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Expression profiling of TaARGOS 
homoeologous drought responsive 
genes in bread wheat
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Drought tolerant germplasm is needed to increase crop production, since water scarcity is a critical 
bottleneck in crop productivity worldwide. Auxin Regulated Gene involved in Organ Size (ARGOS) 
is a large protein family of transcription factors that plays a vital role in organ size, plant growth, 
development, and abiotic stress responses in plants. Although, the ARGOS gene family has been 
discovered and functionalized in a variety of crop plants, but a comprehensive and systematic 
investigation of ARGOS genes in locally used commercial wheat cultivars is still yet to be reported. 
The relative expression of three highly conserved TaARGOS homoeologous genes (TaARGOS-A, 
TaARGOS-B, TaARGOS-D) was studied in three drought-tolerant (Pakistan-2013, NARC-2009 and 
NR-499) and three sensitive (Borlaug-2016, NR-514 and NR-516) wheat genotypes under osmotic 
stress, induced by PEG-6000 at 0 (exogenous control), 2, 4, 6, and 12 h. The normalization of 
target genes was done using β-actin as endogenous control, whereas DREB3, as a marker gene 
was also transcribed, reinforcing the prevalence of dehydration in all stress treatments. Real-time 
quantitative PCR revealed that osmotic stress induced expression of the three TaARGOS transcripts 
in different wheat seedlings at distinct timepoints. Overall, all genes exhibited significantly higher 
expression in the drought-tolerant genotypes as compared to the sensitive ones. For instance, the 
expression profile of TaARGOS-A and TaARGOS-D showed more than threefold increase at 2 h and 
six to sevenfold increase after 4 h of osmotic stress. However, after 6 h of osmotic stress these genes 
started to downregulate, and the lowest gene expression was noticed after 12 h of osmotic stress. 
Among all the homoeologous genes, TaARGOS-D, in particular, had a more significant influence on 
controlling plant growth and drought tolerance as it showed the highest expression. Altogether, 
TaARGOSs are involved in seedling establishment and overall plant growth. In addition, the tolerant 
group of genotypes had a much greater relative fold expression than the sensitive genotypes. 
Ultimately, Pakistan-2013 showed the highest relative expression of the studied genes than other 
genotypes which shows its proficiency to mitigate osmotic stress. Therefore, it could be cultivated in 
arid and semi-arid regions under moisture-deficient regimes. These findings advocated the molecular 
mechanism and regulatory roles of TaARGOS genes in plant growth and osmotic stress tolerance in 
contrasting groups of wheat genotypes, accompanied by the genetic nature of identified genotypes in 
terms of their potential for drought tolerance.

Increasing crop productivity has been the main objective of the breeding program due to an upsurge in the 
demand and use of agricultural commodities for feed, food, and fuel, following substantial growth in the global 
population and emerging  economies1–4. Increases in crop yield can be attributable to higher total biomass pro-
ductivity (larger plants produce more yield), a better harvest index, or even  both3,5. Plants have a well-known 
and complex regulatory system to protect their growth, production, and development. Many abiotic stresses, 
such as drought, salinity, and high temperatures, have severe consequences on certain plant parts. Plants respond 
to environmental challenges by inhibiting or stimulating the expression of many genes with specialized func-
tions to flourish and  grow6,7. Gene expression profiling under particular circumstance helps to determine the 
particular genes that are being expressed in a cell. There are several experiments that can measure the entire 
genome with the use of this  approach8. This can be done by comparing mRNA levels in two or more experimental 
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circumstances, and then determining which conditions induced the expression of specific  genes9. In this perspec-
tive, transcription factors play a crucial role in the signal transformation networks by regulating gene expression. 
They turn on or off-target gene expression directly, disrupting the interplay of many gene signaling  networks2,10–13. 
As a result, crop breeding should focus on genes that regulate organ size and contribute to better  production14.

The ORGAN SIZE RELATED (OSR) family of genes is recognized to enhance plant organ growth and stand-
ardize gene expression of organ  size13,15–17. Additionally, earlier research has revealed that the OSR gene family is 
implicated in the reaction to abiotic  stress16,18–20. The founding member of the OSR homologs, AUXIN REGU-
LATED GENE INVOLVED IN ORGAN SIZE (ARGOS), has been identified in Arabidopsis as an auxin-induced 
gene that is transcribed in growing organs. Overexpression of AtARGOS, which encodes a putative integral mem-
brane protein, is ample to enhance organ size by stimulating proliferation of cells; downregulation, on the other 
hand, causes decreased organ growth. Furthermore, In Arabidopsis, four OSR homologs and other members of 
this family (OSR1 and OSR2) were found to drive the development of plant organs when  overexpressed13,17. Five 
members of OSR have been recognized in rice, comprising OsARGOS17. In Arabidopsis, the overexpression of 
OsARGOS was found to support organ  growth1,21. Maize has eight copies of the ARGOS gene. The maize plant 
organ growth and yield are progressed by the overexpression of ZmARGOS120, while abiotic stress has also been 
linked to ARGOSs in maize  crop18,19. Overexpression of ZmARGOS1 and ZmARGOS8 in Arabidopsis and maize 
enhances drought tolerance through an ethylene-dependent regulatory mechanism. In addition, in both dry 
and hydrated conditions, the over expressive ZmARGOS8 maize plants produce more grains than wild-type19. 
Furthermore, DREB3s (dehydration responsive element binding) are also pivotal transcription factors in plant 
species. These transcription factors regulate expression in an ABA-independent pathway of many stress-inducible 
genes and playing an important role in improving plant drought  tolerance2,21,22.

