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Abstract: High-resolution melting analysis (HRM) is a resolutive technique, using PCR amplification
and in-tube detection, which is based on the PCR product’s melting analysis. It is a promising
technique for breeding analysis, as it does not require dedicated sequencing equipment. It can be
performed using QRT-PCR equipment that can be available in small-medium molecular biology
laboratories or locally by the breeders, and it does not require an electrophoretic step to analyze the
amplified DNA fragments. To develop effective HRM assays, the search for highly polymorphic sites
amenable to PCR amplification is a prerequisite, which is not an easy task in wheat due to its genome
complexity. The insertion site-based polymorphism markers (ISBPs) are PCR markers designed
based on the knowledge of the sequence flanking transposable element (TE) sequences. The two
PCR primers are designed with one in the transposable element and the other in the flanking DNA
sequence. TEs are very abundant and nested in the wheat genome, with unique (genome-specific)
insertion sites that are highly polymorphic. In this work, we analyze the available HRM-ISBP assays
for wheat 3B and 4A chromosomes, and update their applications in wheat diversity at drought and
heat MQTL loci.

Keywords: ISBP markers; high-resolution melting; drought; candidate genes; MQTL

1. Introduction

Wheat is considered one of the most important crops worldwide [1]. Its development
and final yield are affected by abiotic stresses, such as drought [2,3] and heat [4,5], whose
effects are increasing as a consequence of the predicted climate change [6,7]. As a result,
tolerance to these abiotic stresses is an important aim in plant breeding to increase crop
production [8]. In this way, molecular markers, such as ISBPs, can be developed and
applied to identify genomic regions and genes of interest closely related to interesting
traits, such as drought and heat tolerance [9]. ISBPs are PCR markers that re designed
based on the information of sequence-flanking TE sequences [10]. They have appeared as
powerful and interesting tools to apply in genomic and genetic studies in wheat [10-12],
and have also been used in marker-assisted selection (MAS) and as selecting tools in
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plant breeding programs [10]. These markers have been designed for several wheat
chromosomes [9,11,13-16] and applied with different aims [17-21]. Mérida-Garcia et al. [9]
developed HRM assays based on ISBP markers for wheat chromosomes 4A and 3B. Both
chromosomes contain interesting QTLs related to biotic and abiotic stress tolerance, and
important agronomic traits, and some of the ISBP markers are located within or in proximity
to previously described MQTLs [22]. Meta-QTL analysis was developed to integrate results
from individual QTL studies into a common dataset to identify and corroborate the interval
of QTL regions [23]. MQTL analysis has been performed in wheat in several studies for
root-related traits [24], grain weight [25,26], and heat and drought conditions [22,27]. In
this presentation, we assessed and updated the polymorphic HRM-ISBP assays developed
for wheat chromosomes 4A and 3B, regarding their applications in wheat at drought and
heat stress MQTL loci.

2. Experiments
2.1. Insertion Site-Based Polymorphism Markers

ISBP markers were developed by Mérida-Garcia et al. [9], using the IsbpFinder pro-
gram [10] and the wheat chromosome 4A survey sequencing [28] to locate the ISBPs and
Primer3 (http:/ /primer3.sourceforge.net, accessed on 30 November 2013) for primer de-
sign. ISBP markers for wheat chromosome 3B were designed using BAC-end sequences as
described in Paux et al. [10]. PCR setup and HRM analysis is described in Mérida-Garcia
etal. [9].

2.2. Candidate Genes

ISBP markers were mapped and blasted against the RefSeq v1 [15] as described in
Mérida-Garcia et al. [9]. Candidate genes for markers for wheat chromosomes 4A and 3B
were assessed within a window of +/—20 kb and +/—300 kb (due to the reduced density
of genes found for 3B), respectively, of the marker’s hit in the pseudomolecule [15] gene
model annotation. ISBP marker positions were compared to the wheat MQTLs described
in Kumar et al. [27] for drought tolerance. The position of MQTL was determined with
flanking markers [27] and using BLAST against the RefSeq v1 [15].

