waxiness was mapped between 0.8 and 23.4 Mb on chromosome
2B. According to the differential sequence information of target interval between the parents, polymorphic primers were
designed to screen F, population. The QTL of waxiness trait was further narrowed down between 6.8 and 10.1 Mb using
the composite interval mapping tool. The LOD value was 129.53, with phenotypic variance explained (PVE) up to 44.65%.
The annotation and expression analysis of the genes in the QTL region entailed selection of 15 potential candidate genes.
Among which, eleven new genes with four previously reported genes were found that seem to be a gene cluster mediating
wax synthesis at W1/ loci. This study provides important insights into fine mapping and cloning of genes involved in wax
synthesis with improved efficacy.

Keywords Durum wheat - Wax - Bulked segregant RNA-Seq (BSR-seq) - QTL mapping - Candidate gene

Introduction agricultural value globally, making it an important cereal

crop in various regions.

Durum wheat (Triticum turgidum L. ssp. durum (Desf.),
AABB, 2n=4x=28) is cultivated worldwide for traditional
and high-value food preparations due to its capacity to pro-
duce ultra hard endosperm (Kidane et al. 2019). Durum
wheat is renowned for its superior nutritional content, char-
acterized by high protein levels and a distinct nutty flavor,
particularly well-suited for making pasta, semolina, cous-
cous, and bulgur (Arif et al. 2020; Bassi and Sanchez-Garcia
2017). Durum wheat encompasses significant economic and
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Epicuticular wax covers the leaves and stems of plants,
serving as a protective barrier against the external environ-
ment. Its primary functions include mitigating water loss
and augmenting photosynthesis, thereby protecting plants
from detrimental high temperatures and intense ultraviolet
radiation (Reina-Pinto and Yephremov 2009; Yeats et al.
2012). The significance of plant epicuticular wax extends
across all phases of plant growth and development, signifi-
cantly contributing to plant’s resilience against bacterial and
fungal infestation, non-stomatal water loss, thus contribut-
ing to drought tolerance (Bernard and Joubes 2013). The
leaves and stems of durum wheat also possess the wax trait;
however, there is notable variation in waxiness in differ-
ent cultivars. Therefore, a comprehensive analysis of the
genes and regulatory mechanisms responsible for governing
wax production in wheat stems and leaves bear paramount
importance.

The glaucous appearance observed in wheat (Triticum
aestivum) manifests as the light bluish-gray hue on the
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surfaces of stems and spikes, resulting from the deposi-
tion of cuticular pf-diketone wax. This phenotype exhibits a
notable association with increased yields in drought-prone
conditions (Sun et al. 2023). In the mid-twentieth century,
researchers commenced investigations into the synthesis and
regulatory mechanisms of wax production. However, due to
the intricate nature of wax components and their synthesis
in wheat epicuticle, much of the research primarily revolved
around the composition and structural aspects of epicuticular
wax (Hen-Avivi et al. 2016). Numerous promising genes
pertinent to wax synthesis and regulation had been identified
in model crops such as Arabidopsis and rice (Rowland et al.
2006; Shaheenuzzamn et al. 2019). Notably, alkanes repre-
sented vital components within the wax synthesis process in
wheat epicuticle. Their accumulation predominantly occurs
during the later stages of wheat development, particularly
within the leaves, stems, and spikes. The intricate biosyn-
thesis of wax underscores the importance of comprehensive
understanding of the mechanism (Wang et al. 2015).
Several studies have reported potential biosynthesis and
gene identification of wheat wax trait. Chai et al. (2018)
successfully cloned TaFARs, gene encoding fatty acyl coen-
zyme A reductase and involved in the synthesis of primary
alcohols in common wheat which plays a crucial role in wax
synthesis. Moreover, Li et al. (2019) found that TaCERI-1A
is a key player in this process and is responsive to environ-
mental stresses, particularly drought conditions. Kong et al.
(2020) demonstrated the existence of a TaEPBM 1-TaADA?2-
TaGCNS5 ternary protein complex. This complex activates
TaECR transcription by enhancing histone acetylation, thus
promoting the enrichment of RNA polymerase II at TaECR
genes. These mechanisms contribute significantly to the bio-
synthesis of wheat cuticular wax. Hen-Avivi et al. (2016)
identified a cluster of metabolic genes at the W/ locus in
wheat responsible for mediating -diketone biosynthesis.
These genes include those encoding several protein fami-
lies, such as type III polyketide synthases, o/p hydrolases,
chalcone synthases, O-acyltransferases, and cytochrome
P450 associated with known fatty acid hydroxylases. Con-
versely, Li et al. (2022) discovered an epicuticular wax-defi-
cient mutant derived from the high-quality wheat variety,
Jimai22. This mutant was found to be under the control of an
incomplete dominant gene on the long arm of chromosome
7D, distinct from the known wax loci W/-W4. This gene
was consequently named W5 and was shown to impede the
biosynthesis of f-diketones, thereby inhibiting wax synthe-
sis. Huggins et al. (2014) identified high-impact quantita-
tive trait loci (QTL) responsible for epicuticular waxiness
on chromosomes 2A, 2B, 3A, 6B, and 7A, with the QTL
on chromosome 2B having the most substantial influence
on epicuticular waxiness. More recently, Arif et al. (2021)
reported 19 QTLs for stem waxiness, 16 QTLs for leaf waxi-
ness and 17 QTLs for spike waxiness in hexaploid wheat
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where the variation explained was as much as 70.5% by
individual QTL. Their distribution was also throughout the
wheat genome. Understanding the regulatory mechanisms
of wax-related genes in wheat is impeded by the intricate
nature of the wheat genome and ploidy level, the involve-
ment of multiple genes with homologous sequences, and the
intricate nature of wax alkane biosynthesis.