Wheat is most significant among cereal crops, extensively farmed by smallholder farmers in a wide range of 
altitudes under rainfed areas and provide food for almost half of the global population. It is ranked second in 
total production but first in the area under  cultivation23,24. The demand for wheat is expected to increase by 60% 
by 2050 to feed the growing world population, which will reach nine billion. The worldwide average wheat yields 
must grow at a pace of at least 1.6% per year, up from the current 1% to meet this  requirement25. The principal 
causes of loss of wheat production are abiotic factors such as drought, salinity, and heat stress rather than biotic 
 factors26. Drought stress is a physical phenomenon in environment which has a significant impact on the yield of 
wheat. Globally, drought spells are becoming more frequent and severe due to rising temperatures and fluctuat-
ing precipitation while changing climate is exacerbating the situation even  more27,28. In addition, its frequency 
and severity are likely to intensify due to global warming in the coming  days1,29. A variety of researchers have 
demonstrated that wheat is vulnerable to osmotic  stress1, resulting in yield losses of up to 90% depending on the 
genotype, plant growth stage, and the intensity and duration of drought  spells16,27,30–32.

In the current study, the quantitative expression patterns of TaARGOS homoeologous genes in inevitable 
drought tolerant and sensitive bread wheat genotypes were quantified to determine the resilience pathway against 
PEG-induced dehydration and response of studied genes at various time points.

Materials and methods
Identification of target homoeologous genes and primers designing. This study used three 
homoeologous TaARGOS genes (TaARGOS-A, TaARGOS-B, and TaARGOS-D) for quantitative expression pro-
filing as target genes. At the same time, DREB3 was used as a marker gene to distinguish the pervasiveness of 
osmotic stress in treated wheat  seedlings33. “Primer Blast” tool from NCBI database (https:// www. ncbi. nlm. nih. 
gov) was employed to generate the sequence of primers for TaARGOS and DREB3 genes and were reinforced 
by employing online software “Primer 3 Version-0.4.0” (available at https:// www. bioin fo. ut. ee). A reported por-
tion of the wheat β-actin gene was also amplified as an endogenous or internal control to normalize the target 
 genes2,16. The designed primers were prepared commercially (Eurofins MWG Operon, United States of Amer-
ica). The genomic sequences of the three homologs of TaARGOS, DREB3 and endogenous β-actin genes were 
aligned, and their primers were designed to target comparable genomic loci (Table 1).

Plant materials. Three drought-tolerant (Pakistan-2013, NARC-2009, and NR-499) and three drought-
sensitive (Borlaug-2016, NR-514 and NR-516) wheat genotypes were employed in this investigation, acquired 
from Wheat Program, Crop Science Institute (CSI), National Agricultural Research Centre (NARC), Islamabad. 
These contrasting bread wheat genotypes were identified in our earlier findings based on physiological, bio-
chemical and morphological traits as  reported27. The detail of used plant material is presented in Table 2. The 
study was performed in the laboratory and glasshouse of the National Institute for Genomics and Advanced 
Biotechnology (NIGAB), NARC, Islamabad, Pakistan. All the experiments were performed in accordance with 
relevant guidelines and regulations.

PEG treatment for dehydration and osmotic stress. Wheat seeds were surface sterilized with 4% 
sodium hypochlorite and rinsed thricely with distilled water. The seed were then allowed to germinate in growth 
chamber (SANYO MLR 350-H) for 8 (± 2) days at a standard day and night temperature of 22 ± 2 ℃ and 50% 
relative  humidity34. At mid-canopy, light intensity was regulated at 400 µmoles  m−2  s−1. The photoperiod was 
also controlled by maintaining 16 h for light and 8 h for dark. Young wheat seedlings at two to three leaf stage 
of all six parental lines were transferred into two different solutions; one of which included PEG-6000 @ 25% 
for the induction of osmotic dehydration. In contrast, the control group of seedlings was transferred to distilled 
 water16. The quantitative expression profiling was conducted at five different time points: 0 (exogenous control), 
2, 4, 6, and 12 h.

https://www.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.gov
https://www.bioinfo.ut.ee
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Sample assortment and total RNA extraction. For the expression analyses, seedlings from the control 
and stress groups were collected. After being exposed to PEG-induced dehydration, the adolescent leaves were 
frozen with liquid nitrogen immediately to preserve all their proteomics at a particular stage and then kept at a 
temperature of − 80 °C until needed. Total RNA was extracted from the leaves of control and stressed seedlings 
using TRIzol™ Reagent (Invitrogen, Shanghai) by grinding frozen leaf samples in liquid nitrogen followed by the 
manufacturer’s  instructions35.

Measurement and equilibration of total RNA. Total RNA quality and concentrations were determined 
using a spectrophotometer (NanoDrop ND-1000, Wilmington, USA) with the Optimal Density (OD) group at 
260/280 nm and Nucleic Acid Concentration in ng/l. RNA equilibration was followed using nuclease-free water. 
The electrophoresis on a 2% agarose gel was used to validate the presence and purity of RNA.

