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Preface to ”Genetics and Evolution of Abiotic Stress
Tolerance in Plants”

This reprint represents a wide vision of what and how the research on plants at molecular level

(genetics, genomics, transcriptomics, proteomics, metabolomics, and so on) contribute to a good

equilibrium among human needs, food security, and future strategies for mitigating the effects of

global climate changes.

Now more than ever, understanding the genetics and evolution of the gene mechanisms and the

networks of different molecular pathways acting on plant abiotic stress tolerance has an important

role to find new solutions for modern agricultural problems.

Scientists have the relevant task of increasing knowledge in the complex area of plant genetics

and genomics, the genes responsive to specific abiotic stresses (such as drought, salts, or heat)

and their inducible promoters, and various gene expression control and modulation mechanisms,

including alternative splicing, micro-RNA interference, post-transcriptional mRNA decay, and

post-translational protein degradation. At the same time, evolution has played a key role in the

establishment of the current traits, so that major insights into the genetic diversity producing different

alleles, adaptation, phylogenesis, and evolution of genomes and gene families can be translated and

applied as tools for developing new tolerant plant varieties capable of satisfying the needs in terms

of food security, protection of the planet, and conservation and recovery of natural resources such as

water and soils.

This reprint is full of technical and specialized terms and, for this reason, it is addressed to

scientists and students trained in plant functional genomics, breeding, agronomy, and genetics. It

seems an exciting virtual tour through plant molecular responses to various environmental stresses

and new ideas and applications will be derived.

I wish to thank all colleagues and authors who contributed with their valuable work to the

success of this Special Issue, submitting their articles, up to the publishing the present reprint.

Furthermore, I wish to thank the MDPI Editorial group and the Genes editorial officers for their

constant help and presence along all period dedicated to this Special Issue.

Patrizia Galeffi

Editor
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Editorial

Genetics and Evolution of Abiotic Stress Tolerance in Plants
Patrizia Galeffi

Italian National Agency for New Technologies, Energy and Sustainable Economic Development, ENEA,
Casaccia Research Center, 00123 Rome, Italy; patrizia.galeffi@enea.it

Now more than ever, the understanding of the genetics and evolution of the gene
mechanisms and the networks of different molecular pathways acting on plant abiotic
stress tolerance has an important role in the finding of new solutions and approaches
mitigating the effects of global climate changes, thus contributing to a correct equilibrium
among human needs, food security and human health and wellbeing.

Science and research have a major role in this context.
Scientists have the important task of increasing the level of knowledge, which is still

not sufficient, in the complex area of plant genetics and genomics, particularly in relation
to genes responsive to specific abiotic stresses (such as drought, salts or heat) and their
inducible promoters, and to various gene expression control and modulation mechanisms,
including alternative splicing, micro-RNA interference, post-transcriptional mRNA decay,
and post-translational protein degradation. At the same time, evolution has played a key
role in the establishment of the current plant molecular traits, so that a better understanding
of the genetic diversity producing different alleles, adaptation, phylogenesis, and evolution
of genomes and gene families can be translated and applied as a tool for developing new
tolerant plant varieties able to satisfy our needs, in terms of food security, protection of the
planet, and conservation and recovery of natural resources, such as water and soils.

I found that reading the various articles published in the current Special Issue repre-
sented an exciting virtual tour through plant molecular responses to various environmental
stresses. To put together this book, I have divided the 10 papers (9 original research
manuscripts and 1 review) into three groups and identified a common thread linking one
article to another to accompany the reader on this virtual tour through plant genetics and
molecular responses to abiotic stresses.

The first group of papers consists of two interesting studies based on field trials:
the first one written by Marco Dettori and colleagues and focused on the development
of a method to predict the ability of different varieties of durum wheat to respond to
drought/heat stress. The prediction is based on a statistical approach and mathematical
model using a large number of field data collected over 10 years of field experiments. The
second paper, written by Arun K. Joshi and his team, is based on a large quantity of field
trial data collected over two seasons, using more than 3000 varieties of wheat grown in
India and other Asiatic regions, where the climate produces a strong negative effect on
the grain yield and other yield-related traits. Their agronomic evaluations relate to the
molecular effects of the Vrn-1 gene, the Ppd-1 gene and their alleles on complex traits, such
as flowering time and photoperiod sensitivity. Their research suggests how to avoid the
damage due to heat/drought stress by using the large numbers of allele combinations
involved to regulate growth habits and achieve optimal adaptation.

The second group includes two other papers: one written by Arianna Latini et al.
regarding functional genomics research into the expression profiles of a drought-responsive
transcription factor gene (DRF1) of durum wheat in fields under full- and reduced-irrigation
conditions. This article reports the expression profiles of the three TdDRF1 gene transcripts,
from durum wheat genotypes during different plant growth stages. In addition, the expres-
sion profile of one putative target gene (Wdnh13) is investigated and some analogies are
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found. The results highlight significant differences in the molecular patterns and suggest
that the expression profile of this stress-related transcription factor gene is genotype depen-
dent. Furthermore, a statistical association between the expression of TdDRF1 transcripts
and agronomic traits is also revealed, with significant differences among genotypes.

The other article, written by Giuseppe E. Condorelli et al., focuses on a GWAS work
which reveals 15 QTLs (Quantitative Trait Loci) for Osmotic Adjustment (OA) found to
have a high capacity when positively associated with Relative Water Content and/or
Chlorophyll Content, and a low capacity when negatively associated with leaf rolling, thus
indicating the beneficial effect of the OA-QTLs on the global plant water status.

These two articles, moreover, succeed in the difficult task of bringing together ge-
nomics studies with extensive field experiments.

The third group of papers consists of five articles that span from transcriptomics to
metabolomics and cover the molecular behavior of different genes taken as examples. The
article, authored by Deheng Yao et al., reports a comparative transcriptome analysis of
rosemary suspension cells carried out at different concentrations of Methyl Jasmonates
(MeJA). A large number of differentially expressed genes were identified, with totals of,
respectively, 7836, 6797, and 8310 genes from the lowest to the highest concentration.
This study demonstrates a strong involvement of these genes in the regulation of the
biosynthesis of active compounds relevant to the physiological response to stresses.

The article written by Ashraful Islam et al. analyzes the Trehalose-6-Phosphate Phos-
phatase (TPP) genes in Triticum aestivum L. and identifies their gene family, composed of
31 genes organized in 5 clades, also found in Hordeum vulgare, Brachypodium distachyon,
and Oryza sativa, and provides evidence of an evolutionary status. These TPP genes are
involved in trehalose-metabolism, which has a role in stress tolerance. Most of the results
achieved in this study were obtained using bioinformatics and silico tools, which helped in
the prediction and assessment of gene structure and functioning.

The article written by Joran K. Waititu et al. describes transcriptome profiling in Zea
mays and reveals different key cold-responsive genes, transcription factors and metabolic
pathways regulating cold stress tolerance, using a comparative approach on 24 cold-tolerant
and 22 cold-sensitive inbred lines affected by cold stress at the seedling stage. Valuable
insights arise from the identification of 2237 differentially expressed genes (DEGs), one-
third of them being annotated.

The study written by Basmah M. Alharbi et al. focuses on the biochemical and
molecular effects induced by Triacontanol (TRIA) in acquired drought stress tolerance in
rice. After 10 days of plant exposure to drought stress, data regarding photosynthetic
pigments, stomatal conductance and photochemical efficiency were collected and analyzed.
The cultivar Giza 177 (Oryza sativa L.) was found to be sensitive to drought stress. TRIA
treatment enhanced both growth and acquired plant tolerance, by increasing the content
of free amino acids and sugars, improving the ability of plant tissues to retain more water
under scarcity conditions and regulating Aquaporins (AQPs), which are a class of intrinsic
proteins playing an important role in transmembrane water transport.

The article written by Pierre Jacob et al. focuses on the Heat Shock Factor A2 (HSFA2)
regulator and co-regulated genes involved in multiple environmental stress responses
required for stress acclimation. They identified 43 genes strongly co-regulated with HSFA2
during multiple stresses. A motif of the site II element (SIIE) found in the promoters of these
genes was identified to be closely related to R2R3-MYB transcription factors TT2 and MYB5.
The over-expression of these factors was also investigated by transient transformation to
evaluate their involvement in heat stress tolerance.

Last but not least, the review written by Rahat Sharif et al. addresses the problem of
the HD-ZIP gene family by trying to clarify, through a comprehensive literature analysis,
the potential roles of this gene family in improving plant growth and regulating stress-
responsive mechanisms in plants. There are many interesting insights and the reader will
be positively impressed.
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This Special Issue was “not easy to manage”, as it encompasses many aspects of differ-
ent genes with the role of regulating and modulating the expression profiles of themselves
and other downstream genes in very complex genetic, molecular, and metabolic networks.

The common thread linking all these articles together is the challenging study of
the big data coming from genomics, transcriptomics, and metabolomics with the aim of
highlighting the various, still unknown, mechanisms and regulatory systems, that are
underlying the abiotic stress tolerance responses in plants.

I wish to thank very much all the authors and their co-authors for their valuable
contributions, their sharing of their scientific work, their experience, and their commitment
to this Special Issue, which was a “difficult task” but, in the end, proved a success in terms
of acquired knowledge, new ideas, and future perspectives.

Furthermore, I wish to thank all the editorial staff and the MDPI group for their tireless
assistance to me and all the authors, resulting in the publication of our Special Issue in a
captivating and interesting book with a certain original appeal.

Finally, good reading to all!

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Performance Prediction of Durum Wheat Genotypes in
Response to Drought and Heat in Climate Change Conditions
Marco Dettori 1,*, Carla Cesaraccio 2, Pierpaolo Duce 2 and Valentina Mereu 1,3

1 Agricultural Research Agency of Sardinia, Viale Trieste 111, 09123 Cagliari, Italy; vmereu@agrisricerca.it
2 Institute of BioEconomy (IBE), National Research Council (CNR), Traversa La Crucca 3, 07100 Sassari, Italy;

carla.cesaraccio@ibe.cnr.it (C.C.); pierpaolo.duce@ibe.cnr.it (P.D.)
3 Impacts on Agriculture, Forestry and Ecosystem Services (IAFES) Division, Euro-Mediterranean Center on

Climate Changes (CMCC), Via E. de Nicola 9, 07100 Sassari, Italy
* Correspondence: mdettori@agrisricerca.it

Abstract: With an approach combining crop modelling and biotechnology to assess the performance
of three durum wheat cultivars (Creso, Duilio, Simeto) in a climate change context, weather and
agronomic datasets over the period 1973–2004 from two sites, Benatzu and Ussana (Southern Sardinia,
Itay), were used and the model responses were interpreted considering the role of DREB genes in
the genotype performance with a focus on drought conditions. The CERES-Wheat crop model was
calibrated and validated for grain yield, earliness and kernel weight. Forty-eight synthetic scenarios
were used: 6 scenarios with increasing maximum air temperature; 6 scenarios with decreasing
rainfall; 36 scenarios combining increasing temperature and decreasing rainfall. The simulated effects
on yields, anthesis and kernel weights resulted in yield reduction, increasing kernel weight, and
shortened growth duration in both sites. Creso (late cultivar) was the most sensitive to simulated
climate conditions. Simeto and Duilio (early cultivars) showed lower simulated yield reductions
and a larger anticipation of anthesis date. Observed data showed the same responses for the three
cultivars in both sites. The CERES-Wheat model proved to be effective in representing reality and
can be used in crop breeding programs with a molecular approach aiming at developing molecular
markers for the resistance to drought stress.