In this study, we employed the F, population, comprising
of 237 individuals, derived from a cross between the HX027
(waxy trait) and HX128 (non-waxy trait) cultivars. BSR-seq
and molecular marker tools were employed for QTL map-
ping of stem and leaf wax traits of durum wheat. Based on
the functional annotations of genes in the mapping intervals,
the related candidate genes were analyzed together with the
transcriptomic gene expression data, which provided a ref-
erence for the identification of genes of stem and leaf waxy
traits in wheat.

Material and Methods
Materials and Field Experiments

An F, population with 237 lines generated from a cross
between HX 128 (maternal, non-waxy/glossy) and HX027
(paternal, waxy/glaucous) was used in this study. The two
parents and F, population materials were planted in Novem-
ber 2021 in the Agricultural Crops Garden of Zhejiang Agri-
culture and Forestry University (Hangzhou, China). HX027
and HX 128 were each sown in a single row, 1.5-m long, with
a row spacing of 15 cm, and 6-10 plants per row, spaced
10 cm apart. The F, population was sown in two rows, with
arow spacing of 15 cm, and plant-to-plant spacing of 10 cm,
in a row length of 20 m. At the jointing stage, each F, indi-
vidual plant was tagged and given a consecutive numerical
code to facilitate late trait investigation and sampling. Waxy
traits of each individual plant in the F, material were exam-
ined at the heading stage.

Waxiness Trait Analysis

The morphological observations of F, population along with
their parents were recorded for wax traits during the head-
ing stage. The waxy phenotype on the stem, leaf, and spike
showed similar. The male parent HX027 showed obvious
waxiness on stem, leaf, and spike, whereas female parent
HX128 showed no waxiness on those tissues. The segre-
gation of phenotypic variations in the F, population such
as waxy, non-waxy, and intermediate phenotypes were
observed in fried according to comparing with the two
parental phenotypes. Waxy phenotypes of the F, population
were scored for subsequent analyses according to the pres-
ence or absence of wax on stem, leaf, and spike: Materials
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with a non-waxy phenotype were scored as “1,” those with
an intermediate type were scored as “2,” and those with a
waxy phenotype was scored as “3.”

DNA Extraction and BSR-Seq Analysis

The leaves of the (HX128 x HX027) F, population and their
parents were sampled at booting stage and rapidly frozen in
liquid nitrogen and stored at— 80 °C. DNA of each sample
was extracted using the CTAB method (Sharp et al. 1989).
Nanodrop 2000 and electrophoresis 1.0% agarose gels were
used to check and purify the DNA.

BSR-seq (Bulked segregant RNA sequencing) is a BSA
(Bulked segregant analysis) combined with RNA-seq
sequencing (Sanzhen et al. 2012). The leaves of 30 plants of
(HX128 x HX027) F, population extreme phenotypes were
taken separately with a perforator to construct waxy trait
extreme mixed pools to form waxy and non-waxy pools.
The leaves were frozen in liquid nitrogen at— 80 °C. RNA
extraction, quality control, and library construction, as well
as RNA sequencing with 150 base pair-end reads, were per-
formed at Chengdu Tiancheng Future Technology Co., Ltd.

The raw reads quality control was performed using
fastp (v. 0.19.5) (Chen et al. 2018) to remove the adapter
sequences and low-quality reads to obtain high qual-
ity clean reads. Subsequently, the paired-end clean reads
of two sequencing pools were individually aligned to the
durum wheat (Svevo1.0) reference genome (Maccaferri et al.
2019) using Hisat2 (v. 2.2.1) software (Kim et al. 2019) with
default parameters. Samtools (v. 1.3) (Li et al. 2009) was
used to sort and selected the unique mapping reads. PCR
replicates were annotated, and SNP calling was performed
with the GATK (v.4.0.9) McKenna et al. 2010). SNPs from
both pools were integrated using the GenetypeGVCFs tool of
GATK (v.4.0.9). Finally, the obtained “vcf” file was submit-
ted to a wheat BSR online analysis website PLANT GMAP
(http://183.221.124.252:4100/) for analysis (Zhang et al.
2021). The wax and non-wax mixed-pool SNP variation data
were analyzed using the Euclidean Distance (ED) (Hill et al.
2013) and Gprime methods (Magwene et al. 2011) of its
QTLseqr/ED functional module of PLANT GMAP (http://
183.221.124.252:4100/). This analysis was used to predict
the location of waxing QTLs on chromosomes.