Synthesis of 1st strand of cDNA. The First Strand cDNA Synthesis RevertAid (ThermoFisher Scien-
tific) Kit was utilized for cDNA synthesis as per the manufacturer’s directions, as 0.1–5 ng RNA template, 1 μl 
of Oligo  dT18 anchor primer, and 12 μl nuclease-free water were merged and incubated for 5 min at 65 °C. The 
samples were moved to the ice after incubation, and reaction buffer, RNase inhibitor, a mixture of dNTP, and 
reverse transcriptase (M-MuLV RT) were added to get the volume up to 20 μl. The samples were then incubated 
at 42 °C for 80 min, 70 °C for 5 min and the RT-PCR reaction was stopped at 4 °C. The synthesized cDNA of all 
wheat samples was kept at − 20 °C until further use.

Real-time qPCR procedure. The Maxima SYBR Green qPCR Master Mix (ThermoFisher Scientific) was 
employed for real-time expression profiling according to the manufacturer’s recommendations. The 12.5 μl Max-
ima SYBR Green qPCR Master Mix (2×), 0.3 μl forward primer, 0.3 μl reverse primer, ≤ 500 ng cDNA template 

Table 1.  Primer amplification characteristics of the target, marker, and endogenous genes for qRT-PCR 
in bread wheat.

Primer
Gene Bank accession 
number Sequence information Tm GC% Amplicon size (bp) CDS sequence size (bp)

TaARGOS-A KX768731

F: 5′-GAT CAT CTT CCA 
CCA CCA TCTC-3′ 60.72 50

117 2089
R: 5′-GCA CCT ACA TGG 
GTG TTC TT-3′ 57.51 50

TaARGOS-B KX768732

F: 5′-GAT TTG GAG GAG 
AGG GTG TTC-3′ 59.93 55

120 2047
R: 5′-GCG TGG ACA ATC 
AAG CAT AAG-3′ 60.65 50

TaARGOS-D KX768733

F: 5′-GCT GAT CTG CAC 
TCA CCA AA-3′ 59.99 50

156 2057
R: 5′-CAA CCT TCT TGT 
CAG CAG CA-3′ 60.18 50

DREB3 AY781349

F: 5′-GGC ATG CTG CAG 
TCT GAT TA-3′ 59.98 50

156 1325
R: 5′-AAG CCG ACC AAA 
CAC CAT AG-3′ 59.99 50

β-actin AK457930.1

F: 5′-GGA ATC CAT GAG 
ACC ACC TAC-3′ 58.31 52

128 1527
R: 5′-GAC CCA GAC AAC 
TCG CAA C-3′ 59.25 58

Table 2.  List and description of bread wheat genetic material. WP Wheat Program, CSI Crop Science 
Institute, NARC  National Agricultural Research Centre, Islamabad, CIMMYT International Maize and Wheat 
Improvement Center.

S. no. Genotype Source Characteristics

Drought tolerant genotypes

1 Pakistan-2013 WP–CSI–NARC Low rainfed area, stem, leaf and yellow rust resistance

2 NARC-2009 WP–CSI–NARC Drought tolerant, yellow and leaf rust resistance

3 NR-499 CIMMYT/WP–NARC Advance line (CIMMYT)

Drought sensitive genotypes

4 Borlaug-2016 WP–CSI–NARC Rainfed areas, UG-99, leaf and yellow rust resistance

5 NR-514 CIMMYT/WP–NARC Advance line (CIMMYT)

6 NR-516 CIMMYT/WP–NARC Advance line (CIMMYT)
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and nuclease-free water were mixed to raise total volume upto 25 μl. A preliminary phase at 95 °C for 30 s, fol-
lowed by 40 cycles at 95 °C for 15 s and 60 °C for 35 s, with a definitive extension at 72 °C of 7 min. Reaction 
tubes were inserted in the cycler, and then the program for quantitative expression analysis on Mic qPCR (Bio-
Molecular System) was run. Ultimately, the resultant Ct data were obtained for expression analysis.

Quantitative (qPCR) expression data analysis. Each expression profile was analyzed and authenti-
cated with three biological and three technical replicates for all qRT-PCR analyses. The Quantification Cycle 
(Cq) or Threshold Cycle (Ct) data for exogenous control from non-treated plant samples, while endogenous 
control from β-actin was obtained. The double delta Ct value was used to calculate relative gene expression or 
expression fold for each  sample36. Relative fold expression was recorded using Ct value experimental (target) and 
Ct value control genes.

Statistical analysis. The data was analyzed for Factorial Completely Randomized Design (CRD) Analysis 
of Variance (ANOVA) under General Linear Model (GLM)37, followed by Tukey’s Honestly Significant differ-
ence (HSD) at 5% probability level in order to determine mean comparisons, using “IBM Statistical Program for 
Social Science (SPSS Version 22)” software.

Cluster analysis based heatmapping for genes × genotypes. Heatmapping for genes × genotypes 
interaction was used in conjunction with cluster analysis at certain timepoints to depict all of the genes with all of 
the genotypes and timepoints investigated simultaneously based on Euclidean distances using R-Studio software 
(R Development Core Team 2020) by employing hclust and pheatmap-package38.

Ethical approval. This article does not contain any studies with human participants or animals performed 
by any of the authors.

Results and discussion
Gene expression profiling quantifies mRNA levels at certain circumstances, revealing the pattern of genes 
expressed by a cell at the transcription level.