Keywords: climate change; drought tolerance; abiotic stress; crop modelling; durum wheat

1. Introduction
1.1. Climate Change: Overall Projected Effects

Climate change in the twenty-first century is projected to cause increasing mean air
temperatures, more frequent and intense extreme events such as longer lasting heatwaves
and droughts, and more variable precipitation and surface water flows, unless strong
mitigation actions occur in the next decades [1]. IPCC reports increasing air temperatures
ranging from 1.0–1.8 ◦C under SSP1-1.9, 2.1–3.5 ◦C under SSP2-4.5, and 3.3–5.7 ◦C under
SSP5-8.5) where, “SSPx refers to the Shared Socio-economic Pathway describing the socio-
economic trends underlying the scenario, and y refers to the approximate level of radiative
forcing (in W m−2) resulting from the scenario in the year 2100. SSP1-1.9 represents
the low end of future emissions pathways. At the opposite end of the range, SSP5-8.5
represents the very high warming end of future emissions pathways from the literature.
SSP2-4.5 represents a scenario with stronger climate change mitigation and lower GHG
emissions” [1]. Climate change has already affected food security in several regions, with
negative impacts especially at lower latitudes, while at high latitudes positive impacts
have been recorded for some crops [2]. Recently released global projections of crop yields
show an emergence of climate impacts (before 2040) on the major breadbasket regions,
with larger losses for maize, soybean and rice and additional gains for wheat [3]. The
projected positive effect for wheat is mainly due to the stronger CO2 response of C3 crops
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with respect to C4 crops and the expected increase in wheat yields at high latitudes that
are currently limited by non-optimal minimum air temperatures [3]. Notwithstanding the
great uncertainty in the scientific debate about the effects of CO2 on crop yields [4,5], due to
the physiological and genetic complexity of the phenomena [6], the ability of crop models
to capture the main effects of CO2 on crop yields under various growing conditions is fully
acknowledged. However, high uncertainty still remains in crop model responses under
high CO2 concentrations and further investigations are needed [6]. As an example, high
temperatures may lower the beneficial effects of increased CO2 by reducing grain number,
size and quality, as shown in rice [7] and in soybean [8,9]. In addition, increased levels of
CO2 have negative impacts on food quality, by reducing the content of micronutrients such
as iron and zinc [10], and on the protein content of cereals [11,12], with detrimental effects
on the baking quality of wheat [13]. Importantly, the net effect of elevated CO2, lower
growing-season rainfall and high temperature will likely increase ‘haying-off’, thereby
limiting production of rain-fed wheat in Mediterranean-type environments [14]. As a result,
instability in yields owing to increasing temperatures and higher frequency of extreme
events may overcome the positive effects of a slight temperature increase [15]. Focusing on
cereals, the negative impact of climate change on yields is very likely due to heat stress,
increased plant water demand causing a higher transpiration rate, and a shortened growing
period as well as anticipated maturity [16–22].

Observations show decreases of wheat and maize yields due to climate change in
many low-latitude areas, while increases are reported for high-latitudes during the recent
decades [2]. Global yield projections show yield decreases for maize ranging from −6%
under SSP1-2.6 to −24% under SSP5-8.5, while for wheat the global projected changes in
crop yield range from +9% under SSP1-2.6 to +18% under SSP5-8.5, and for rice from +3%
under SSP1-2.6 to +2% under SSP5-8.5 by the end of the century [3]. The larger yield losses
are expected at lower latitudes, while at higher latitudes potential yield gains are projected,
even if with high uncertainty associated to simulations with the most pessimistic scenario
(SSP5-8.5) [3]. In addition, maize yields are expected to be highly affected by climate
change throughout Europe, while wheat yields could even increase as a consequence of
more favorable conditions projected for Northern Europe [23].

However, adaptation strategies such as cultivar choice focused on drought tolerant
genotypes, changes in planting dates and/or in irrigation scheduling, may counterbalance
or even outweigh the effects of climate change [22,24,25]. From this point of view, using
conventional breeding as well as a molecular approach focusing on the relationship between
water stress tolerance and expression of specific genes will greatly help to develop better
adapted crops for projected harsh growing conditions. In this context, plant genomic
research is crucial to provide information related to the possible mechanisms involved
in abiotic stress tolerance where an increasing number of genes, transcripts and proteins
are involved in stress response pathways [26]. Likewise, increased water-use efficiency
as well as soil conservative management techniques will become crucial goals in the next
decades [27].

Concerning climate projections in the Mediterranean Region, in the next decades the
effect of climate change on agriculture will very likely result in increasing plant water stress,
decreasing crop yields, especially in spring sown crops, and increasing yield variability
basically due to abiotic stresses such as heatwaves and droughts [16,28]. The Mediterranean
Region is considered a “hot-spot”, with observed rates of climate change exceeding the
global trends for most variables and future projections showing a temperature increase
higher than 20% of the global average and decreases in precipitation especially for central
and southern areas [29,30]. Consequently, in this area the impacts are likely to exceed
the global average trend [29,31]. However, these impacts will be likely related to crop
and cultivar characteristics, including their genetic mechanisms of water stress tolerance
as well as their response to CO2 in terms of increase of biomass and water use efficiency.
Moreover, other issues linked with climate change such as limitations in available lands, soil
erosion, salinization, decreasing natural rainfall and increasing population may exacerbate
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the predicted negative impact of global warming, especially on the southern side of the
Mediterranean Region [32]. For example, Maghreb countries as well as Egypt and Libya,
are bound to face water scarcity due to the average annual growth of population and the
reduction of long-term freshwater resources [33]. Therefore, food safety and security in
the Mediterranean Region are expected to be seriously threatened as a result of expected
climate and socio-economic changes [29].

1.2. Projected Effects on Durum Wheat Production

In the Mediterranean Basin durum wheat (Triticum turgidum L. subs. durum [Desf.]) is
the most widely grown crop, accounting for half of the total world production [34]. Italy
is the main producer of the area, followed by Turkey, Southern France, Algeria, Morocco,
Syria, Greece, Spain and Tunisia.

Concerning the effects of climate change on durum wheat production (i.e., yield and
grain quality), warmer and drier climate is projected to increase the risk of yield losses, es-
pecially for temperature increases exceeding 2 ◦C across the whole Mediterranean area [35].
Even greater yield reductions with a decrease of 30–50% as a result of a 4 ◦C increase in
temperature were projected in the province of Foggia (Apulia, Southern Italy) [22]. In
another study [36], an increase in grain yield of about 10% in the “Anomaly_2” scenario
(+1.7 ◦C; 10.4% rainfall mean reduction) in response to elevated CO2 together with a de-
crease of about 8% under “Anomaly_5” scenario (+4.2 ◦C; 20.9% rainfall mean reduction)
in the outstanding durum growing area of Capitanata (Apulia, Italy) were predicted. In
a more recent study [37], negative impacts (−30% by 2100 under the business-as-usual
scenario, RCP (Representative Concentration Pathway) 8.5, no CO2 effect) in central and
southern Italy (e.g., Apulia, Basilicata, Campania, Lazio, Sardinia and Sicily) were reported,
together with increases in northern areas (e.g., Po river plains), especially if the CO2 effect
is included in the simulations.

As for grain quality, durum wheat is basically used for pasta (Italy), cous-cous (North
Africa) and bread (semolina high volume heart breads and flat breads). These end-products
are traditionally associated with the Mediterranean cuisine as the basis of Mediterranean
diet. Hence, grain quality is crucial to meet the requirements of downstream, large-scaled
processing activities such as milling and pasta-making. Grain size in barley and wheat
is negatively affected by high temperatures during grain filling [38–41]. Hence, climate
change might cause an increase of shrivelled grains with low yield in semolina, thereby
jeopardizing the technological value of durum wheat production. Therefore, the negative
effect of increasing temperatures and drought on grain production, including grain quality
and yield components, is an issue of utmost importance not only for agriculture but also for
the food industry of the entire Mediterranean Region. Thus, a negative impact on durum
wheat caused by climate change may also result in dramatic socio-economic consequences.

1.3. Crop Modelling

Given this context, using crop models to analyze the responses of crops across different
environments in order to assess the impact of climate change becomes crucial [42,43] both
to study the plant responses and to find adaptation and mitigation strategies in association
with the study of gene-induced stress tolerance. The combined contribution of crop mod-
elling and genetics can play an innovative and crucial role in targeting cultivar choice in
different environments and outweighing risks. To date, only a relatively low number of
studies based on crop modelling focused on crops under Mediterranean conditions have
been carried out [16,35–37,44–51].

Among several crop simulation models developed since the sixties [52], the Deci-
sion Support System for Agrotechnology Transfer (DSSAT) [53] has been extensively used
worldwide over the last 20 years for most major crops and many different applications
including: (i) simulated management options such as fertilization, irrigation, pest man-
agement; (ii) site-specific farming and study of potential impacts of climate change on
agricultural production (see [36] for an exhaustive bibliography). The basis for the DSSAT

7



Genes 2022, 13, 488

cropping system model design is a modular structure of which CERES-Wheat is a com-
ponent model continuously refined and modified over the years [54–56]. CERES-Wheat
simulates crop growth, development and yield taking into account the effects of weather,
management, genetics, soil water, carbon (C) and nitrogen (N2). This model provided
successful performance under a wide range of agro-climatic conditions [57]. In order to
evaluate the performance of the model [58], using various statistical tests to analyze simu-
lated and observed results from several studies across Asia and Australia, proved the good
ability of this model to predict phenology (i.e., anthesis and maturity) and, to a slightly
lesser extent, grain and biomass yields. Furthermore, they underlined good performance
in favorable conditions (e.g., high-yielding and/or irrigated environments). In contrast,
results were less satisfactory in low-yielding environments. Importantly, these authors
emphasized the crucial role of long-term data-sets to better evaluate the effectiveness of
this model in representing reality.

In the Mediterranean environments, the CERES-Wheat model has been used in a
limited number of studies [36,37,45,50,51,59–62]. In particular, refs. [45,50], focusing on
the use of long-term data-sets (approximately 30 years) and statistical indices to assess the
model performance, found that the CERES-Wheat model provided good to fair predictions
of production (i.e., grain yield), with a tendency to overestimate, and good to very good
predictions of phenology (i.e., anthesis date). In contrast, predictions of grain quality
(i.e., grain weight and grain number) proved to be reliable but less satisfactory.

This study applies the CERES-Wheat crop model included in DSSAT v. 4.0 to assess
the adaptation of cultivar choice as well as the environmental effect of genetic mecha-
nisms involved in water stress conditions with a special focus on Dehydration Responsive
Element-Binding (DREB) related genes in durum wheat, in order to evaluate the simulated
negative impact of increasing temperatures and decreasing rainfall on grain production
and phenology of three durum wheat genotypes grown in two different Mediterranean
environments in Southern Sardinia (Italy).

2. Materials and Methods
2.1. Experimental Setting

This study was carried out at Benatzu and Ussana, two sites from AGRIS (Agricultural
Research Agency of Sardinia) experimental farm “S. Michele” (Lat. 39◦24′ N, Long. 9◦5′ E;
about 20 km S from the sea) in the Campidano plain, the main durum growing area of
Southern Sardinia, Italy. The climate is Mediterranean, with warm and dry summers
and mild winters. Mean air temperatures range from 4.8 ◦C in January and 33.0 ◦C in
August. Precipitations are concentrated in autumn, winter and early spring, with a long-
term annual amount of about 450 mm. The area shows a great soil variability due to its
ancient geological origin. Ussana soil (114 m a.s.l.) is a Petrocalcic Palexeralf [63]. It is a
sandy clay loam soil, with a percentage of sand greater than 50%, characterized by alluvial
conglomerate substrate, in a weak red colored clay matrix. The drainage is moderate
and the stone percentage is about 20%. This soil is located in a hilly area and accounts
for medium- and low-fertility durum growing areas of Sardinia and the Mediterranean.
Benatzu soil (80 m a.s.l.), is a Vertic Epiaquet [63]. It is a clay loam soil with a soil substrate
alluvial gravel, a fraction of stones of about 30% and a clay percentage of about 40%. This
soil is located in a flat area and accounts for the most fertile durum growing areas of
Sardinia and the Mediterranean.

2.2. Experimental Data

Daily maximum and minimum air temperatures (◦C) and annual rainfall totals (mm)
over the period 1973 to 2004 were recorded by an automatic weather station (SILIDATA
AD2, SILIMET s.r.l., Modena, Italy) located in the experimental farm. Daily global solar
radiation values (MJ m2 d−1) were estimated using the software RadEst3.00, where: (i) ra-
diation is calculated as the product of the atmospheric transmissivity of radiation times the
radiation outside the earth atmosphere and (ii) the atmospheric transmissivity of global
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solar radiation is estimated based on the difference between maximum and minimum
temperatures [64]. Several physical and chemical characteristics of soils required as inputs
by the model were determined at both sites (Table 1): content in sand (%), silt (%), clay (%),
total N (%), pH in H2O, C.E.C. (Cation Exchange Capacity in cmol kg−1), organic C (%),
organic matter (%), texture, color, runoff value, slope and a fertility factor. The analysis
procedures are described in DM 13.09.1999, points: II.4 and II.5 for Sand, Silt, Clay and
Texture; VII.1 for Organic carbon and Organic matter; III.1 for pH in H20; XIV.1 for Total
nitrogen; and XIII.2 for C.E.C.