Parental RNA-Seq Sequencing

To observe the development of parental stem waxes, the stem
epicuticle of two parental materials (HX027 and HX128)
of durum wheat were sampled and rapidly frozen in liquid
nitrogen, and three biological replicates were taken for each
of the experiments. RNA extraction, library construction
and sequencing, and alignment methods employed were the
same as above. Raw counts were counted by featureCounts

(v. 2.0.1) (Liao et al. 2013), and the mean expression value
in transcripts per million (TPM) of each gene was calculated
based on its exon length.

Primer Design

According to the Indel information of the localized inter-
vals obtained by BSR-seq, we designed primers for the dif-
ferential sequences using the online tool ‘“PrimerServer”
(Design & Check) of the WheatOmics 1.0 website (http://
wheatomics.sdau.edu.cn/PrimerServer/) (Ma et al. 2021).
The specificity of these Indel primers were checked using
the “Specificity Check Only” function on the same website.
All the primers were synthesized by Zhejiang Shangya Bio-
technology Co., Ltd.

Primer Polymorphism Screening

PCR amplification of DNA from the parents and four ran-
domly selected F, progeny materials was carried out using
previously designed primers to identify polymorphisms of
Indel primer-amplified fragments between the parents and
in the F, population by polyacrylamide gel electrophore-
sis (PAGE). PCR was performed in a 15 pL reaction solu-
tion containing 20 ng genomic DNA, 0.4 pM each primer,
0.2 mM dNTP, 0.2 U of R Taqg DNA polymerase, and 1.5 pl
10 X PCR buffer (TaKaRa, Dalian, China). The conditions
for the PCR were as follows: 94 °C for 5 min, followed by
29 cycles each comprising 94 °C for 30 s, annealing tem-
perature (55-60 °C) for 30 s, and 72 °C for 30 s, and a final
extension at 72 °C for 7 min. All the markers were separated
and visualized on 12% polyacrylamide gel stained with eth-
idium bromide.

QTL Mapping Analysis

QTL IciMapping software (Meng et al. 2015) was used to
construct the genetic map, and its ICIM (Inclusive Com-
posite Interval Mapping) method was employed to perform
QTL mapping of stem and leaf waxy phenotypes in the F,
generation population. In this method, the mapping step size
was set to 1 cM, the LOD value was set to 2.5, and the PIN
value was set to 0.001 following the research of Liu et al.
(2022), and the phenotypic variation and additive effects of
QTL for wax-related traits were calculated.

Candidate Gene Screening

Based on the durum wheat genome annotation information,
the genes with high confidence in the target region were
screened, and the “HomologFinder” tool of the Whea-
tOmics 1.0 website (http://wheatomics.sdau.edu.cn/) (Ma
et al. 2021) was also utilized to find out the homologs of
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the candidate genes in Chinese spring. The expression of
Chinese spring homologs of durum wheat candidate genes
in various tissues of wheat growth from IWGSC (2014)
were analyzed and obtained by using the “GENE EXPRES-
SION” tool of the WheatOmics 1.0 website (http://wheat
omics.sdau.edu.cn/) (Ma et al. 2021), and the heatmap of
their expression was plotted using the Pretty Heatmap tool
of ImageGP website (https://www.bic.ac.cn/ImageGP/index.
php/Home/Index/PHeatmap.html). The expression and
annotation information of these genes were preliminarily
analyzed to obtain candidate genes that might be related to
the waxy trait in durum wheat.

Analysis of Key Candidate Genes

Differentially expressed genes (DEGs) analysis was per-
formed separately for the stem epicuticle RNA-Seq data of
two parents using the DESeq2 package (v 1.40.0) (Love et al.
2014) of R with the Benjamini and Hochberg’s approach
controlling the false discovery rate. Only the genes with an
adjusted P value <0.05 and an absolute value of log2 fold
change (FC) > 1 were considered DEGs. When the candidate
genes identified above were found to be DEGs between the
two parents, they were considered as key candidate genes.
The counts of each key candidate gene between two parents
stem was visualized using ImageGP online tool (https://
www.bic.ac.cn/ImageGP/index.php/Home/Index/Barpl
ot.html), and the significant differences marked with stars

Fig.1 The waxy traits in durum !
wheat. A The stem waxy trait of \ ""m
two parents (HX027, HX128). \ |
B The stem waxy trait of three

lines from (HX027 x HX128) '\
F,. C Histogram of stem waxy
trait distribution in F, genera-
tion

i

]

HX027 HX128

according to the adjusted P values of the genes calculated
by DESeq?2 package (v 1.40.0) (Love et al. 2014).