Expression analysis of DREB3 gene under osmotic stress. As a fundamental family of the transcrip-
tion factor, DREB assumes a significant part in countering abiotic stresses (Niu et al.33). The expression profiling 
of the wheat DREB3 gene was first examined after PEG treatment for various timespans such as 0, 2, 4, 6, and 
12 h. In drought-tolerant wheat genotypes (NR-499, NARC-2009, and Pakistan-2013), the expression of the 
DREB3 gene was incline significantly at 2 h (> fourfold), peaked at 4 h (6–7 folds) and then started to decline 
after 6 h of moisture stress (Fig. 1). In any case, it generally diminished after 6 h and recorded the most negligible 

Double delta Ct = 2
(−��Ct)

.

Figure 1.  DREB3 expression levels in drought-tolerant and sensitive wheat genotypes. (Asterisk 
indicates P < 0.05).
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and least expression at 12 h during this study. These results suggest that DREB3 is an early drought-responsive 
gene.

Among drought-tolerant wheat genotypes, Pakistan-2013 showed the most elevated expression pattern of 
the DREB3 gene followed by NR-499 and NARC-2009. Although, drought-sensitive genotypes showed similar 
increase–decrease trend, but the significant change (increase) in expression of DREB3 was only observed in Bor-
laug-2016 (twofold) and NR-514 (1.8-fold) after 4 h of osmotic stress while NR-516 did not show any significant 
change in DREB3 expression (Fig. 1). In this way, moderately higher expression of the DREB3 gene in drought-
tolerant genotypes suggests that the DREB3 is involved in PEG-induced dehydration resilience in bread wheat. 
In addition, it also shows that drought-tolerant wheat genotypes have the hereditarily genetic potential to endure 
dry spells. Several previous studies also described that different abiotic stresses trigger the expression pattern 
of TaDREB3 and dehydrin genes as a counter mechanism, as observed in this study in case of TaDREB333,39.

Expression analysis of TaARGOS genes under osmotic stress. ARGOS genes are engaged with dif-
ferent formative and stress reactive mechanisms in  plants16,18. Earlier findings showed that the ARGOS genes of 
Arabidopsis and maize alleviate disease resistance and can be set off by different chemicals and hormones. In 
wheat, the expression of TaARGOS genes have been determined for in organ improvement and stress  response16. 
Subcellular restriction of ARGOS-D protein indicated that it is limited to the endoplasmic  reticulum16. The 
expression level of wheat TaARGOS genes was concentrated after osmotic pressure at various time stretches to 
determine whether ARGOS genes influence to improve resilience against PEG-induced dehydration in distin-
guished wheat lines. Distinctive expression levels were portrayed for TaARGOS-A, TaARGOS-B, and TaARGOS-
D, articulating that these homeologs can perform important functions at various phases of growth and develop-
ment.

Expression analysis of TaARGOS-A gene under osmotic stress. TaARGOS-A is the first homoeolo-
gous gene of the TaARGOS gene family, located on chromosome 4A in bread  wheat16. In present study, initially 
up to 4  h of osmotic stress the expression of TaARGOS-A increased significantly, followed by a continuous 
decline till 12 h of osmotic stress in all the studied genotypes (Fig. 2). Importantly, all three drought tolerant 
genotypes showed markedly higher expression of TaARGOS-A than drought sensitive genotypes. For instance, 
the highest mRNA transcription of the TaARGOS-A gene was observed in Pakistan-2013, that showed 5.9 fold 
increase in gene expression at 4 h, followed by NARC-2009 and NR-499 at the same time point. In contrast, the 
drought sensitive genotypes did not show any significant change (except slight increase or decrease across the 
timepoint) in TaARGOS-A expression, except the significant increase after 4 h of osmotic stress which was high-
est in Borlaug-2016, followed by NR-516 and NR-514. These outcomes depicted that TaARGOS-A is a drought-
responsive gene and engaged in dehydration resilience in wheat by aggregating in greater extents in the drought-
tolerant genotypes under water limiting conditions. Similar findings were documented in Arabidopsis, bread 
wheat and maize,  respectively2,16,19.

Expression analysis of TaARGOS-B gene under osmotic stress. The expression pattern of TaAR-
GOS-B homeolog was likewise concentrated in drought-tolerant and sensitive wheat genotypes. Outcomes pub-

Figure 2.  TaARGOS-A expression levels in drought-tolerant and sensitive wheat genotypes. (Asterisk 
indicates P < 0.05).
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licized that the expression level of TaARGOS-B was relatively lower in wheat genotypes under moisture deficient 
conditions contrasted with TaARGOS-A and TaARGOS-D. The expression of the TaARGOS-B gene was identi-
fied distinctly in drought-tolerant wheat genotypes; however, among drought-sensitive genotypes, no indication 
of gene expression was identified (Fig. 3). The explanation could be because of the mutation in the promoter 
region of this gene in such drought-sensitive genotypes, as detailed beforehand in  wheat16. Since it was expressed 
distinctly only in three drought-tolerant wheat genotypes, therefore, this gene could have a significant feature 
in terms of its improved drought tolerance potential in wheat. Further research to discover the SNP variation 
for the advancement of TaARGOS-B allied markers would enormously help contrive quick and fast molecular 
markers for expedient crop  breeding40,41.

Results illustrated that the expression pattern of the TaARGOS-B gene was actuated at 2 h following mois-
ture stress and crested at the most elevated at 4 h of osmotic stress. Subsequently, mRNA accretion dynamically 
diminished, as it commenced to decrease at 6 h and reached at least expression fold at 12 h. The wheat genotypes 
Pakistan-2013 and NR-499 displayed the most remarkable expression of the TaARGOS-B by around two-folds 
compared to NARC-2009 (Fig. 3). Moreover, TaARGOS-B unveiled no or zero-fold expression at all studied 
timepoints among all three drought sensitive wheat genotypes (Fig. 3).