Table 1. Physical and chemical characteristics of soil at Benatzu and Ussana experimental sites.

Benatzu Ussana

Sand (%) 26.2 56.4
Silt (%) 34.4 21.5
Clay (%) 39.4 22.1
Texture Clay Loam Sandy Clay Loam
pH in H2O 8.5 7.9
Organic carbon (%) 1.62 0.83
Organic matter (%) 2.80 1.20
Total nitrogen (%) 0.15 0.07
C.E.C. (cmol kg−1) 2.9 2.3

Management and durum wheat performance data over the period 1973 to 2004 from
both sites were taken from the evaluation trials of the Italian Durum Wheat Network
(http://qce.entecra.it/RISULTATI.htm, (accessed on 1 December 2021)). The experimental
design consisted in a triple lattice with 8-rowed plots. Each plot was 5.9 m long and 1.5 m
wide with an approximate surface of 10 m2 and rows spaced 0.18 m apart. Plant density
was about 350 viable seeds m−2.

2.3. Cultivar Description

Creso, Duilio and Simeto, three hallmark Italian durum wheat cultivars, well adapted
to Mediterranean environmental conditions, were used to test the performances of the
CERES-Wheat model. In addition to their agronomic and economic importance, these
varieties were chosen for the availability of reliable long-term experimental data. Creso,
released in 1973, is a medium-late, short variety with good grain quality. Despite its
longstanding cultivation, it is still widespread in the high rainfall spring areas of Central
Italy. Duilio, released in 1984, is an early-medium, medium-tall variety, well adapted to the
durum growing areas of Southern Italy owing to its high-yielding potential, grain quality
and resistance to drought. Simeto, released in 1988, is an early and short genotype with
good performances both in yield and grain quality, especially in the dry areas of Southern
Italy. This cultivar still ranks among the most widespread in Italy for the production
of certified seed (https://www.crea.gov.it/web/difesa-e-certificazione/-/statistiche-di-
certifcazione-superfici-controllate, (accessed on 1 December 2021)).

2.4. Molecular Responses to Drought Stress

These three cultivars had previously been studied in regards to their molecular re-
sponses to abiotis stresses in general and drought stress in particular. In this study, the
expression of the endogenous DREB2A-homologous gene activation, belonging to the
Dehydration-Responsive Element-Binding (DREB) transcription factor gene family, was
considered through RT-PCR analyses obtained from time-course experiments of drought
stress both in controlled greenhouse and in field conditions [65,66].

2.5. Model Simulations

The CERES-Wheat model, included in the Decision Support System for Agrotechnol-
ogy Transfer (DSSAT) version 4.0 [53,67] was used to perform crop growth simulations
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of Creso, Duilio and Simeto. This model describes daily both phenology and growth in
response to environmental factors (e.g., soil properties and weather patterns) and manage-
ment. The model, which includes subroutines to simulate soil and crop water balance and
nitrogen balance, can be used to simulate the effects of nitrogen deficiency and soil water
deficit on photosynthesis and pathways of carbohydrate allocation in plants.

CERES-Wheat had already been calibrated and validated in the test area for these
cultivars [45]. An iterative procedure for minimizing the differences between predicted
and observed values to obtain the genetic coefficients values was used [68]. In particular,
observed and predicted values of grain yield (kg ha−1), anthesis date (days after planting,
dap) and average seed weight (g) were compared and the cultivar coefficients were modi-
fied until the model responses matched the real data or fell within a defined error threshold.
Table 2 exhibits the genetic coefficients found for the three cultivars in the area.

Table 2. Genetic coefficient values for Creso, Duilio, and Simeto durum wheat varieties during
CERES-Wheat model calibration using data collected at two experimental sites located in Southern
Sardinia, Italy [45]. P1D: Photoperiod sensitivity coefficient (% reduction/h near threshold); P1V:
Vernalization sensitivity coefficient (%/d of unfulfilled vernalization); P5: Thermal time from the
onset of linear filling to maturity (◦C d); G1: Kernel number per unit stem + spike weight at anthesis
(#/g); G2: Standard kernel size under optimum conditions (mg); G3: Standard, non-stressed dry
weight (total, including grain) of a single tiller at maturity (g); PHINT: Thermal time between the
appearance of leaf tips (◦C d).

Genetic Coefficients Creso Duilio Simeto

P1V 30.0 25.0 25.0
P1D 55.0 50.0 58.0
P5 450.0 480.0 450.0
G1 25.0 25.0 25.0
G2 55.0 55.0 55.0
G3 1.7 1.7 1.7
PHINT 100.0 90.0 90.0

Concerning the simulation runs, 1 August was set as the starting day for each year.
The cropping season was between October and June of the following year. The planting
date was set on the observed date of each year, depending on the amount of natural rainfall
fallen from autumn until late early winter. The end of the growing season was set according
to the observed harvest dates for each year. All agronomic information, such as previous
crops and fertilizer management, was set in the experimental file. The following data
were registered as initial conditions: previous crop, sowing depth and dates, row spacing,
plant population, fertilizer applications and dates, harvest dates. The same data were
subsequently set as inputs in the experimental simulation design.

The following indices based on simple and squared differences between predicted
and measured values were calculated: normalized Root Square Error (nRMSE), index
of agreement (D-index) and Coefficient of Residual Mass (CRM) [69]. Ideally, a model
reproduces experimental data perfectly when nRMSE is 0 and D-index is 1 [58]. CRM
measures the tendency of the model to over- (i.e., negative values) or under-estimate (i.e.,
positive values) observed data [70].

2.6. Meteorological Trends and Climate Scenarios

Mean annual air temperature data (◦C), along with Standardized Anomaly Index (SAI)
values, and the annual and seasonal amount of rainfall (mm) over the period 1974 to 2004
were observed in order to evaluate the real trend of air temperature and rainfall in the
study area.

As for climate scenarios, a set of 48 synthetic climates based on global and regional
climate model simulations predicting a substantial drying and warming over the Mediter-
ranean Region by the end of the century, with annual precipitation decrease exceeding
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−25–30% and warming exceeding +4–5 ◦C compared to the actual climate, was devel-
oped [71,72]. The baseline air temperature, as well as the precipitation records for the actual
climate recordings over the 1973–2004 period at Benatzu and Ussana sites, were adjusted
by between +1 and +6 ◦C at 1 ◦C intervals, and by between −5% and −30% at 5% intervals,
respectively (Table 3). For more details concerning the pro and cons of the incremental
approach followed in this study and for an exhaustive review, see [50].

Table 3. Simulated climate change scenarios. R = rainfall; T = temperature.

Decreasing Rainfall

Increasing
Temperature

0 −5% −10% −15% −20% −25% −30%

0 - R5 R10 R15 R20 R25 R30

+1 ◦C T1 T1_R5 T1_R10 T1_R15 T1_R20 T1_R25 T1_R30

+2 ◦C T2 T2_R5 T2_R10 T2_R15 T2_R20 T2_R25 T2_R30

+3 ◦C T3 T3_R5 T3_R10 T3_R15 T3_R20 T3_R25 T3_R30

+4 ◦C T4 T4_R5 T4_R10 T4_R15 T4_R20 T4_R25 T4_R30

+5 ◦C T5 T5_R5 T5_R10 T5_R15 T5_R20 T5_R25 T5_R30

+6 ◦C T6 T6_R5 T6_R10 T6_R15 T6_R20 T6_R25 T6_R30

This set of 48 synthetic scenarios was used in conjunction with the CERES-Wheat crop
model to determine the potential effects of increasing temperatures and decreasing rainfall
on crop production (i.e., grain yield and grain size), and phenology (i.e., anthesis date) of
the three durum wheat cultivars Creso, Duilio and Simeto by scenario and site.

2.7. Calibration, Validation and Evaluation of CERES-Wheat Model Performances

The whole study period for Benatzu and Ussana sites, covers a time span of 30 years
(1974–2004). Datasets used for calibration were: 1996–2004, 1997–2004 and 2000–2004
for Creso, Duilio and Simeto, respectively. Datasets used for validation were: 1974–1995,
1985–1996 and 1989–1999 for Creso, Duilio and Simeto, respectively. The differences in time
span both in calibration and validation depend on the availability of data from the cultivar
evaluation trials of the Italian durum wheat network owing to the different year of release
of each cultivar. Detailed information about calibration, validation and evaluation of the
CERES-Wheat model in the two experimental sites of the study area can be found in [45].

3. Results
3.1. Meteorological Trends

Trends in mean annual temperature (Tmean) (◦C) along with Standardized Anomaly
Index (SAI) values, and annual and seasonal amounts of rainfall (mm) observed in the
study area over the period 1974 to 2004, are shown in Figures 1 and 2, respectively. The
Tmean linear trend shows an increase of 0.44 ± 0.59 ◦C per decade (Figure 1A). Lower than
average temperatures are prevalently scattered over the left-hand side of the SAI graph
(approximately from 1974 to 1985), i.e., in the first years of the study period, whereas in
the following years higher than average temperatures become more frequent (Figure 1B).
A non-significant negative trend for annual and seasonal rainfall amounts was observed
except in autumn, which showed a non-significant increasing trend (Figure 2A,B). This
seasonal downward trend is clearer in winter than in spring and summer.
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Figure 1. Trend of mean annual air temperatures (A) and Standardized Anomaly Index, SAI (B) over
the period 1974–2004 at the AGRIS experimental station “S. Michele” (Southern Sardinia, Italy).
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3.2. Calibration, Validation and Evaluation of CERES-Wheat Model Performances

Concerning grain yield predictions, the CERES-Wheat model provided good to fair
performances for all three cultivars. As for phenology, all results proved the effectiveness
of the CERES-Wheat model in predicting anthesis dates for these experiments. On the
contrary, the model performances proved to be less effective for estimating the average
seed with a tendency of the CERES-Wheat model to underestimate predictions. However,
considering the results as a whole, statistical indices show that this model proves to be an
effective tool to represent reality. For further details and an exhaustive presentation and
discussion about results and model performances, see [45].

3.3. Climate Change Scenarios: General Responses

In order to evaluate the impacts of climate change on durum wheat production and
phenology, the general analysis was performed using data sets from the whole study period
(1974–2004). The experimental conditions observed during calibration and validation were
left unchanged. Hence, weather was the only factor of variation.

The responses of the CERES-Wheat model to 48 simulated scenarios (Table 3) at
the two experimental sites “Benatzu” and “Ussana” for the annual values of grain yield,
anthesis date and average seed weight and for three durum wheat cultivars were analyzed
by comparing observed and simulated values. Figure 3 shows the observed mean grain
yield data in comparison with the CERES-Wheat model responses to 2 (mildest and worst
scenarios, respectively) of the 48 simulated climate change scenarios for Creso (time span:
1974–2004), Duilio, (time span: 1985–2004) and Simeto (time span: 1989–2004) at Benatzu
and Ussana sites, respectively. The mildest simulated scenario shows a +1 ◦C increase in
temperature and a 5% reduction in rainfall compared to the actual mean temperatures
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and total rainfall amount, respectively. The worst-case scenario shows a +6 ◦C increase in
temperature and a 30% lower annual rainfall. The detrimental effect on simulated yield
determined by increasing temperatures and decreasing rainfall for all cultivars and sites
cannot be questioned.
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Figure 3. Effects of climate change scenarios on grain yield of durum wheat varieties Creso (A),
Duilio (B), and Simeto (C) at Benatzu and Ussana sites. Simulation results from scenarios T1_R5
(temperature increase: +1 ◦C; rainfall reduction: 5%) and T6_R30 (temperature increase: +6 ◦C;
rainfall reduction: 30%) are compared to observed yield data.