Results
Phenotypic Observations and Chi-Square Analysis

Phenotypic observations were made on a field-grown popu-
lation of 237 F, plants and their parents (Fig. 1, Table 1).
The results exhibited that 41 individual plants showed dis-
tinctly waxy traits and were consistent with parent HX027.
There were 185 individual plants that showed non-waxy
traits similar to parent HX128. Moreover, an intermediate
waxy trait (waxy traits but not distinct) was shown by 11
individual plants in total, different from the biparental traits.
The segregation analysis of waxy traits in single plants of
F, population revealed that the intermediate phenotypes in
this F, could be categorized as waxy, and the segregation
ratio of nonwaxy phenotypes to waxy phenotypes was close
to 3:1 (Table 1). Therefore, we hypothesized that the waxy
traits might be controlled by a single completely recessive
locus in our population.

Analysis of BSR Sequencing Results
By comparing the two extreme phenotypic bulks, a total of

3887 SNPs were detected, and 461 of them were located on
chromosome 2B (Fig. 2A). The wheat BSR analysis online
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Waxy Intermediate Non-waxy

Table 1 Chi-square test for

R 1 . Material Generation  No. of No. of observed Expected ratio  y2 P value
segregation ratio of wax trait plants/fami- plants/families
lies
Non-waxy  Waxy
HX027 P1 10 0 10
HX128 P2 10 10 0
HX027xHX128 F, 237 185 52 3:1 1.106  0.293
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Fig.2 SNP density distribution and Manhattan plot of Gprime and
ED algorithms of BSR-seq analysis. A The SNP density distribution
for BSR-seq data of two bulks. B Manhattan plot of Gprime algo-

website PLANT GMAP (http://183.221.124.252:4100/)
(Zhang et al. 2021) was used to locate QTL. Distribution of
the SNPs with differences between the waxy and non-waxy
pool on the chromosome arm 2B (0.8-23.4 Mb) based on
the Euclidean Distance (ED) and Gprime algorithm (Fig. 2
B and O).

Primer Polymorphism Screening

Indel information of the gene BSR-seq localization inter-
val of 0.8-23.4 Mb was used for primer design of differ-
ential sequence information using the PrimerServer tool
(Design&Check) on the WheatOmics 1.0 website (http://
wheatomics.sdau.edu.cn/PrimerServer/) (Ma et al. 2021).
Subsequently, these pairs of Indel primers were screened
for polymorphism in the parental and selected F, plants
through PCR and polypropylene gel electrophoresis. A

.0-
i -IIII-III-II_IIIII II [T -I-III-IIIIII I IIIIIII I-IIIIIII
Chr. l (Mb) 89 5 178 266 ] 355 443 5 532 620 5 709 790

rithm (a. whole genome. b. Chromosome 2B). C Manhattan plot of
ED algorithm (a. whole genome. b. Chromosome 2B)

total of four polymorphic pairs of Indel primers were found:
chr2B_6013821, chr2B_6847466, chr2B_10118300, and
chr2B_18411436 (Table 2).

Linkage Analysis and QTL Mapping

The F, population (237 plants) was screened using the above
mentioned four pairs of polymorphic primers. Subsequently,
a genetic map was constructed using the QTL IciMapping
software (Meng et al. 2015). This map was generated by
incorporating both the phenotypic data related to waxy
traits (categorized as “1” for non-waxy material, “2” for
intermediate material, and “3” for waxy material) and the
genotypic data of the F, population. The results showed that
a major QTL (¢qWAX.2BI) was flanked by chr2B_6847466
(6,847,466 bp) and chr2B_10118300 (10,118,300 bp) on
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chromosome 2B with an LOD score of 129.53 and explained
44.65% of the phenotypic variance (Fig. 3).

The genotyping results of the two flanking markers,
chr2B_6847466 and chr2B_10118300, within the locali-
zation interval, were used to correlate the genotypes with
the wax phenotypic values of the F, plants. The genotypes
(AA, Aa, and aa) were classified as follows: AA represents
the non-waxy parental HX128 genotype, Aa denotes the
intermediate, and aa represents the waxy parental HX027
genotype. The statistical analyses were conducted using a
one-way analysis of variance (ANOVA) followed by mul-
tiple comparisons using Fisher’s least significant difference

Table 2 Indel primers with polymorphism

(LSD) test with Bonferroni adjustment in the R package
“agricolae” (de Mendiburu and de Mendiburu 2019). The
results revealed significant differences in wax phenotypic
assignment values between genotypes AA and Aa when
compared to genotype aa (Fig. 4).