Expression analysis of TaARGOS-D gene under osmotic stress. Finally, the expression pattern of 
the TaARGOS-D gene in drought-tolerant and sensitive genotypes was investigated in increasing osmotic stress. 
The TaARGOS-D gene expression was determined in drought-tolerant genotypes to be considerably higher than 
in the sensitive group of genotypes, indicating the genetic potential of a tolerant group of genotypes (Fig. 4). 
The expression was higher at 2 and 4 h, but it began to decline afterward, indicating that sufficient protein was 
accumulated to cope with certain stress  levels16. In addition to the drought-tolerant genotypes, Pakistan-2013 
showed the greatest transcription by 6.5 folds of the TaARGOS-D gene at 4 h, followed by NR 499 and NARC-
2009.

Conversely, the expression of the TaARGOS-D gene was stimulated 3–4 folds in drought sensitive genotypes, 
substantially implying that the transcription of TaARGOS-D articulated drought response in wheat (Fig. 4) sub-
stantially. In terms of the expression pattern of TaARGOS-D homolog, the drought sensitive genotypes showed 
non-significant variabilities. The TaARGOS-D gene is responsive to different abiotic stresses, notably drought 
and salt tolerance, and plays a significant role in many plants growth and developmental processes by activating 
auxin-based regulatory pathways, as previously  described16. As a result, it might be useful in developing drought-
tolerant wheat cultivars for arid to semi-arid climatic conditions.

Genes × genotypes cluster-based heatmapping. A heatmap was graphed to showcase the compara-
tive levels and overall performance of all target genes and wheat genotypes examined at different periods. Pre-
dicted gene expression profiles as a heatmap has recently appeared as an excellent and popular technique to 
expediently visualize the expression  pattern11,15,42.

Figure 3.  TaARGOS-B expression levels in drought-tolerant and sensitive wheat genotypes. (Asterisk 
indicates P < 0.05).
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Furthermore, clustering in the heatmap further enables the grouping of genes and samples with similar 
expression patterns much  easier15. As a result, cluster analysis-based heatmapping for gene × genotypes associa-
tion was used to simultaneously display the trend and tendencies of both genes and  genotypes1. Corresponding 
to the color scale illustrated by the color strip, the positive darker scale represents drought-tolerant genotypes at 
a given osmotic stress timepoint. In contrast, the negative darker color strip represents low-expressing vulner-
able genotypes (Fig. 5). Likewise, when the color strength diminishes, the specific strip-line exhibits a subtle and 
modest expression pattern on both positive and negative sides.

The expression-heatmap, along with cluster analysis, identified two main clades and five sub-clades among 
the six wheat genotypes examined at certain time intervals (Fig. 5). The first clade was visualized individually, 
with three drought-tolerant wheat genotypes, i.e., Pakistan-2013, NARC-2009, and NR-499, only at 4 h of time-
point with darker positive color-strip. It suggested that all of the studied genes publicized significantly greater 
expression for such genotypes at a particular timepoint by contrast with the rest of the genotypes and timepoints.

The second clade includes control samples from drought-tolerant and drought-sensitive genotypes. All four 
studied genes portrayed a decreased expression pattern in this group. At 2, 6, and 12 h, the other sub-groups of 
the second clade revealed the existence of drought-tolerant genotypes. All genes in this group have expression 
profiles that vary from low to medium. The wheat variety Pakistan-2013 most efficiently outperformed in terms 
of mRNA transcription for TaARGOS-D, TaARGOS-A, and DREB3 at 4 h, followed by NARC-2009 and NR-499 
for TaARGOS-A at a similar timepoint.

Furthermore, the cluster analysis revealed that the TaARGOS-A and TaARGOS-D genes cluster together and 
provide almost identical results. Because of the distinct expression pattern, the DREB3 gene was placed in a differ-
ent category than the other three TaARGOS homoeologous genes. The TaARGOS-B gene expression pattern was 
also found to be divergent from the TaARGOS-A and TaARGOS-D genes for a tolerant group of wheat genotypes. 
It was found to be the least expressive gene in the tolerant group of genotypes. Contrastingly, no expression was 
detected in drought sensitive genotypes. Due to this, the TaARGOS-B gene in the cluster-based heatmap was 
separated from the other two homologs of TaARGOS.

These findings, when considered collectively, give important information on valuable selection indicators for 
wheat dehydration resistance. Drought tolerance in wheat is associated with several critical agronomic and physi-
ological characteristics for efficient selection, as reported by many former  researchers2,10. Additionally, according 
to the findings, drought tolerance in wheat genotypes under study is also influenced by the DREB3 and TaARGOS 
genes at the molecular level. Finally, based on the seedling stage, it can be concluded that Pakistan-2013, NR-499, 
and NARC-2009 have proved to be the most drought-tolerant wheat genotypes. These identified bread wheat 
genotypes may further be employed as drought-tolerant parental lines. Additionally, molecular characterization 
of ARGOS homoeologous genes in other elite and commercial cultivars of bread wheat and other crops, that can 
be most proficient approach for various breeding programs to mitigate intensifying climatic variability for arid 
and semi-arid regions of the world.