2.3. Gene Expression Analysis

Gene expression analysis was performed using the information previously published
by Liu et al. [29] (experimental seedling samples grown under controlled conditions (NCBI
SRA ID SRP045409): control (IS), heat and PEG-induced drought stress for 1 and 6 h
(PEG1 and PEGS, respectively)), Ma et al. [30] (experimental samples grown in a shelter
(NCBI SRA ID SRP102636): anther stage irrigated leaf phenotype (AD_C), anther stage
drought-stressed leaf phenotype (AD_S), tetrad stage irrigated developing spike phenotype
(T_C), and tetrad stage drought-stressed developing spike phenotype (T_S)), and Galvez
et al. [31] (flag leaf samples from field-grown plants (NCBI SRA ID SRP119300): irrigated
(IF), mild stress (MS), and severe stress (SS)). This information was applied to construct gene
expression heatmaps, using data retrieved from Wheat Expression (www.wheat-expression.
com/, accessed on 31 May 2020) and the R package ‘NMF 0.21.0" [31]. Transcripts per
kilobase millions (TPMs) of genes under each condition and differential gene expression
analysis were performed on the raw data using the RefSeq v1 [15] gene models and two
bioinformatic pipelines [9].

3. Results and Discussion

A recent wheat MQTL analysis [27] described a novel drought tolerance MQTL
(MQTL3), which is mainly placed in the wheat chromosome 3B centromeric region
(Figure 1). Akhunov et al. [32] and Munkvold et al. [33] highlighted a positive gradient of
the gene density from the centromere to the telomeres in wheat, which is consistent with
the low presence of ISBP markers found in the MQTL3 [27] proximities. Two ISBP markers
(HRM3B_331497483 and HRM3B_465802537 [9]) for the wheat chromosome 3B were found
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surrounding this MQTL (58 and 52 Mb, respectively). Marker HRM3B_465802537 was
previously located within MQTL26 (previously described by Acufia-Galindo et al. [22])
and mapped to two interesting genes (TraesCS3B01G290200 and TraesCS3B290300) by
Mérida-Garcia et al. [9], who highlighted that they encode a glycosyltransferase and ABC
transporter B family protein, respectively. Both are related to plant responses to abiotic
stresses [34,35] and both genes were found to be upregulated under different drought
conditions [9].

|

— HRM3B_331497483

389.5Mb
mQTL3 413.8Mb
430.1Mb

HRM3B_465802537
MQTL26 -

540.2Mb

Figure 1. ISBP markers found in wheat chromosome 3B. MQTL3 [27] and MQTL26 [22] are indicated
in the figure. MQTLs’ flanking positions are indicated in Mb (megabase); the centromere region in
red color was delimited by the genome positions indicated in [15].

Within MQTL3 [27], we found 269 HC and LC genes of which 31 and 8 genes, re-
spectively, were found differentially expressed under different drought stress conditions
(Figure 2). The gene TraesCS3B01G246000 encodes a MYB-related transcription factor,
which plays a crucial role in the control of plant-specific processes as responses to abiotic
and biotic stresses [36]. This gene was found to be downregulated under PEG treatments,
which agrees with previous studies that indicated the expression of many MYB genes is
regulated by drought [37]. The gene TraesCS3B01G246300 encodes an ATP-dependent
zinc metalloprotease FtsH, some of which have been proposed as contributors to stress
responses in plants [38] and also related to photosynthesis and protein stability [39]. This
gene was found to be upregulated under heat and PEG-induced drought (PEG1 and PGE6)
conditions, which is in agreement with previous studies in wild barley in response to
heat stress conditions [39]. The gene TraesCS3B01G251100 encoding a 3'-N-debenzoyl-2'-
deoxytaxol N-benzoyltransferase, which has been related to cellular biogenesis, and its
overexpression promotes increased root growth in maize [40]. In this regard, this gene was
found to be upregulated under PEG treatments.
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Figure 2. Heatmap for gene expression analysis under several stress conditions for the candidate
genes that were differentially expressed under drought conditions. As indicated in the text, they
are located within the MQTL3 [27]. IF: irrigated field conditions; MS: mild stress conditions; SS:
severe stress conditions [31]; IS: seedling PEG shock control; PEG1: seedling 1 h PEG stress; PEG6:
seedling 6 h PEG stress [29]; AD_S: anther stage irrigated shelter phenotype; AD_S: anther stage
drought stressed shelter phenotype; T_C: tetra stage irrigated shelter phenotype; and T_S: tetrad
stage drought shelter phenotype [30].
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