Candidate Gene Screening for Localization Intervals

Combining our findings, the waxy genes were localized to
the 6.8 Mb to 10.1 Mb interval on chromosome 2B. Accord-
ing to the durum wheat gene annotation information, this
interval contains a total of 149 annotated genes, among

Primer Forward primer Reverse primer Interval/bp Annealing
tempera-
ture/C

chr2B_6013821 ATTGCCTGACATCGCTTCCA AAGCAGAGTCTTCGGAGTGC 6,013,783-6,013,946 55.40

chr2B_6847466 TGGAGGTGAGTTGACACCAA ATCATCGGAAACGAAGATCG 6,847,305-6,847,613 55.40

chr2B_10118300 AGAGATCTCGTCCAGCTCCA GAGCACTGGCAGTAAGCACA 10,118,300-10,118,532 57.45

chr2B_18411436 GGGGTGGAGGGAGTACTTGT ATCGTCGACGCTGAGAGTTT 18,411,394-18,411,710 59.50

Chromosome1
LOD Score
0 10 20 30 40 50 60 70 80 90 100 110 120
chr2B_6013821:0.00 T T T T T T T T T

chr2B_6847466:3.42

i

chr2B_10118300:8.86

chr2B_18411436:19.03

Fig.3 Linkage map of chromosome 2B and the LOD graph of QTL mapping for wax trait analysis

Fig.4 Statistical violin plot

of the corresponding pheno- 4
types of chr2B_6847466 and
chr2B_10118300. An ANOVA
analysis and LSD test with
Bonferroni adjustment were ®
performed, different capital g 2
letters show significantly differ- @
ences at a p value of <0.01

chr2B_6847466
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which 58 genes were found to be potential candidate genes.
Based on the candidate genes screened, 58 candidate genes
(Supplementary Table 1) were found to be homologous in
Chinese spring using the HomologFinder tool on the Whea-
tOmics 1.0 website (http://wheatomics.sdau.edu.cn/). The
expression of Chinese spring homologs of 58 candidate
genes in various tissues of common wheat was analyzed
using the GENE EXPRESSION tool on the WheatOmics
1.0 website (http://wheatomics.sdau.edu.cn/).

The expression profiles of candidate genes in the tar-
get region were extracted from one public dataset of com-
mon wheat IWGSC 2014) according to the corresponding
homologous genes in common wheat using the “GENE
EXPRESSION” tool of WheatOmics 1.0 website (http://
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Fig.5 The expression heatmap of candidate genes. A The expression
data of the candidate genes from IWGSC.et al. IWGSC 2014). B The
expression of candidate genes in stem of two prenatal materials. The
scales of (A) and (B) represent the transformed TPM (transcripts per

wheatomics.sdau.edu.cn/) (Supplementary Table 2, Fig. 5A)
and from our RNA expression data of the parental stems
(Supplementary Table 3, Fig. 5B). After the initial expres-
sion analysis, 28 candidate genes exhibiting elevated expres-
sion levels were identified (Table 3).

It has been demonstrated that waxes on the surface of
stems, leaves, and spikes are deposited from epidermal
B-diketone waxes and that cytochrome P450 is related to
fatty acid hydroxylases and belongs to a cluster of meta-
bolic genes that mediate f-diketone biosynthesis (Hen-
Avivi et al. 2016). Chalcone synthase is a key enzyme in
the flavonoid/isoflavonoid biosynthesis pathway and is the
best-known member of the plant polyketide synthase gene
superfamily, which provides the starting material for a wide
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cyan colors represent the higher and lower relative abundance of the
transcripts, respectively
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Table 3 The gene ID, position, and annotation of 28 candidate genes

Svevol.0 Gene ID

Position (base pairs)

IWGSCI1.1 Gene ID

Position (base pairs)