Figure 4.  TaARGOS-D expression levels in drought-tolerant and sensitive wheat genotypes. (Asterisk 
indicates P < 0.05).



8

Vol:.(1234567890)

Scientific Reports |         (2022) 12:3595  | https://doi.org/10.1038/s41598-022-07637-y

www.nature.com/scientificreports/

Received: 19 August 2021; Accepted: 15 February 2022

References
 1. Wang, Z. et al. Identification and validation of a novel major quantitative trait locus for plant height in common wheat (Triticum 

aestivum L.). Front. Genet. 11, 1314. https:// doi. org/ 10. 3389/ fgene. 2020. 602495 (2020).
 2. Feng, W., Li, J., Long, S. & Wei, S. A DREB1 gene from zoysiagrass enhances Arabidopsis tolerance to temperature stresses without 

growth inhibition. Plant Sci. 278, 20–31. https:// doi. org/ 10. 1016/j. plant sci. 2018. 10. 009 (2019).
 3. Fabre, D. et al. The qTSN4 effect on flag leaf size, photosynthesis and panicle size, benefits to plant grain production in rice, depend-

ing on light availability. Front. Plant Sci. 7, 623. https:// doi. org/ 10. 3389/ fpls. 2016. 00623 (2016).
 4. Edgerton, M. D. Increasing crop productivity to meet global needs for feed, food, and fuel. Plant Physiol. 149, 7–13. https:// doi. 

org/ 10. 1104/ pp. 108. 130195 (2009).
 5. Quarrie, S. A. et al. Dissecting a wheat QTL for yield present in a range of environments: From the QTL to candidate genes. J. Exp. 

Bot. 57(11), 2627–2637. https:// doi. org/ 10. 1093/ jxb/ erl026 (2006).
 6. Sakuma, Y. et al. Dual function of an Arabidopsis transcription factor DREB2A in water-stress-responsive and heat-stress-respon-

sive gene expression. Proc. Natl. Acad. Sci. 103(49), 18822–18827. https:// doi. org/ 10. 1073/ pnas. 06056 39103 (2006).
 7. Wessler, S. R. Homing into the origin of the AP2 DNA binding domain. Trends Plant Sci. 10, 54–56. https:// doi. org/ 10. 1016/j. tplan 

ts. 2004. 12. 007 (2005).
 8. Metsis, A. et al. Whole-genome expression profiling through fragment display and combinatorial gene identification. Nucleic Acids 

Res. 32(16), e127. https:// doi. org/ 10. 1093/ nar/ gnh126 (2004).
 9. Fielden, M. R. & Zacharewski, T. R. Challenges and limitations of gene expression profiling in mechanistic and predictive toxicol-

ogy. Toxicol. Sci. 60(1), 6–10. https:// doi. org/ 10. 1093/ toxsci/ 60.1.6 (2001).
 10. Minh-Thu, P. T. et al. A WUSCHEL homeobox transcription factor, OsWOX13, enhances drought tolerance and triggers early 

flowering in rice. Mol. Cells 41(8), 781. https:// doi. org/ 10. 14348/ molce lls. 2018. 0203 (2018).
 11. Ma, H. et al. ZmbZIP4 contributes to stress resistance in maize by regulating ABA synthesis and root development. Plant Physiol. 

178(2), 753–770. https:// doi. org/ 10. 1104/ pp. 18. 00436 (2018).
 12. Xu, Z. & Zhou, G. Responses of leaf stomatal density to water status and its relationship with photosynthesis in a grass. J. Exp. Bot. 

59(12), 3317–3325. https:// doi. org/ 10. 1093/ jxb/ ern185 (2008).
 13. Qin, Z., Zhang, X., Zhang, X., Feng, G. & Hu, Y. The Arabidopsis ORGAN SIZE RELATED 2 is involved in regulation of cell 

expansion during organ growth. BMC Plant Biol. 14(1), 1–11. https:// doi. org/ 10. 1186/ s12870- 014- 0349-5 (2014).
 14. Gonzalez, N., Beemster, G. T. & Inze, D. David and Goliath: What can the tiny weed Arabidopsis teach us to improve biomass 

production in crops? Curr. Opin. Plant Biol. 12(2), 157–164. https:// doi. org/ 10. 1016/j. pbi. 2008. 11. 003 (2009).

Figure 5.  Expression heatmap and cluster analysis for DREB3 and TaARGOS genes among wheat genotypes.

https://doi.org/10.3389/fgene.2020.602495
https://doi.org/10.1016/j.plantsci.2018.10.009
https://doi.org/10.3389/fpls.2016.00623
https://doi.org/10.1104/pp.108.130195
https://doi.org/10.1104/pp.108.130195
https://doi.org/10.1093/jxb/erl026
https://doi.org/10.1073/pnas.0605639103
https://doi.org/10.1016/j.tplants.2004.12.007
https://doi.org/10.1016/j.tplants.2004.12.007
https://doi.org/10.1093/nar/gnh126
https://doi.org/10.1093/toxsci/60.1.6
https://doi.org/10.14348/molcells.2018.0203
https://doi.org/10.1104/pp.18.00436
https://doi.org/10.1093/jxb/ern185
https://doi.org/10.1186/s12870-014-0349-5
https://doi.org/10.1016/j.pbi.2008.11.003


9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:3595  | https://doi.org/10.1038/s41598-022-07637-y

www.nature.com/scientificreports/

 15. Hu, L. et al. Comparative analysis of root transcriptome profiles between drought tolerant and susceptible wheat genotypes in 
response to water stress. Plant Sci. 272, 276–293. https:// doi. org/ 10. 1016/j. plant sci. 2018. 03. 036 (2018).