3.4. Climate Change Scenarios: Cultivar Responses

To compare the simulated impact of increased temperatures and decreased rainfall
on each cultivar, the analysis was limited to the years when field trials, were conducted
simultaneously for all cultivars (i.e., years 1990–2004 for Benatzu and 1989–2004 for Ussana).
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Figures 4 and 5 exhibit the percentage reductions in grain yield of all cultivars between the
mean values observed at Benatzu and Ussana, respectively and simulation results from
twelve climate change scenarios with increasing temperatures (from +1 ◦C to +6 ◦C) and
decreasing rainfall (6 scenarios with a 5% reduction and 6 scenarios with a 30% reduction
in annual rainfall). For each cultivar, the predicted negative impact on grain yields rises
steadily from the least unfavorable scenarios to the most severe ones.

Comparing the different responses of the three cultivars to simulated scenarios at
Benatzu site, Creso (medium-late cultivar) proved to be the most sensitive, with the great-
est yield reduction especially when temperature increases were combined with strong
decreasing rainfall. For this cultivar, the reduction in grain yield from mean observed
values ranged from 2.4% (scenario T1_R5) to 14.9% (scenario T6_R5) for a 5% lower annual
rainfall amount (Figure 4A), and from 19.9% (scenario T1_R30) to 29.2% (scenario T6_R30)
for a 30% decrease in annual rainfall (Figure 4B).

The reduction in grain yield of Duilio (early cultivar) and Simeto (early cultivar) ranged
from 2.7% and 1.7% (scenario T1_R5) to 9.1% and 8.6% (scenario T6_R5), respectively, for
a 5% decrease in rainfall (Figure 4A). The reduction in grain yield of Duilio and Simeto
was much higher using a 30% rainfall decrease scenario, ranging from 22.4% and 21.4%
(scenario T1_R30) to 25.5% and 26.4% (scenario T6_R30), respectively (Figure 4B).
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Figure 4. Percentage decline of grain yield over the period 1990–2004 at the experimental site of
Benatzu for climate change scenarios characterized by increasing temperature (from +1 ◦C to +6 ◦C)
and rainfall reduction by 5% (A) and 30% (B).

Creso was also confirmed to be the most sensitive cultivar at Ussana site over the
period 1989 to 2004, with a grain yield reduction ranging from 4.2% (scenario T1_R5) to
15.3% (scenario T6_R5) for a 5% rainfall reduction (Figure 5A), and from 26.0% (scenario
T1_R30) to 33.3% (scenario T5_R30) for a 30% rainfall decrease (Figure 5B).

Duilio showed grain yield declines ranging from 3.3% (scenario T1_R5) to 10.0%
(scenario T6_R5) for a 5% rainfall reduction (Figure 5A), and from 25.6% (scenario T2_R30)
to 29.3% (scenario T5_R30) for a 30% rainfall decrease (Figure 5B).

A similar trend was observed for Simeto with a decrease of grain yield ranging from
6.7% (scenario T1_R5) to 11.2% (scenario T6_R5) for a 5% rainfall reduction (Figure 5A),
and from 27.8% (scenario T2_R30) to 30.1% (scenario T6_R30) for a 30% rainfall reduction
(Figure 5B).
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Figure 5. Percentage decline of grain yield over the period 1989–2004 at the experimental site of
Ussana for climate change scenarios characterized by increasing temperature (from +1 ◦C to +6 ◦C)
and rainfall reduction by 5% (A) and 30% (B).

In summary, the overall simulated effect of climate change scenarios characterized
by increasing temperature and decreasing rainfall is a gradual reduction in grain yield for
all cultivars and sites. This effect increases from the mildest to the worst-case scenarios.
Interestingly, the CERES-Wheat model predicted greater grain yield reductions at the low-
yielding site of Ussana than in the fertile soil of Benatzu. In particular, the overall average
grain yield reduction for the three cultivars in all scenarios was equal to 16.2% and 19.0%
at Benatzu and Ussana, respectively.

The overall simulated impact of increasing temperatures and decreasing rainfall on
kernel weight showed an opposite trend. CERES-Wheat simulations showed that kernel
weight tends to increase slightly and this response is greater when annual rainfall amount
decreases by 5% (Figures 6A and 7A). In addition, the slight increase in kernel weight is
greater at Ussana and this confirms the trend in observed data (Figures 6 and 7 for Benatzu
and Ussana experimental sites, respectively). No remarkable trend from the analysis of the
different responses of each variety emerges.
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Figure 6. Average seed weight trends over the period 1990–2004 at the experimental site of Benatzu
for climate change scenarios characterized by increasing temperature (from +1 ◦C to +6 ◦C) and
rainfall reduction by 5% (A) and 30% (B). Tr = observed data.
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Figure 7. Average seed weight trends over the period 1989–2004 at the experimental site of Ussana
for climate change scenarios characterized by increasing temperature (from +1 ◦C to +6 ◦C) and
rainfall reduction by 5% (A) and 30% (B). Tr = observed data.

The effects of the 48 climate change scenarios on phenology of durum wheat were
determined by comparing predicted and observed anthesis dates of each cultivar. In
general, a shortening effect on cycle length of durum wheat was observed. This response
probably depends on the modelling approach on phenology used by the CERES-Wheat
crop model, which simulates crop development rate as a function of temperature only.
Figure 8 illustrates the general shortening effect of climate change scenarios on the crop
growing cycle at Benatzu (Figure 8A) and Ussana (Figure 8B) experimental sites.
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Figure 8. Reduction (in days) of crop growing cycle (from sowing to anthesis) over the period 1990–
2004 at Benatzu (A) and the period 1989–2004 at Ussana (B) for climate change scenarios 
characterized by increasing temperature (from +1 °C to +6 °C) and rainfall reduction by 5% and 30%. 
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Figure 8. Reduction (in days) of crop growing cycle (from sowing to anthesis) over the period 1990–
2004 at Benatzu (A) and the period 1989–2004 at Ussana (B) for climate change scenarios characterized
by increasing temperature (from +1 ◦C to +6 ◦C) and rainfall reduction by 5% and 30%.

Based on the greater overall shortening effect at Ussana (medium-low fertility soil)
than at Benatzu (high-fertility soil), soil fertility seems to play a remarkable role in reducing
the growth duration of durum wheat. In addition, the difference between simulated
and observed values increases moving from scenario T1 (temperature increase: +1 ◦C) to
scenario T6 (temperature increase: +6 ◦C). Examining this shortening effect on each variety,
Creso showed a more limited reduction at both sites when compared to the early genotypes
Duilio and Simeto.

Table 4 summarizes the simulated impacts of two climate change scenarios (T1_R5
and T6_R30) on grain production and phenology of durum wheat using the CERES-Wheat
crop model on three cultivars and two experimental sites.
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Table 4. Simulated responses of three durum wheat cultivars (Creso—Cr, Duilio—Du, Simeto—Si) to
two climate change scenarios (T1_R5 and T6_R30) at Benatzu (B) and Ussana (U) experimental sites
in Sardinia, Italy. T1_R5 and T6_R30 scenarios project an average temperature increase of 1 ◦C and
6 ◦C, respectively, and an annual rainfall reduction of 5% and 30%, respectively. Simulation results
(SIM) and means (M) of grain yield (kg ha−1), date of 2004 at Benatzu and 1989–2004 at Ussana.

Grain Yield Anthesis Kernel Weight
OBS SIM OBS SIM OBS SIM

CV Site Scenario T1_R5 Scenario T6_R30 Scenario T1_R5 Scenario T6_R30 Scenario T1_R5 Scenario T6_R30

(kg ha−1) (kg ha−1) % Change (kg ha−1) % Change (Dap) (Dap) Dap
Change (Dap) Dap

Change (g) (g) % Change (g) % Change

Cr
B 4054 3955 −2.4 2869 −29.2 135 132 −3 127 −8 0.035 0.036 +2.5 0.035 0.0
U 3700 3543 −4.2 2474 −33.1 141 138 −3 131 −10 0.037 0.038 +3.6 0.039 +6.0
M 3877 3749 −3.3 2672 −31.2 138 135 −3 129 −9 0.036 0.037 +3.0 0.037 +3.0

Du
B 4573 4449 −2.7 3406 −25.5 129 127 −2 118 −11 0.036 0.036 0.0 0.038 +3.7
U 3756 3633 −3.3 2662 −29.1 135 132 −3 122 −13 0.038 0.039 +2.6 0.040 +3.4
M 4165 4041 −3.0 3484 −27.3 132 130 −3 120 −12 0.037 0.038 +1.3 0.039 +3.6

Si
B 4354 4280 −1.7 3206 −26.4 132 129 −3 121 −11 0.035 0.037 +3.3 0.036 +2.0
U 3831 3575 −6.7 2676 −30.1 138 135 −3 125 −13 0.038 0.038 0.0 0.039 +3.2
M 4093 3928 −4.2 2941 −28.3 135 132 −3 123 −12 0.037 0.038 +1.7 0.038 +2.6

Mean
B 4327 4228 −2.3 3460 −27.0 132 129 −2.7 122 −10 0.035 0.036 +1.9 0.036 +1.9
U 3762 3584 −4.7 2604 −30.8 138 135 −3.0 126 −12 0.038 0.038 +2.1 0.039 +4.2
M 4045 3906 −3.5 3032 −28.9 135 132 −2.9 124 −11 0.037 0.037 +2.0 0.038 +3.1

Legend: OBS—Observed data; SIM—Simulated data, CV—Cultivar, Cr—Creso, Du—Duilio, Si—Simeto.

Creso shows the lowest observed yield potential (observed mean yield: 3877 kg ha−1)
and the largest percentage reductions in grain yield (mean percentage reduction: 31.2%)
under the worst-case (T6_R30) climate change scenario when compared to Simeto (observed
mean yield: 4093 kg ha−1; percentage reduction under T6_R30 scenario: 28.3%) and Duilio
(observed mean yield: 4165 kg ha−1; percentage reduction under T6_R30 scenario: 27.3%).
In general, Duilio exhibits the smallest simulated grain yield reduction under climate
change with a decrease ranging from 3.0% (scenario T1_R5) to 27.3% (scenario T6_R30) and
proves to be the most resilient genotype to increasing unfavorable conditions. Furthermore,
Ussana was the most vulnerable environment to climate change conditions with a general
grain yield reduction of 4.7% and 30.8%, respectively for scenarios T1_R5 and T6_R30,
when compared to Benatzu (2.3% and 27.0% for scenarios T1_R5 and T6_R30, respectively).

As for grain size, the largest effects of the two climate change scenarios T1_R5 and
T6_R30 on kernel weight were registered for Creso, with a grain weight increase ranging
from 2.5% at Benatzu to 6.0% at Ussana. Moreover, at Ussana the simulated percentage ker-
nel weight increase ranged from 2.1% to 4.2% for scenarios T1_R5 and T6_R30, respectively,
and was higher than Benatzu (1.9 for the two scenarios, respectively).

The analysis of the differences between observed and simulated anthesis dates under
climate change scenarios indicates a general anticipation of anthesis, with some differences
among genotypes. In particular, the late genotype Creso shows a general reduction to
increasing temperature scenarios, ranging from 3 days at both experimental sites (scenario
T1_R5) to 8 and 10 days at Benatzu and Ussana, respectively, for scenario T6_R30. The
responses of the early genotypes Simeto and Duilio indicate a slightly larger shortening
effect, ranging from 2 and 3 days for scenario T1_R5 to 11 and 13 days at Benatzu and
Ussana sites respectively, for scenario T6_T30.

3.5. Molecular Responses to Drought Stress

Previous RT-PCR experiments carried out using RNA extracts from different durum
wheat cultivars, including Creso, Duilio and Simeto, showed an intense band at 500 bp,
instead of the expected 450 bp, and two faint bands at 450 bp and 580 bp, respectively
(Figure 9) [73].
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Figure 9. The expression pattern of RT-PCR with primer drebfor1 e drebrev1 of some durum wheat
cultivars, including Creso (1), Duilio (7) and Simeto (8) analyzed at the 4th day without water.