Annotation

TRITD2Bv1G003500 2B:6,976,734-6,980,157  TraesCS2B02G001400  2B:1,171,680—1,174,401
TRITD2Bv1G003550 2B:7,112,170-7113013  TraesCS2B02G005700  2B:3,687,109—3,687,952
TRITD2Bv1G003580 2B:7,133,437-7,385,124  TraesCS2D02G013300  2D:6,599,740—6,603,424
TRITD2Bv1G003590 2B:7,136,000-7393917  TraesCS2B02G005300  2B:3,397,884—3,406,507
TRITD2Bv1G003660 2B:7.485294-7,491,503  TraesCS2B02G005100  2B:3,299,928—3,306,836
TRITD2Bv1G003900 2B:8,254,000-8255037  TraesCS2B02G002800  2B:1,749,669—1,750,706
TRITD2Bv1G003910 2B:8,257,268-8,259.418  TraesCS2B02G002900  2B:1,752,952—1,755,256
TRITD2Bv1G003970 2B:8,331,068-8332963  TraesCS2B02G003600  2B:1,831,881—1,833,776
TRITD2Bv1G004160 2B:8,627,534-8,628,561  TraesCS2B02G004000  2B:2,109,410—2,113,388
TRITD2Bv1G004510 2B:9,127,254-9,129,725  TraesCS2B02G005900  2B:3,787,544—3,790,240
TRITD2Bv1G004520 2B:9,134,824-9,136,109  TraesCS2B02G006000  2B:3,794,600—3,795,885
TRITD2Bv1G004560 2B:9,165,804-9166822  TraesCS2D02G015800  2D:7,666,822—7,667,846
TRITD2Bv1G004620 2B:9,251291-9,251,722  TraesCS2B02G006200  2B:3,907,016—3,908,244
TRITD2Bv1G004640 2B:9,359,558-9,360,837  TraesCS2B02G006300  2B:4,013,566—4,015,994
TRITD2Bv1G004650 2B:9,459,558-9,460,576  TraesCS2B02G006400  2B:4,117,000—4,118,048
TRITD2Bv1G004660 2B:9.478,515-9,479,750  TraesCS2B02G006500  2B:4,131,445—4,133,057
TRITD2Bv1G004670 2B:9,533,137-9,535,194  TraesCS2B02G006600  2B:4,185,133—4,187,548
TRITD2Bv1G004680 2B:9,631,850-9633129  TraesCS2B02G006700  2B:4,283,146—4,285475
TRITD2Bv1G004710 2B:9,728,696-9,729.975  TraesCS2B02G0O08900LC 2B:4,376,540—4,378,890
TRITD2Bv1G004720 2B:9,766,412-9,767,625  TraesCS2B02G006800  2B:4,424.392—4 426,747
TRITD2Bv1G004740 2B:9,812,887-9,813,752  TraesCS2B02G006900  2B:4,471,513—4,472,626
TRITD2Bv1G004770 2B:9,823,461-9,823,679  TraesCS2B02G007000  2B:4,481,802—4,483,613
TRITD2BvIG004790 2B:9,845315-9,846,820  TraesCS2B02G007200  2B:4,502,931—4,515,467
TRITD2Bv1G004840 2B:9.970,677-9971021  TraesCS2D02G016500  2D:7,974,143—7.976,260
TRITD2Bv1G004860 2B:9,982,824-9.985,598  TraesCSU02G007900  Un:11,750,661—11,754,531
TRITD2BvIG004870 2B:10,001,468-10003408 TraesCS2B02G007800  2B:4,656,499—4,665,524
TRITD2BvIG004890 2B:10,022,299-10023232 TraesCS2B02G008000  2B:4,720,640—4,721,573
TRITD2Bv1G004900 2B:10,038,506-10039691 TraesCS2D02G017300  2D:8,337,206—8,339,250

Receptor-like protein kinase
Receptor-like protein kinase
protein kinase family protein
Sterol 3-beta-glucosyltransferase
AAR?2 family protein
Sulfotransferase