 16. Zhao, Y. et al. Molecular and functional characterization of wheat ARGOS genes influencing plant growth and stress tolerance. 
Front. Plant Sci. 8, 170. https:// doi. org/ 10. 3389/ fpls. 2017. 00170 (2017).

 17. Feng, G., Qin, Z., Yan, J., Zhang, X. & Hu, Y. Arabidopsis ORGAN SIZE RELATED1 regulates organ growth and final organ size 
in orchestration with ARGOS and ARL. New Phytol. 191(3), 635–646. https:// doi. org/ 10. 1111/j. 1469- 8137. 2011. 03710.x (2011).

 18. Rai, M. I. et al. The ARGOS gene family functions in a negative feedback loop to desensitize plants to ethylene. BMC Plant Biol. 
15(1), 1–14. https:// doi. org/ 10. 1186/ s1287 0015- 0554-x (2015).

 19. Shi, J. et al. Overexpression of ARGOS genes modifies plant sensitivity to ethylene, leading to improved drought tolerance in both 
Arabidopsis and maize. Plant Physiol. 169(1), 266–282. https:// doi. org/ 10. 1104/ pp. 15. 00780 (2015).

 20. Guo, M. et al. Maize ARGOS1 (ZAR1) transgenic alleles increase hybrid maize yield. J. Exp. Bot. 65(1), 249–260. https:// doi. org/ 
10. 1093/ jxb/ ert370 (2014).

 21. Wang, Q. et al. Overexpression of a rice OsDREB1F gene increases salt, drought, and low temperature tolerance in both Arabidopsis 
and rice. Plant Mol. Biol. 67(6), 589–602. https:// doi. org/ 10. 1007/ s11103- 008- 9340-6 (2008).

 22. Dubouzet, J. G. et al. OsDREB genes in rice, Oryza sativa L., encode transcription activators that function in drought-, high-salt-
and cold-responsive gene expression. Plant J. 33(4), 751–763. https:// doi. org/ 10. 3410/f. 72166 0795. 79350 9105 (2003).

 23. FAO. Crop Prospects and Food Situation—Quarterly Global Report No 2, July 2021 (Food and Agriculture Organization of the 
United Nations, 2021).

 24. OECD-FAO. OECD FAO Agricultural Outlook 2018–2027. Chapter 3: Cereals (Food and Agriculture Organization of the United 
Nations, 2018).

 25. GCARD. Breakout session P1.1 national food security—The wheat initiative—An international research initiative for wheat 
improvement context—The problems being addressed. In Proc. GCARD (Second Global Conference on Agricultural Research 
for Development).

 26. Abhinandan, K. et al. Abiotic stress signaling in wheat—An inclusive overview of hormonal interactions during abiotic stress 
responses in wheat. Front. Plant Sci. 9, 734. https:// doi. org/ 10. 3389/ fpls. 2018. 00734 (2018).

 27. Ahmed, K., Shabbir, G., Ahmed, M. & Shah, K. N. Phenotyping for drought resistance in bread wheat using physiological and 
biochemical traits. Sci. Total Environ. 139082, 1–14. https:// doi. org/ 10. 1016/j. scito tenv. 2020. 139082 (2020).

 28. Hui-Mean, F., Yusop, Z. & Yusof, F. Drought analysis and water resource availability using standardized precipitation evapotran-
spiration index. Atmos. Res. 201, 102–115. https:// doi. org/ 10. 1016/j. atmos res. 2017. 10. 014 (2018).

 29. Farooq, M., Basra, S. M. A., Wahid, A., Ahmad, N. & Saleem, B. A. Improving the drought tolerance in rice (Oryza sativa L.) by 
exogenous application of salicylic acid. J. Agron. Crop Sci. 195(4), 237–246. https:// doi. org/ 10. 1111/j. 1439- 037x. 2009. 00365.x 
(2009).

 30. Blum, A. Drought resistance—Is it really a complex trait? Funct. Plant Biol. 38(10), 753–757. https:// doi. org/ 10. 1071/ FP111 01 
(2011).

 31. Dossa, K., Diouf, D. & Cissé, N. Genome-wide investigation of Hsf genes in sesame reveals their segmental duplication expansion 
and their active role in drought stress response. Front. Plant Sci. 7, 1522. https:// doi. org/ 10. 3389/ fpls. 2016. 01522 (2016).

 32. Zhao, J. et al. Arabidopsis E3 ubiquitin ligases PUB22 and PUB23 negatively regulate drought tolerance by targeting ABA receptor 
PYL9 for degradation. Int. J. Mol. Sci. 18(9), 1841. https:// doi. org/ 10. 3390/ ijms1 80918 41 (2017).

 33. Niu, X. et al. Identification of wheat DREB genes and functional characterization of TaDREB3 in response to abiotic stresses. Gene 
740, 144514. https:// doi. org/ 10. 1016/j. gene. 2020. 144514 (2020).

 34. Wei, L. et al. Abscisic acid increases leaf starch content of polyethylene glycol-treated wheat seedlings by temporally increasing 
transcripts of genes encoding starch synthesis enzymes. Acta Physiol. Plant 37(10), 1–6. https:// doi. org/ 10. 1007/ s11738- 015- 1960-2 
(2015).