Moreover, sequencing and aligning with TC85717 500 bp bands from all these cultivars,
the presence of a short insert 53-bp was detected, revealing a complete homology with
transcripts found in barley, homologous to DREB2 genes and related to drought. The
transcript isolated in barley derives from an alternative splicing of a gene, named HvDRF1,
where Hv stands for Hordeum vulgare, generating three transcripts. The primer pair used
for these experiments was compatible with these transcripts and produced fragments at
about 580 bp, 500 bp and 450 bp, which is the same pattern observed in durum wheat. This
result led to the conclusion that in durum wheat a homologous gene to HvDRF1 is present
and it was named Triticum durum Dehydration-Responsive Factor 1 (TdDRF1). Further
studies revealed that this gene produces three transcripts by alternative splicing: TdDRF1.1,
consisting of four exons, from E1 to E4; TdDRF1.2, consisting of three exons E1, E2 and E4;
and TdDRF1.3, consisting of two exons E1 and E4 [74]. This gene and its three isoforms
play a crucial role in conditioning and modulating the responses of cultivars to drought. In
all genotypes, the TdDRF1.2 transcript was always expressed at higher levels, the TdDRF1.1
transcript was the least expressed and the TdDRF1.3 transcript was intermediate between
TdDRF1.2 and TdDRF1.1 transcripts. These results suggest a correlation between water
stress and the expression profile of the TdDRF1 gene and its transcripts.

4. Discussion
4.1. Meteorological Trends

The analysis of the historical weather data set covering the study area over the period
1974–2004 confirmed an overall trend with increasing temperatures and decreasing and/or
more erratic precipitations. Mean temperatures (Figure 1A) showed an increasing rate
in agreement with the observed trend in Europe during the last three decades [75,76].
In addition, our results confirm a negative yearly rainfall trend in the Mediterranean
area [77]. The different trends shown in Figures 1A and 2B have some relevant agricultural
implications: (i) increasing autumn rainfall in rain-fed durum growing areas leads to a
greater water storage in the soil but may also delay sowing, especially when associated with
increasing mean precipitation [78]; (ii) decreasing rainfall in winter reduces soil moisture
with detrimental effects on water uptake especially if combined with limited root growth
due to increased temperatures and delayed sowing; (iii) increased temperatures or heat
shocks in late spring may abruptly interrupt translocation of photosynthates during grain
filling thereby exposing caryopses to the risk of ‘haying-off’ [14,79,80]. All these points
may dramatically result in increased vulnerability particularly in the agricultural systems
of the Mediterranean Region [81,82].
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4.2. Calibration, Validation and Evaluation of CERES-Wheat Model Performances

Calibration and validation of the CERES-Wheat crop model in the study area was
already discussed in [45], where full details are available. Importantly, this study empha-
sizes the crucial importance of using data from long-term experiments [58] to overcome
poor performance of the model due to deficiencies in model inputs and experimental
observations as well as to allow a proper calibration. In general, the values of the genetic
coefficients determined in this current study are similar to those obtained by the few other
ones conducted on durum wheat [60,61], with the exception of parameters G1, G2 and
G3. Moreover, the good and excellent results of the model in predicting grain yield and
phenology, respectively, confirm the observations of [58] in their review of the performance
of CERES-Rice and CERES-Wheat models in rice-wheat systems of South Asia, China and
Southeast Australia.

The model proved to be less satisfactory in the case of kernel weight. This was probably
due to modelling inaccuracies in simulating underlying physiological processes under
stressed and non-stressed conditions [83]. Interestingly, the combined overestimate of grain
yield and the underestimate of kernel weight resulting in an overestimate of the number
of kernel per unit area had already been remarked in previous studies [45]. Hence, these
systematic errors might be due to either inconsistent estimation of the number of grains or
differences between durum wheat and bread wheat. Of note, the analysis by site revealed
a better performance of the model at Benatzu when compared to Ussana for both grain
yield and kernel weight. This is likely due to the low fertility of Ussana soil making this
site drought-prone and with a greater frequency of very low yields. In this context, the
poorer performance of the CERES-Wheat model under low-yielding conditions was already
known [58]. In addition, the tendency of CERES-Wheat to overestimate grain yield under
water shortage conditions has already been underlined [84]. Finally, the model accuracy in
predicting anthesis dates did not show any remarkable differences between sites.

4.3. Climate Change Scenarios: Cultivar and Molecular Responses

The negative effect of increasing temperatures and decreasing rainfall on simulated
grain yields at the two experimental sites is clear (Figure 3). Interestingly, Ussana site, less
fertile and negatively affected by rainfall decrease and water scarcity, showed the greater
yield reductions when compared to Benatzu (Figures 4 and 5). In summary, the yield
reductions observed in our simulations are mostly consistent with other global [85–89] and
regional studies [22,35,36], excluding the CO2 effect that was not taken into consideration
in this study, limiting evaluation of the cultivar responses to climate stimuli.

Concerning grain quality, the slight positive effect of increasing temperature and
decreasing rainfall on kernel weight (Figures 6 and 7) is in contrast with findings on bread
wheat showing a weight reduction due to high temperatures [39], heat shocks [90] and
water stress [91] during grain filling. In all likelihood, these contrasting results may be
associated with a lower correspondence between observed and predicted data for this trait
during calibration and validation of the CERES-Wheat model [45].

As for phenology, the shortening of the growing period highlighted in this study is
in agreement with other studies [19,37,92]. Interestingly, the reduction in growth dura-
tion from sowing to anthesis was larger for the early cultivars Duilio and Simeto when
compared to the late cultivar Creso at both sites (Figure 8), confirming the adaptive role
of earliness for durum wheat in drought prone environments [93]. Remarkably, the early
genotypes Duilio and Simeto had a better yield performance than the late genotype Creso
in both observed and predicted data (Table 4). Therefore, the CERES-Wheat crop model
seems to capture fairly well the greater resilience shown by early genotypes in rain-fed
Mediterranean conditions.

Regarding cultivar choice, this study confirms its potential key role as a farm-level
adaptation measure to reduce the negative impacts of climate change on crop produc-
tion [19]. In particular, an estimated avoidance of 10–15% yield reduction due to cropping
adaptations such as changing cultivars and sowing times has been reported in the litera-

23



Genes 2022, 13, 488

ture [15]. Thus far, a little effort has been made to understand the effect of cultivar choice
and its role in tackling the detrimental effects of increasing temperatures and decreasing (or
more erratic) rainfall on crop production. Our study shows a negative impact of harsh sce-
narios (i.e., increased air temperatures and decreased rainfall) on grain yield for all cultivars
and sites. However, this detrimental effect can be mitigated by: (i) early sowing and (ii) re-
placing late genotypes with early ones. Concerning the latter point, our simulations show a
percentage grain yield reduction from −31% (−29.2% and −33.1% at Ussana and Benatzu,
respectively) for Creso (late cultivar) to −28.3% (−26.4% and 30.1% at Ussana and Benatzu,
respectively) for Simeto (early cultivar) and −27.3% (−25.5% and −29.1% at Ussana and
Benatzu, respectively) for Duilio (early cultivar) (Figures 4 and 5). Comparing the average
simulated grain yield results of the most drought prone cultivar (i.e., Creso) with the most
resilient one (i.e., Duilio), a percentage gain of 3.9% in grain yield has been registered in
favor of the latter. From this perspective, targeting cultivars onto different environments
and climate conditions is one of the main adaptation strategies to climate change [22,94].
Furthermore, this study has another important implication: the cultivars considered for this
study were released in Italy between thirty and forty years ago in different environmental
conditions when compared to now. This means that: (i) a plethora of higher-yielding and
better adapted cultivars is now available for current growing conditions; (ii) the importance
of plant breeding in selecting superior genotypes ensuring good yield performances and
yield stability in climate change conditions is paramount. Therefore, the role of cultivar
choice in the short term and of plant breeding in the long term to tackle the detrimental
effects of climate change on yield production and stability must be fully emphasized.

A last crucial issue is related to molecular responses in climate change conditions. Since
global warming, heatwaves, droughts and a general decreasing rainfall trend are projected
in the Mediterranean areas [1], identifying, sequencing and characterizing stress-inducible
genes becomes essential to develop molecular markers for marker assisted breeding. There-
fore, conventional breeding techniques and biotechnologies may increase the effectiveness
of selection, allowing high-yielding and drought resistant genotypes. Focusing on a molec-
ular approach, the results presented in this study confirm the important role of DREB
genes in abiotic stress conditions as shown by Liu et al., in 1998 [65]. Furthermore, the
importance of the dehydration-responsive factor gene (TdDRF1) has been confirmed both
in greenhouse and in field conditions in other durum wheat and triticale cultivars [73].
Moreover, the link between grain yield, drought tolerance and specific polimorphism of
the TdDRF1 gene has been demonstrated in recent studies [95] and a correlation between
grain yield and an increased expression of TdDRF1.3 transcript in some drought tolerant
and rustic durum wheat and triticale cultivars was found [96]. However, other studies
must be addressed to explore the molecular mechanisms of regulation of the TdDRF1 gene
expression as well as the contribution of other genes.

5. Conclusions

This study highlights the importance of a multidisciplinary approach involving the
use of crop modelling and biotechnology in order to predict and evaluate the performances
of durum wheat genotypes under climate change conditions. Concerning crop modelling,
CERES-Wheat proved to be an effective tool when used to predict grain yield, anthesis date
and, to a lesser extent, kernel weight. The impact of climate change scenarios on grain yield
is more negative, moving from mild to severe scenarios for all genotypes, but reductions
are to some extent mitigated for Simeto and namely Duilio (early genotypes) in comparison
with Creso (late genotype). On the other hand, kernel weight tends to increase slightly
in response to increasing temperatures and decreasing rainfall in particular under mild
climate change scenarios. All genotypes showed a reduction of their crop growing cycle as
a consequence of increasing temperatures, with Duilio and Simeto revealing to be more
resilient than Creso. The detrimental joint effect of simulated increasing temperatures and
decreasing rainfall is also affected by soil fertility, with a stronger impact in low-yielding
potential soils.
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The predictive responses of the CERES-Wheat model can be also interpreted in the
light of molecular responses of durum wheat cultivar to drought stress. In this context,
the role of DREB genes, with a special focus on TdDRF1, in conditioning the resistance of
genotypes to drought conditions must be underlined.

Furthermore, our analysis indicates that CERES-Wheat crop model responses are
highly consistent with observations from most rain-fed durum wheat growing areas of the
Mediterranean Region. By showing that early genotypes can be better adapted to increasing
temperature and decreasing rainfall, the CERES-Wheat model proves to be a reliable tool to
determine the impact of climate change on crops and can help to underline and quantify the
simulated effects of cultivar choice to tackle downward trends in grain yield, particularly
in the Mediterranean rain-fed areas. Hence, CERES-Wheat can be successfully used to
support adaptation strategies such as targeting cultivars onto specific environments or to
guide selection decisions in crop breeding programs, also implying the contribution of a
molecular approach aiming at developing molecular markers for the resistance to abiotic
and drought stresses.
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Abstract: Farmers in northwestern and central India have been exploring to sow their wheat much
earlier (October) than normal (November) to sustain productivity by escaping terminal heat stress
and to utilize the available soil moisture after the harvesting of rice crop. However, current popular
varieties are poorly adapted to early sowing due to the exposure of juvenile plants to the warmer
temperatures in the month of October and early November. Therefore, a study was undertaken
to identify wheat genotypes suited to October sowing under warmer temperatures in India. A
diverse collection of 3322 bread wheat varieties and elite lines was prepared in CIMMYT, Mexico,
and planted in the 3rd week of October during the crop season 2012–2013 in six locations (Ludhiana,
Karnal, New Delhi, Indore, Pune and Dharwad) spread over northwestern plains zone (NWPZ) and
central and Peninsular zone (CZ and PZ; designated as CPZ) of India. Agronomic traits data from
the seedling stage to maturity were recorded. Results indicated substantial diversity for yield and
yield-associated traits, with some lines showing indications of higher yields under October sowing.
Based on agronomic performance and disease resistance, the top 48 lines (and two local checks) were
identified and planted in the next crop season (2013–2014) in a replicated trial in all six locations
under October sowing (third week). High yielding lines that could tolerate higher temperature in
October sowing were identified for both zones; however, performance for grain yield was more
promising in the NWPZ. Hence, a new trial of 30 lines was planted only in NWPZ under October
sowing. Lines showing significantly superior yield over the best check and the most popular cultivars
in the zone were identified. The study suggested that agronomically superior wheat varieties with
early heat tolerance can be obtained that can provide yield up to 8 t/ha by planting in the third to
fourth week of October.