Cytochrome P450 family protein,
expressed

FCH domain only protein 1
Fructokinase-2
Cytochrome P450
Chalcone synthase

Heptahelical transmembrane
protein 4

Cytochrome P450
Chalcone synthase

Heptahelical transmembrane
protein 4

Alpha/beta-Hydrolases superfam-
ily protein

Cytochrome P450

Chalcone synthase

Chalcone synthase

Chalcone synthase

Cytochrome P450

Chalcone synthase

O-acyltransferase WSD1

Protein DA 1-related 1

NBS-LRR disease resistance
protein, putative, expressed

Serine-rich 25 kDa antigen protein

Protein PLANT CADMIUM
RESISTANCE 2

Protein PLANT CADMIUM
RESISTANCE 2

range of metabolites (flavonoids) (Dao et al. 2011), and the
enzyme is also one of the best-known plant PKSs, which is
an important gene located in hexaploid bread wheat capa-
ble of synthesizing pB-diketones. The interaction between
sterol 3-B-glucosyltransferases and lipids is highly specific
(Pazkowski et al. 2001). Sulfotransferases can catalyze
the transfer of a sulfuryl group (SO3-) from the universal
donor 3'-phosphoadenosine-5'-phosphonosulfate to the
hydroxyl or amino groups of exogenous compounds, hor-
mones, proteins, and other substrates and play an impor-
tant role in the regulation of growth and development and
adaptation to adversity (Jin et al. 2019). The alpha/beta-
hydrolases superfamily protein is a widespread and plastic
functioning protein fold that includes a variety of enzymes,
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including lipases that adsorb at the water/lipid interface of
neutral water-insoluble ester substrates (Holmquist M 2000),
which are importantly linked to lipid synthesis. O-acyltrans-
ferase WSD1 is involved in the biosynthesis of cuticular
waxes, which reduces leaf water loss, especially during
drought and plays a key role in stem wax ester synthesis
(Li et al. 2008). In this study, of the 28 candidate genes
screened, five were annotated as cytochrome P450 (fam-
ily) proteins: TRITD2BvIG003910, TRITD2BvIG004510,
TRITD2Bv1G004620, TRITD2Bv1G004670, and TRITD-
2Bv1G004740. Six genes were annotated as chalcone syn-
thase: TRITD2Bv1G004520, TRITD2Bv1G004640, TRITD-
2Bv1G004680, TRITD2Bv1G004710, TRITD2Bv1G004720,
and TRITD2Bv1G004770. Gene TRITD2BvIG003590
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annotated as sterol 3-beta-glucosyltransferase. Gene TRIT-
D2Bv1G003900 annotated as sulfotransferase. Gene TRIT-
D2Bv1G004660 was annotated as alpha/beta-hydrolases
superfamily protein. And gene TRITD2Bv1G004790 was
annotated as O-acyltransferase WSD1. So, we figured out
that these 15 genes might be key candidate genes involved in
the regulation of durum wheat waxes and played important
roles in their synthesis.

Expression Analysis of Key Candidate Genes

Differentially expressed genes (DEGs) analysis in the
biparental stems was conducted by DEseq2; the results
indicated that the 15 candidate genes obtained from the
screening were differentially expressed in the biparental
stems (Fig. 6, Supplementary Table 4), and these candi-
date genes were expressed at greater than 0.97 TPM in the
stems of the waxy parent HX027, whereas they were not
expressed or were expressed at very low levels in the non-
waxy parent HX128, namely TRITD2BvI1G003590, TRITD-
2Bv1G003900, TRITD2Bv1G003910, TRITD2Bv1G004510,
TRITD2BvIG004520, TRITD2BvIG004620, TRITD-
2Bv1G004640, TRITD2Bv1G004660, TRITD2Bv1G004670,
TRITD2BvIG004680, TRITD2BvIG004710, TRITD-
2BviG004720, TRITD2Bv1G004740, TRITD2Bv1G004770,
and TRITD2Bv1G004790 (Fig. 6, and genes marked red in
Supplementary Table 3). Among these 15 genes, 12 genes
were expressed at more than 0.74 TPM, 0.83 TPM in stems
and leaves of Chinese spring wheat, respectively (genes
marked red in Supplementary Table 2).

The gene TRITD2BvI1G003590 was expressed at 14.64
TPM on the stems of the waxy parent HX027, 1.75 TPM
on the stems of the nonwaxy parent HX128, 13.78 TPM
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Candidate genes

Fig.6 Mean counts of 15 candidate genes on parental stems. The sig-
nificant differences marked with stars according to the adjusted p val-
ues of the genes calculated by DESeq?2, “**” is for p value <0.01 and
“*%* for p value <0.001

on wheatstem_Z30, and 7.27 TPM on wheatleaf_Z23. The
gene was annotated as sterol 3-p-glucosyltransferase, which
had a high specificity for interaction with lipids (Pazkowski
et al. 2001).

The gene TRITD2BvIG003900 was expressed at
0.34-0.98 TPM on stems of waxy parent HX027, compared
to 0-0.08 TPM on the non-waxy parent HX 128, whose gene
was annotated as sulfotransferase.

The five candidate genes TRITD2BvIG003910, TRITD-
2BviG004510, TRITD2Bv1G004620, TRITD2Bv1G004670,
and TRITD2BvI1G004740 were annotated as cytochrome
P450, which had been shown to be associated with fatty
acid hydroxylases and to belong to the cluster of metabolic
genes mediating B-diketone biosynthesis (Hen-Avivi et al.
2016). These genes were expressed at 0.98—151.27 TPM on
the stems of the waxy parent HX027, compared to 0—0.07
TPM on the stems of the non-waxy parent HX128, and at
0.74-9.42 TPM on wheat stem_Z30 or stem_Z65.

The gene TRITD2Bv1G004660 was expressed at 9.79
TPM on stems of the waxy parent HX027, but unexpressed
on stems of the non-waxy parent HX128, and at 2.36 TPM
on wheat stem_Z65, whose gene was annotated as an alpha/
beta-hydrolase superfamily protein.

Six genes, TRITD2BvIG004520, TRITD2Bv1G004640,
TRITD2BvIG004680, TRITD2BvIG004710, TRITD-
2BvIG004720, and TRITD2BvIG004770, were annotated
as chalcone synthases (CHS, EC 2.3.1.74). These genes were
expressed at 42.09-235.85 TPM on the stems of the waxy
parent HX027, whereas they were largely unexpressed on the
stalks of the non-waxy parent HX128 and were expressed at
2.5-31.75 TPM on wheat stem_Z65 or leaf Z71.