 35. Sambrook, J. & Russell, D. W. Gel Retardation assays for DNA-binding proteins. Cold Spring Harb. Protoc. 2006(1), 3948. https:// 
doi. org/ 10. 1101/ pdb. prot3 948 (2006).

 36. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the  2−ΔΔCT method. 
Methods 25(4), 402–408. https:// doi. org/ 10. 1006/ meth. 2001. 1262 (2001).

 37. Steel, R. G., Torrie, J. H. & Dickey, D. A. Principles and Procedures of Statistics, a Biological Approach (McGraw-Hill, 1997).
 38. R Development Core Team. R: A Language and Environment for Statistical Computing (2020). http:// www.R- proje ct. org (Accessed 

9 January 2020).
 39. Zhu, B., Choi, D. W., Fenton, R. & Close, T. J. Expression of the barley dehydrin multigene family and the development of freezing 

tolerance. Mol. Gen. Genet. 264(1), 145–153. https:// doi. org/ 10. 1007/ s0043 80000 299 (2000).
 40. Collard, B. C., Jahufer, M. Z. Z., Brouwer, J. B. & Pang, E. C. K. An introduction to markers, quantitative trait loci (QTL) mapping 

and marker assisted selection for crop improvement: The basic concepts. Euphytica 142(1), 169–196. https:// doi. org/ 10. 1007/ 
s10681- 005- 1681-5 (2005).

 41. Gao, J. et al. Linkage mapping and genome-wide association reveal candidate genes conferring thermotolerance of seed-set in 
maize. J. Exp. Bot. 70(18), 4849–4864. https:// doi. org/ 10. 1093/ jxb/ erz171 (2019).

 42. Zafar, S. A. et al. Engineering abiotic stress tolerance via CRISPR/Cas-mediated genome editing. J. Exp. Bot. 71(2), 470–479. https:// 
doi. org/ 10. 1016/j. plgene. 2021. 100286 (2020).

Author contributions
This study was designed, conceptualized and carried out by K.A., while it was supervised by Dr. G.S. and Dr. M.A. 
Moreover, Dr. S.N., Dr. N.R. and Dr. M.Q. physically contributed to conduct this study at National Institute for 
Genomics & Advanced Biotechnology (NIGAB), National Agricultural Research Centre (NARC), Islamabad, 
Pakistan. In addition, A.M.u.D. supported by incorporating his physical efforts during the experiment.

Funding
This study was funded by Agriculture & Cooperative Department, Government of Balochistan, Pakistan, with 
Grant I.D “100 PhD Scholarships for Agriculturist/Educationist”. Additionally, experiment was conducted with 
the physical and laboratory support of National Institute for Genomics and Advanced Biotechnology (NIGAB), 
NARC, Islamabad.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.A.

https://doi.org/10.1016/j.plantsci.2018.03.036
https://doi.org/10.3389/fpls.2017.00170
https://doi.org/10.1111/j.1469-8137.2011.03710.x
https://doi.org/10.1186/s12870015-0554-x
https://doi.org/10.1104/pp.15.00780
https://doi.org/10.1093/jxb/ert370
https://doi.org/10.1093/jxb/ert370
https://doi.org/10.1007/s11103-008-9340-6
https://doi.org/10.3410/f.721660795.793509105
https://doi.org/10.3389/fpls.2018.00734
https://doi.org/10.1016/j.scitotenv.2020.139082
https://doi.org/10.1016/j.atmosres.2017.10.014
https://doi.org/10.1111/j.1439-037x.2009.00365.x
https://doi.org/10.1071/FP11101
https://doi.org/10.3389/fpls.2016.01522
https://doi.org/10.3390/ijms18091841
https://doi.org/10.1016/j.gene.2020.144514
https://doi.org/10.1007/s11738-015-1960-2
https://doi.org/10.1101/pdb.prot3948
https://doi.org/10.1101/pdb.prot3948
https://doi.org/10.1006/meth.2001.1262
http://www.R-project.org
https://doi.org/10.1007/s004380000299
https://doi.org/10.1007/s10681-005-1681-5
https://doi.org/10.1007/s10681-005-1681-5
https://doi.org/10.1093/jxb/erz171
https://doi.org/10.1016/j.plgene.2021.100286
https://doi.org/10.1016/j.plgene.2021.100286


10

Vol:.(1234567890)

Scientific Reports |         (2022) 12:3595  | https://doi.org/10.1038/s41598-022-07637-y

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Expression profiling of TaARGOS homoeologous drought responsive genes in bread wheat
	Materials and methods
	Identification of target homoeologous genes and primers designing. 
	Plant materials. 
	PEG treatment for dehydration and osmotic stress. 
	Sample assortment and total RNA extraction. 
	Measurement and equilibration of total RNA. 
	Synthesis of 1st strand of cDNA. 
	Real-time qPCR procedure. 
	Quantitative (qPCR) expression data analysis. 
	Statistical analysis. 
	Cluster analysis based heatmapping for genes × genotypes. 
	Ethical approval. 

	Results and discussion
	Expression analysis of DREB3 gene under osmotic stress. 
	Expression analysis of TaARGOS genes under osmotic stress. 
	Expression analysis of TaARGOS-A gene under osmotic stress. 
	Expression analysis of TaARGOS-B gene under osmotic stress. 
	Expression analysis of TaARGOS-D gene under osmotic stress. 
	Genes × genotypes cluster-based heatmapping. 

	References