Keywords: early heat stress; Triticum aestivum; heat tolerance; VRN; PPD; photoperiod
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1. Introduction

Wheat is a strategic, staple crop in India [1] and South Asia [2]. It holds particular
significance for women from marginal and small farming households, who contribute
significantly to wheat production systems and livestock management. The Indo-Gangetic
Plains of South Asia are considered crucial for meeting foot security needs of a huge
population of >900 million people. The total population of the four South Asian countries
(India, Nepal, Bangladesh and Pakistan) is 1971 million as of November 2021 (http://
www.worldometers.info/world-population/southern-asia-population/, accessed on 11
November 2021). At present, the Gangetic Plains of South Asia are considered optimal for
wheat farming, but may become sub-optimal by 2050 due to climate change [3]. On top
of that, if the speed of decline in ground water table remains as it is today, this may be a
major cause of food insecurity and affect the livelihood of farmers [4]. Heat tolerance of
crops varies greatly, and wheat is among the most sensitive of the major staples. A study
reported that yield losses in wheat for each 1 ◦C temperature may fall between 3 and 17%
for north western India and Pakistan [5].

To sustain wheat productivity, farmers in northwestern and central India are shifting
to earlier sowings (in the second fortnight of October, immediately after rice) to take
benefits of residual moisture of the previous monsoon and to allow crop to mature much
earlier than the end of March to beginning of April, a period when terminal heat stress
becomes a major issue. In the 10 million ha rice-wheat system of South Asia, there is
often adequate residual soil moisture at the end of the irrigated rice season, but these
soils dry out by mid-November, the current optimum sowing date, requiring additional
irrigation to achieve uniform wheat germination and establishment [6]. Furthermore, water
tables cyclically fall so low in central India by late January that pumping is prohibitively
expensive or not possible [7]. Early sowing using residual moisture allows farmers to save
one irrigation and thus increases water productivity, especially when combined with other
agronomic practices. However, most of the present wheat cultivars in farmers fields are not
well adapted to early season sowing (3rd week of October), since temperatures are quite
warm in this period and affect wheat crop by forcing it to grow much faster, accumulate
lesser biomass and produce lower yield. Adapted varieties will need to be tolerant to early
as well as late-season warmer temperatures [8].

The present knowledge on genetic control of adaptation response and heat tolerance
is lacking. Major genes underlying adaptation have been identified in recent years, namely
those controlling vernalization response, photoperiod sensitivity and development rate
“earliness per se” [9–12]. However, the major gaps in the knowledge of the effects of
possible allele combination on adaptation in specific environments. The Vrn genes control
difference of spring and winter wheat by defining the chilling hours required by the wheat
plant to be able to flower, while the Ppd genes play an important part in delaying flowering
time in the spring after vernalization requirement has been satisfied. The Eps loci may
influence more subtle effects in the life cycle for regional adaptation. QTL studies have
described various regions of potential Eps genes [13,14] with some chromosomes (4B, 6A,
7D) showing this more frequently in a diverse germplasm [15]. Vrn, Ppd and Eps genes
additionally present epistatic interactions [16,17]. Large numbers of allele combinations
will therefore be involved in determining the regulation of growth habit and optimal
adaptation to a certain environment.

CIMMYT’s contribution to the Green Revolution is well known. Still today, advanced
germplasm lines developed and distributed through international trials and nurseries by
CIMMYT are grown annually on more than 100 locations in the world [18]. Analyses of
some of these International Yield Trials indicate that grain yields of the best new genotypes
are significantly higher than the local checks [19,20]. However, no efforts were made
so far to breed for early heat tolerance under October sowing. Therefore, the present
investigation was initiated to identify wheat varieties and adapted germplasm for early
(October) sowing under warmer temperatures that exploit the residual moisture and escape
terminal heat stress.
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2. Materials and Methods

The term ‘early (October) sowing’ used in this manuscript refers to sowing under
third week of October. Weather data were recorded for the three years of experimentations
in Northwest India is given in Figure 1 as an example.
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2.1. Experiment 1: Field Trials of 3222 Diverse Wheat Genotypes

A set of 3322 diverse high-yielding bread wheat lines showing a range of maturity and
improved wheat varieties were prepared at CIMMYT headquarter in Mexico and provided
to national partners. The details of lines with pedigree and other information is provided
as supplementary file (Table S1). The lines were planted in an augmented design in six
locations (Ludhiana, Karnal, New Delhi, Indore, Pune and Dharwad) spread over NWPZ
and CPZ of India under early (October) sowing in year 2012. The date of sowing in these
locations varied from October 19–22. Five checks (Super 152, PBW 343, Baj, Munal#1 and
Danphe#1) were planted every 20th plot throughout the trial. Since the objective was to
identify wheat lines that can demonstrate superior agronomic performance under early
(October) sowing, no trial was conducted under normal (November) sowing.

Planting of trial was done by hand in paired rows/line by keeping plot size of
2 m length. Row to row spacing was 25 cm while plant to plant by 3–5 cm at all the
locations. The agronomic practices adopted were those recommended for normal fertility
(120 kg N: 60 kg P2O5: 40 kg K2O ha−1). As per recommended practice, K2O and P2O5 were
applied only at the time of sowing, while nitrogen was split in to three stages: 60 kg N ha−1

at sowing, 30 kg N ha−1 at first irrigation (21 days after sowing) and 30 kg N ha−1 at the
second irrigation (45 days after sowing). A total of 5 irrigations were given in NWPZ trials
while 4 were given in CPZ, the first being on the 21st day after sowing. Data were recorded
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for five traits: days to heading (DH), plant height (PH), thousand-grain weight (TGW),
grain yield (GY) and canopy temperature (CT).

2.2. Experiment 2: Genotyping of Germplasm for Ppd and Vrn Genes

To understand the distribution of Ppd and Vrn genes in the germplasm evaluated for
early (October) sowing, these genotypes were screened for Ppd and Vrn genes described
below. This was achieved for 3209 lines tested in the first year. This included 2748 lines
from CIMMYT and 461 lines from national programs.

The DNA samples were provided by CIMMYT, while molecular mapping was done
at Leibniz Institute of Plant Genetics and Crop Plant Research (IPK), Germany.

2.2.1. Genotyping of Ppd-D1

The photoperiodism gene Ppd-D1 on chromosome 2DS is the major photoperiod
response locus in wheat and codes for a gene of the pseudo-response regulator (PRR)
family [9]. A semi-dominant mutation widely used in the ‘green revolution’ converts
wheat from a long day (LD) to a photoperiod insensitive (day neutral) plant. Varieties
with the photoperiod insensitive Ppd-D1a allele, which causes early flowering in short
day (SD) or LDs had a 2 kb deletion upstream of the coding region [9]. Specific primers
monitoring the presence or absence of this deletion can be used to distinguish wildtype
plants (photoperiod sensitive) from plants carrying the mutant allele Ppd-D1a (photoperiod
insensitive). Therefore, genotyping of all the lines was done with the Ppd-D1 specific
primers (Figure S1).

2.2.2. Genotyping of Vrn-1 Genes

The series of Vrn-1 genes, Vrn-A1, Vrn-B1 and Vrn-D1 is located on chromosomes 5AL,
5BL and 5DL, respectively. The gene product is most likely the MADS box gene AP1 [21].
The Vrn genes determine the vernalization requirement for wheat. In winter wheat, all
three loci are usually found in recessive state, while in spring wheat one or several loci
contain dominant alleles [22]. The INDEL markers specific to all three genes were available,
which were used in genotyping of CIMMYT and country lines (Figures S2–S4).

2.2.3. Genotyping of Vrn-B3

The vernalization gene VRN3 encodes a RAF kinase inhibitor-like protein with high
homology to Arabidopsis protein FLOWstERING LOCUS T (FT) [23,24]. Gene Vrn-B3 is
located on the short arm of wheat chromosome 7B. It determines, besides the loci Vrn-A1,
Vrn-B1 and Vrn-D1, the spring or winter-type of wheat varieties. In winter wheat, all four
genes are usually present in a recessive state [22]. When one or several of the four loci are
present in a dominant state, the variety can be considered a spring variety. The genotyping
was conducted according to the protocol of [22] (Figure S5).

2.2.4. Genotyping of Photoperiod Insensitive Ppd-A1a Mutations

In hexaploid wheat, mutations conferring photoperiod insensitivity have been mapped
on the 2B (Ppd-B1) and 2D (Ppd-D1) chromosomes. The mutation in A-genome of hexaploid
wheat is lacking so far. However, the mutations by deletions in PRR (pseudo response
regulator) gene of A-genome in tetraploid wheat were associated with photoperiod insen-
sitivity. We applied a marker set developed for tetraploid wheat [25] to the CIMMYT and
country lines (Figure S6).

2.2.5. Genotyping of SSR-Marker GWM4167 Associated to Ppd-B1

Since, for the gene Ppd-B1, no gene specific markers were available during genotyping,
we decided to test a linked SSR-Marker. In the study by Zanke et al. (2014), it was shown
that the SSR-marker allele GWM4167-217bp was associated with a delay in flowering in
European winter wheat. GWM4167 maps to a similar position like Ppd-B1 and it was
assumed that the effect may be due to Ppd-B1 [26].
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2.2.6. Genotyping of SSR-Marker GWM291 Associated to Vrn-A2

VRN2 is a dominant repressor of flowering and down-regulated by vernalization. The
VRN2 region includes two similar ZCCT genes encoding proteins with a putative zinc
finger and a CCT domain that have no clear homologs in Arabidopsis [23,24]. Vrn-A2 is
located on the distal end of chromosome 5AL, and no mutants derived from this gene have
been described as markers. However, a strong effect of the microsatellite allele GWM291-
176bp for decreasing the time to heading was described in European winter wheat [26].
Since GWM291 is in the same chromosomal region as Vrn-A2, the effects were attributed
to Vrn-A2 [26].

2.2.7. Marker Ppd-B1_R36-F31 Detecting Copy Number Variation at Locus Ppd-B1

For the insensitivity locus Ppd-B1 on chromosome 2BS so far, no candidate mutations
in the gene sequence have been described. Recent research showed that alleles with an
increased copy number of Ppd-B1 confer an early flowering day neutral phenotype [27].
Specific PCR primers detecting the junction between intact Ppd-B1 copies as described in
the varieties ‘Sonora’ and ‘Timstein’ were used to identify varieties with several copies
of Ppd-B1.

2.3. Experiment 3: Field Trials of Adapted Breeding Materials under October Sowing in NWPZ
and CPZ of India in Crop Season 2013–2014

Wheat lines, including local check, found adapted and high-yielding for early sowing
in Northwestern Mexico, and NWPZ and CPZ of India were tested in year 2013–2014 in
replicated yield trials at the same six locations in India to identify best adapted germplasm.
Each trial comprised of 48 genotypes and two local checks that were the best locally
adapted varieties in the two zones. Each trial had 3 replications and was arranged in
an α lattice design. Planting was done on the second fortnight of October with date of
sowing falling between October 19–22. Standard plot size of 6 rows of 6 m with row
to row spacing of 20 cm was used. Agronomic management was used as described in
experiment 1. Data was recorded for grain yield (GY) and for other traits; days to heading
(DH), days to maturity (DM), plant height (PH) and thousand grains weight (TGW). Like
experiment 1, the objective was to identify wheat lines that can demonstrate superior
agronomic performance under early (October) sowing, hence no trial was conducted under
normal (November) sowing.

2.4. Experiment 4: Field Trials of Adapted Breeding Materials under October Sowing in NWPZ of
India in Crop Season 2014–2015

Since performance of wheat lines was much better in NWPZ under October sowing,
a set of 30 lines was tested in crop season 2014–2015 in replicated yield trials at the same
three locations of NWPZ India (Karnal, Ludhiana and Hisar) to further identify adapted
genotypes for October sowing. Each trial was comprised of 28 genotypes and two local
checks (HD 2967 and DPW 621-50) that were the best locally adapted varieties in NWPZ.
Each trial had 3 replications and was arranged in an α lattice design. Planting was done on
the second fortnight of October, i.e., between October 19–21. Standard plot size of 6 rows
of 6 m with row to row spacing of 20 cm was used. Agronomic management was used
as described in the previous experiment. Observations were recorded for yield and yield
traits as mentioned in experiment 3.