The gene TRITD2BvI1G004790 was expressed at 30.58
TPM on stems of the waxy parent HX027, but not on stems
of the non-waxy parent HX128, and at 6.36 TPM on stem_
765, which was annotated as O-acyltransferase WSDI1.

According to previous reports, a more complex inherit-
ance of waxy traits is already indicated (Wang et al. 2019).
We also conclude that in our population, the synthesis of
waxy traits was controlled by many genes, and there might
be gene deletions in non-waxy populations that resulted in
the inability to express the genes, and the 15 candidate genes
identified above might be in clusters to regulate the synthesis
of waxy traits.

Discussion

Waxes cover the stems, leaves, and other parts of the plant
and play an important role for the plant, such as improving
the stability of wheat leaf cell membranes, protecting the
plant from mechanical damage, reducing the rate of water
loss, and increasing the ratio of photosynthesis to tran-
spiration thereby protecting plants from detrimental high
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temperatures and intense ultraviolet radiation (Reina-Pinto
and Yephremov 2009; Yeats et al. 2012). Moreover, epicu-
ticular wax provides plants with a natural physical protective
layer that reduces mechanical damage. It allows the shedding
of water droplets, dust particles, and spores and insects that
may land on the plant surface, thereby reducing the chance
of attack from insects and pathogens (Arif et al. 2022; Li
et al. 2021). In summary, the wax provides effective protec-
tion for plants against other abiotic and biotic environmental
stresses.

It has previously been reported that the W1 locus is
located in the region of 9.2-9.9 Mb on 2BS, and three
candidate genes at the W1 loci for f-diketone synthesis in
hexaploid bread wheat have been reported: diketone metab-
olism-PKS (DMP), hydrolase (DMH), and CYP450 (DMC)
(Hen-Avivi et al. 2016). However, there were still several
wax genes that had not been identified and validated. In this
study, we utilized the F, mapping population derived from a
cross between HX027 (with obvious waxy traits) and HX128
(without waxy traits) and performed BSR-seq sequencing
and QTL mapping.

As a result, a QTL (gWAX.2B1) associated with the
waxiness trait was detected, and two InDel markers,
2B_6847466 and 2B_10118300 were screened, which were
tightly linked to this QTL at the site of chromosome 2B.
The interval obtained was similar to the results of previ-
ous studies, and four candidate genes TRITD2Bv1G004620,
TRITD2Bv1G004660, TRITD2BvIG004720, and TRIT-
D2BvIG004790 were screened within the interval cor-
responding to the reported genes DMC(P450)CYP709/4,
DMH (Hydrolase), DMP (PKS-like), and WES (wax ester
synthase). These four genes were annotated as cytochrome
P450, alpha/beta-hydrolases (ABH) superfamily proteins,
chalcone synthase, and O-acyltransferase WSDI1, respec-
tively. And these four genes were highly expressed in the
stems of the waxy parental parent HX027, as well as in
wheat stems and leaves, and it can be determined that these
four genes may be important genes in the synthesis of wheat
waxes based on the annotation information.

In addition, nine genes were significantly higher
expressed in the stem of waxy parental HX027 rather than
HX128. Among which, four genes TRITD2Bv1G003910,
TRITD2Bv1G004510, TRITD2BvIG004670, and TRITD-
2BvIG004740 were annotated as cytochrome P450, and
five genes TRITD2BvIG004520, TRITD2BvIG004640,
TRITD2Bvi1G004680, TRITD2BvIG004710, and TRIT-
D2BvI1G004770 were annotated as chalcone synthase.
Therefore, it was more likely that these 9 genes were
also the members of the cluster genes involved in the
regulation of waxy traits like the four previously reported
genes. The two genes TRITD2BvIG003590 and TRITD-
2Bv1G003900, annotated as sterol 3-f-glucosyltransferase
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and sulfotransferase, respectively, were also highly
expressed in the waxy parent HX027; they are likely the
members of the cluster genes regulating the waxy trait.

Conclusion

BSR-seq sequencing and QTL localization of F, popu-
lations created from parents with significant differences
in durum wheat waxy traits detected a QTL located
on 6.8 Mb to 10.1 Mb of chromosome 2B, explain-
ing 44.65% of the phenotypic variation. There were 15
high confidence candidate genes in this located region,
including 6 chalcone synthase genes and 5 cytochrome
P450 (family) genes. Among which, four candidate genes
TRITD2BvI1G004620, TRITD2BvIG004660, TRITD-
2Bv1G004720, and TRITD2BvIG004790 correspond-
ing to the reported genes DMC(P450)CYP709J4, DMH
(Hydrolase), DMP (PKS-like), and WES (wax ester syn-
thase) were detected within the interval; moreover, eleven
new genes were also detected with the four reported as a
gene cluster to regulate wax synthesis. This study provides
additional information for reveling the mechanism of gene
cluster regulation of waxy traits.
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