2.5. Statistical Analysis

For each trial, data analysis was done using R software following a mixed model
approach and using the adjusted means for each genotype at individual as well multiple
locations in each time of the year. In the analysis of variance and the variance estimates,
the model was as shown below.

Y = checks + location + checks × location + genotypes + genotypes × location + error
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Least square means were estimated for the lines in the trial. The mean grain yield of a
genotype was also expressed as percent of the local check using the following formula:

%GY =

(
GYg
GYc

)
× 100

where GYg is the mean grain yield of a line and GYc is the mean grain yield of the
local check.

The analysis of variance for all traits was done together in the first year using all six
locations. However, in the next two years, analysis was done separately for each zone for
each of the two years using data of three locations for each of the two zones. To identify
superior lines across locations, we performed stability analysis using the SREG model [28]
for the response of the lines on the combination of the 5 sites for yield, and yield related
traits (DH, DM, PM and TGW).

The sites regression model (SREG) was:

yij. = µj + ∑t
k=1 λkαikγjk + εij. (1)

where, yij. is the mean of the ith cultivar in the jth environment for g cultivars and e sites
(i = 1, 2, . . . , g and j = 1, 2, . . . , e); µj is the site mean; λk (λ1 ≥ λ2 ≥ . . . ≥ λt) are
scaling constants (singular values) that allow the imposition of orthonormality constraints
on the singular vectors for cultivars, αk = (α1k, . . . ,αgk)′ and sites, γk = (γ1k, . . . ,γek)′,
such that ∑i α

2
ik = ∑j γ

2
jk = 1 and ∑i αikαik′ = ∑j γjkγjk′ = 0 for k 6= k′; αik and γjk, for

k = 1, 2, 3, . . . , are called “primary,” ”secondary,” “tertiary,” . . . , effects of ith cultivar and
the jth site, respectively; εij. is the residual error assumed to be normally and independent
distributed with 0 means and variance σ2/r (where σ2 is the pooled error variance and r is
the number of replicates). The number of bilinear terms is t ≤min (g, e). Estimates of the
multiplicative parameters in the kth bilinear term are obtained as the kth component of the
deviations from the additive part of the model. In the SREG model, only the main effects
of cultivars plus the G×E are absorbed into the bilinear terms.

3. Results
3.1. Performance of 3322 Wheat Genotypes Set for Agronomic Traits in the Early (October)
SOWN Conditions

The 3322 genotypes that included CIMMYT breeding lines and spring wheat cultivars
collected from different countries, displayed significant variation for grain yield and yield
traits: DH, DM, PH and TGW (Table 1). The average range of different traits over locations
was very high, for instance 1.1–8.2 t/ha for grain yield, 53–112 for DH, 70–143 for DM,
36–121 cm for PH and 18–53 g for TGW (Table 2). The DH, an important trait for early
sowing (Figure 2) indicated that the vegetative phase at locations in the NWPZ was longer
than CPZ locations for all wheat genotypes tested. The longest vegetative phase was
observed at Karnal, while the shortest at Dharwad (Figure 2). The best performing lines
displayed almost similar ranges for the heading date in both zones (NWPZ and CPZ) of
India. However, the best lines from CZ showed a slightly earlier heading day compared to
lines selected from NWPZ.

Table 1. Analysis of variance of five traits in 3226 genotypes of wheat when evaluated under six locations of India under
early (October) sowing conditions.

Source df
Mean Sum of Squares

GY Heading Maturity Pl Height TGW

Genotype 3326 173,725 ** 2661.8 ** 2574.6 ** 1125.1 ** 1339.0 **
Error 15,713 31,919 82.8 415.3 77.9 41.4

F value 5.44 32.14 6.20 14.44 32.33

** Significant at p < 0.0001.

36



Genes 2021, 12, 1808

Table 2. Mean and variance for the five traits for 3226 genotypes of wheat when evaluated under six locations of India
under early (October) sowing conditions.

GY per Plot (t/ha) Heading (Days) Maturity (Days) Pl Height (cm) TGW (g)

Range 1.1–8.2 53–112 70–143 36–121 18–53
Var_Genotype 1.10 12.19 2.54 22.17 6.69

Var_Resid 324.9586 82.82 415.33 77.94 41.42
Mean 4.4651 83.72 124.37 90.00 43.83
LSD 1.4 7 16 7 5
CV 13.9 10.9 6.4 9.8 14.7

Heritability 0.200 0.4689 0.354 0.6306 0.4922
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Figure 2. Box-plot for heading date of 3222 CIMMYT lines and global cultivars in Mexico and six different environments
in India in 2012–2013. Y: Ciudad Obregon, L: Ludhiana, India, K: Karnal. D: Delhi, Dh: Dhawar. I: Indore, P: Pune.
The standard error bars are shown as dotted lines and circles as outliers. The horizontal bar in the box is the median or
50th percentile.

3.2. Genotyping of Germplasm for Ppd and Vrn Genes

The result of genotyping were obtained as follows:
For the Ppd-D1 specific primers, there were 93.6% of the insensitive allele in the

CIMMYT lines, and 87% in the country lines (Figure S1). In the cases of Vrn-A1, Vrn-B1
and Vrn-D1, 2.8%, 11.1% and 1.1% of recessive alleles were discovered in the CIMMYT
lines, and 35.4%, 34.9% and 38.4% in the country lines, respectively (Figure S2–S4). The
percentage of heterozygotes ranged from 0.58% to 4.77%. We studied the effect of known
Ppd and Vrn genes on the heading days (Figure 3, Table S3). The Ppd-D1a gene was
very significantly associated with heading in Dharwar (p-value = 3.63×10−43), DWR Karnal
(p-value = 2.20×10−18), Indore (p-value = 3.72 ×10−19), Ludhiana (p-value = 2.89×10−22),
Obregon (p-value = 9.31×10−36) and Pune (p-value = 1.31×10−42). Similarly, the VRN-A1 gene
was significantly associated with heading in DWR Karnal (p-value = 2.19×10−9), Ludhiana
(p-value = 2.68 ×10−6), Dharwar (p-value = 8.53 ×10−21), Obregon (p-value = 2.66×10−17)
and Pune (p-value = 5.36 ×10−20). The VRN-B1 gene was also associated with heading in
Dharwar (p-value = 1.42 ×10−3). We also observed clear differences in the days to heading
means of the lines with sensitive and insensitive alleles at the Ppd-D1a gene and dominant
and recessive alleles at the VRN-A1 and VRN-B1 genes.
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In the case of Vrn-B3, of 2751 CIMMYT lines, 2730 lines showed recessive alleles.
Likewise, in 461 country lines, 450 were recessive (Figure S5). There were no heterozygotes
in CIMMYT lines, while four country lines showed this feature.

For Ppd-A1a, a total of nine insensitive genotypes and six heterozygous genotypes
were detected in the CIMMYT lines (Figure S6).

Genotyping of GWM4167 (=WMS4167) associated with Ppd-B1 resulted in eight
alleles for the CIMMYT lines (Figure S7) and seven alleles for the country lines (Figure S8).
The flowering-delaying allele GWM4167-217bp was present in 589 CIMMYT lines and
51 country lines.

The genotyping of the Vrn-A2 linked GWM291 (=WMS291) resulted in eight alleles
for the CIMMYT lines (Figure S9) and in 17 alleles for the country lines (Figure S10). The
beneficial allele GWM291-176bp was present in 14 lines of the CIMMYT population and
four lines of the country lines.

For the insensitivity locus Ppd-B1 on chromosome 2BS, the insensitive genotype
was discovered in 1206 (43.8%) of the CIMMYT lines and in 179 (38.8%) of the country
lines (Figure S11).

3.3. Performance of Elite Lines in the Early (October) Sown Conditions

Based on selection and testing of best lines from the original set of 3322 diverse
genotypes, the results obtained are given below.

The details summary of allele types, numbers and frequency based on DNA analysis
of markers associated with Vrn and Ppd genes is given in Table S2.

3.3.1. Evaluation during 2013–2014 Crop Season—NWPZ

In the NWPZ zone, significant variation for yield and yield traits was observed among
the 50 lines tested in the October sown trial at the three locations (Ludhiana, Karnal and
New Delhi) (Table 3). This variation was also supported by the box plot for grain yield and
yield traits (Figure 4). The biplot and dendrogram drawn for the three locations of NWPZ
showed that the three locations showed different behavior for grain yield and plant height,
but TGW and DM expressed high similarity in Ludhiana and Karnal (Figure S12).

Table 3. Analysis of variance of grain yield and yield traits of wheat genotypes when evaluated under three locations of
NWPZ of India under early (October) sowing conditions in 2013–2014 and 2014–2015.

Source df
Mean Sum of Squares (50 Genotypes 2013–2014)

GY Heading Pl Height TGW

Loc 2 3527.04 ** 7650.75 ** 1614.72 ** 4.06
Rep (Loc) 3 62.04 2.00 3.96 9.83
Genotype 49 172.66 ** 28.18 ** 63.42 ** 15.33 **
Loc × Genotype 98 111.76 ** 8.44 ** 31.08 ** 15.29 **
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Table 3. Cont.

Source df
Mean Sum of Squares (50 Genotypes 2013–2014)

GY Heading Pl Height TGW

Mean Sum of Squares (30 Genotypes 2014–2015)

Loc 2 6591.66 ** 9669.93 7957.21 ** 988.24 **
Rep (Loc) 3 77.65 4.12 8.78 4.13
Genotype 30 132.95 ** 10.94 3.77 9.20 **
Loc × Genotype 74.14 ** 13.29 33.20 ** 16.72 **

** Significant at p < 0.0001.
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October sowing in NWPZ were found significantly superior to HD 2967 (Table 4). 

Figure 4. Box plot for grain yield and yield traits in early sown trial of 50 lines tested in three
locations (Ludhiana, Karnal and New Delhi) of NWPZ of India in 2013–2014. The standard error
bars are shown as dotted lines and circles as outliers. The horizontal bar in the box is the median or
50th percentile.

The biplot for grain yield and yield traits showed that under October sowing of
2013–2014 in three locations of NWPZ, the most stable performance for grain yield was
shown by genotypes: BMZ-NW-9, BMZ-NW-4 and the check variety BMZ-NW-7 (DPW 621-50)
(Figures S12 and S13). However, the numerical value of mean grain yield showed that the
best genotype was BMZ-NW-16, which was significantly superior to the check DPW 621-50,
which performed better than the other check HD 2967, the most dominant variety of NWPZ
covering more than half of the wheat area under this zone (Table 4). Although no other
genotype was significantly superior to DPW 621-50, ten genotypes tested under October
sowing in NWPZ were found significantly superior to HD 2967 (Table 4).
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3.3.2. Evaluation during 2013–2014 Crop Season—CPZ

Like the NWPZ, CPZ zone also showed significant variation for yield and yield traits
among the 50 lines tested under early (October) sown conditions at the three locations
(Indore, Pune and Dharwad) in 2013–2014 crop season (Table 5). The biplot and dendro-
gram drawn for the three locations of CPZ showed that the three locations showed different
behavior for all four traits, although there was some similarity with Pune and Dharwad
except for plant height (Figure S14).

Table 5. Analysis of variance of grain yield and yield traits of wheat genotypes evaluated at three locations of CPZ of India
under early (October) sowing conditions in 2013–2014.

Source df
Mean Sum of Squares (50 Genotypes 2013–2014)

GY Heading Pl Height TGW

Loc 2 4890.66 ** 17,617.04 ** 8631.54 ** 7482.93 **
Rep(Loc) 3 136.25 236.11 ** 60.85 12.40
Geno 49 5025.41 ** 3660.75 ** 4553.41 ** 3364.82 **
Loc × Geno 98 6924.13 ** 1464.96 ** 1694.79 ** 992.25 **

** Significant at p < 0.0001.

The biplot for grain yield and yield traits showed that under October sowing of
2013–2014 in three locations of CPZ, the most stable performance for grain yield was
shown by genotypes: BMZ-CPZ-12, BMZ-CPZ-4 and BMZ-CPZ-36 (Figure S15). However,
the numerical value of mean grain yield showed that the best genotype was BMZ-CPZ-07
which was significantly superior to the check MACS 6222 which performed much better
than the other check GW 322, the most dominant variety of CPZ (Table 6). Although
no other genotype was significantly superior to MACS 6222, ten genotypes tested under
October sowing in CPZ were significantly superior to GW 322 (Table 6).

Overall, several stable lines with grain yield advantage of more than 1.0 t/ha over
the most popular varieties (HD 2967 in NWPZ and GW 322 in CPZ) were obtained in
both zones of India (Tables 4 and 6). This was an interesting evidence to demonstrate that
there is ample possibility of obtaining wheat genotypes for October sowing and that in
future varieties for early sowing, which are supposed to possess early heat tolerance, can
be developed and released for farmers.

3.3.3. Performance of Genotypes in 2014–2015 Crop Season in NWPZ

Like the 2013–2014 season, a significant variation was again noted for yield and yield
traits in the 2014–2015 season among the 30 lines tested in the October sown trial at the
three locations (Ludhiana, Karnal and New Delhi) (Table 3). The biplot and dendrogram
drawn for the three locations of NWPZ showed that the three locations showed different
behavior for grain yield and plant height, but TGW and DM expressed quite similarly in
Ludhiana and Karnal (Figure S16). The PCA between traits within location and suggests
strong interaction of environment on heading days (Figure S17)

The impressive performance of some of the new lines in the NWPZ zone under
October sowing was again demonstrated in the crop season 2014–2015 (Table 7). The
average performance for grain yield and yield traits showed that under October sowing of
2014–2015 in three locations of NWPZ, the most stable performance for grain yield was
shown by genotypes: BMZ-NW-16, BMZ-NW-7, BMZ-NW-9, BMZ-NW-4 and BMZ-NW-42
(Table 7). All these lines were significantly superior to the check variety HD 2967, which
has been most popular among farmers in the years of these experimentations (Table 7).
Their superiority in numerical terms over HD 2967 was in the range of 11–27%. Since
performance of genotypes varied across locations as indicated by significant Loc*Geno
interaction, genotypes that performed significantly superior to checks differed in each of
the three locations.
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4. Discussion

Since green revolution, the wheat breeding programs in different countries of South
Asia have released a significant number of well adapted wheat varieties and thus have been
able to sustain wheat production matching with the need of the regions. The collaboration
between CIMMYT and South Asian countries have played a major role in this developing
varieties adapted to variable conditions in different agro-ecological zones [1,29]. However,
these varieties were released for normal (November) or late (December) sowings under
different management conditions. In parts of Punjab, farmers used to plant mostly in the
first fortnight of November, but a few as early as in the end of October. However, wheat
planting much earlier, i.e., in the third week of October due to its various advantages under
changing weather patterns continues to be a dream for the farmers. As the monsoon period
is the major rainfall period, farmers desired to plant wheat earlier in the season in many
parts of northwestern and central India to take advantage of the residual moisture and
escape terminal heat stress in the month of March since if planted early, wheat would be
past physiological maturity by that time [30]. However, whenever this was attempted, the
wheat crop used developed too quickly under the warm/hot early seedling conditions,
resulting in reduction in biomass, ear and grain numbers, with resultant decreases in
yield. The reason being the prevalent wheat varieties being poorly adapted to warmer
temperatures at juvenile stages. In fact, breeding was never done for heat tolerance at the
juvenile stage, and hence there was no knowledge on this subject.

The results of this study showed that wheat lines with early heat tolerance can be
obtained if diverse breeding lines are exposed to selection under October sowing [30]. The
performance of top lines reached to almost 8 t/ha, which is remarkable compared to the
performance of Elite Spring Wheat Yield Trial (ESWYT) lines under November sowing,
which hardly exceeded 6 t/ha [31]. This performance was observed under similar fertilizer
and irrigation management. Hence, the research results are expected to benefit wheat
growers and consumers through this new type of wheat germplasm, which can perform
well under early sowing. The sustainability of wheat production will be further enhanced
by reduced pumping of water. Since there are machines available like Happy Seeder, super
seeder and super straw management system in the combines, early planting is possible
immediately after harvest [32]. This throws another advantage of reducing straw burning
and the consequent emissions of greenhouse gases. Since varieties suitable for early sowing
were not available in the past, there was no scope of immediate planting after rice harvest
which mostly (about 90%) happens in the month of October. The availability of wheat
varieties with early heat tolerance, therefore, is expected to generate all round benefits to
the farmers and the sustainability of environment.

The superior performing genotypes under early sowing can be used in crossing pro-
gram for further strengthening breeding for early heat tolerance in a systematic manner.
Hence, the results of this study showing possibility of breeding for early heat tolerance will
be applicable to many wheat growing areas worldwide. The ultimate users will be small-
holder wheat farmers in both irrigated and rainfed situations in South Asia estimated to
exceed 10 million wheat farming households, and through spin-off effects on technology de-
velopment in other parts of the world [33]. Farmers will have options for more sustainable
and productive farming systems, even under conditions of climate change. Intermediate
users of the technology will include the All India Co-ordinated Wheat Improvement Project
(AICWIP) through national wheat breeding program; and National Agriculture Research
System (NARS) breeding programs in development of superior wheat varieties. Most
NARS in the developing world have well-established linkages with CIMMYT and receive
wheat nurseries and trials annually [20]; CIMMYT spring and winter bread wheat breed-
ing programs that are partners in this project for development of lines for international
distribution; and breeding programs in developed countries for use as parents in variety
development [34]. This is likely at the organizations involved in this experimentation, but
also others, as information and germplasm will be freely available.
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The most common vernalization alleles in the project materials were the dominant
spring alleles Vrn-D1a, followed by Vrn-B1a. The Japanese cultivar ‘Akakomugi’ is thought
to be the donor parent of the Vrn-D1a allele in CIMMYT wheat [35], which was later
transferred into early Green Revolution cultivars like ‘Lerma Rojo’ and ‘Sonora 64.’ These
two cultivars are also thought to be the potential source of the Vrn-D1a allele in South and
Southeast Asian wheat [35,36]. Furthermore, it has been concluded that the highest yield
was predicted for varieties containing Vrn-D1a [37]. While the frequency of both alleles
was above 90% in CIMMYT lines the frequency was lower in the set of global cultivars and
also in a set of lines released in India [38].

Plant height is one of the crucial traits to understand cultivars superiority under early
sown condition. However, we observed a poor correlation (0.109, p < 0.001; Figure S17)
between plant height and grain yield, indicating that plant height did not play a significant
role to get higher yield under early sown condition. However, it has been shown that early
planted wheat plants gain slightly more height compared to those normally sown [39].
The dominant spring wheat allele Vrn-A1a was almost absent in CIMMYT wheat, but was
present in 39% of global cultivar set. When released cultivars in India were evaluated for
the Vrn-1 genes, a high frequency (>60%) for the Vrn-A1a allele was observed [40]. No or
very little variation in all datasets was observed for Vrn-A2 and Vrn-B3. A slightly higher
frequency of the Vrn-A2 was selected for CZ.

The allele Ppd-D1a was the predominant photoperiod insensitive allele in the lines
evaluated. The Ppd-D1a allele was introduced into CIMMYT wheat since Norman Borlaug
shuttled germplasm between two contrasting environments in Mexico and exposed wheat
materials to diverse photoperiods and temperatures. The Ppd-B1 alleles showed the highest
variation across datasets of genotypes investigated. A lower frequency of the insensitive
allele Ppd-B1a was selected for NWPZ and CZ. At the same time, a higher frequency of
the Ppd-B1(217bp) allele was selected for both NWPZ and CZ. In the set of global wheat
cultivars, the frequency of the Ppd-B1a allele was similar than in the NWPZ and CZ
selections. The frequency of the allele Ppd-B1(217bp) was lowest in the global cultivars set.
The Ppd-A1a alleles were first described in durum wheat and are present CIMMYT bread
wheat germplasm due to introgressions from synthetic hexaploid wheat, but with low
frequency. Synthetic hexaploid is developed by creating a cross between Aegilops tauschii
and durum wheat. Only 0.3% of all CIMMYT lines contained this allele, and none of those
lines was further selected. The allele was not observed in the set of global cultivars.

It is a well noted history that since the early days of Green Revolution, the Indo-
Gangetic Plains of South Asia has transformed this region from a food deficit to a food
surplus region. At present this region produces about 15% of global wheat production and
is inhabited by one sixth of the world population. Enough concerns have been expressed
about this region being under threat from climate change, mainly heat and water stress, and
may get converted to a sub-optimal wheat belt by the year 2050 [3]. A number of challenges
in wheat production have been described for India [1] and whole of South Asia [2].

There are indications that useful variation for heat tolerance is available in the wheat
gene pool [1,41,42]. The best way to breed for terminal heat tolerance in wheat has been to
delay planting so that wheat populations are exposed to high temperatures from heading
onwards and thereby there is high chance of selection for only those plants that have
high terminal heat tolerance. Likewise, as shown in this study, early sowing can be
done to select for lines that have tolerance to early high temperature. However, the
reason for superior performance by a good number of lines under early sowing is not
fully understood. There is possibility that it is combination of mild vernalization, superior
agronomic performance and some unknown genes that might be supporting proper growth
and tillering under early heat. In fact, the genetic control of adaptation response and heat
tolerance is poorly understood. Major genes underlying adaptation have been identified
in recent years, namely those controlling vernalization response, photoperiod sensitivity
and development rate “earliness per se” [9–12]. To bridge the gaps in the knowledge of the
effects of possible allele combination on adaptation in specific environments was attempted
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to address (Figure 3 and Table S3). A linear model was fitted with days to heading in
different environments as the y-variable and the alleles at the Ppd-D1a, VRN-A1, VRN-B1
and VRN-D1 genes as the x-variables. The effects of the alleles on heading in different
environments and the p-values for the test of the significance of the effects were obtained
using a two-tailed t-test. The Vrn genes determine the control of the spring/winter wheat
difference by defining the chilling hours required by the wheat plant to be able to flower,
while the Ppd genes play an important part in delaying flowering time in the spring after
vernalization requirement has been satisfied [43]. The effects of the Eps loci may facilitate
more subtle manipulation of the life cycle for regional adaptation. QTL studies have
described various regions of potential Eps genes [13,14,44,45]. Allelic variation for some
QTL, for example effects on 4B, 6A, 7D, appear to occur frequently in diverse germplasm.
Vrn, Ppd and Eps genes additionally function in epistatic interaction [15]. Large numbers of
allele combination will therefore be involved in determining the regulation of growth habit
and optimal adaptation to a certain environment [46,47]. Further work will be required to
understand the genetic basis of superior performance of wheat lines under early sowing.

Overall, the study resulted in proving the fact that it is possible to obtain wheat lines
that can demonstrate significantly superior grain yield and agronomic traits under early
sowing conditions of south Asia that has potential to give additional 1 t/ha yield under
same agronomic management. Based on the benefits of these trials, Indian Council of
Agricultural Research (ICAR), New Delhi initiated coordinated trials for early sowing in
India for the first time with the purpose of breeding and encouraging wheat planting in
the third week of October. Consequently, in the year 2020, three wheat varieties (DBW187,
DBW303 and WH1270) were identified for release for early sown irrigated conditions in the
NWPZ of India, the first case of this kind in India (https://www.aicrpwheatbarley.org/wp-
content/uploads/2020/08/VIC-proceedings-2020.pdf, accessed on 15 September 2021).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/genes12111808/s1, Figure S1: Genotyping results for Ppd-D1, Figure S2: Genotyping re-
sults for Vrn-A1, Figure S3: Genotyping results for Vrn-B1, Figure S4: Genotyping results for
Vrn-D1, Figure S5: Genotyping results for Vrn-B3 in CIMMYT and country lines, Figure S6: Geno-
typing results for Ppd-A1, Figure S7: Genotyping of SSR-marker WMS4167 (linked to Ppd-B1)
in the CIMMYT lines, Figure S8: Genotyping of SSR-marker WMS4167 (linked to Ppd-B1) in
the country lines, Figure S9: Genotyping of SSR-marker WMS291 (linked toVrn-A2) in the CIM-
MYT lines, Figure S10: Genotyping of SSR-marker WMS291 (linked to Vrn-A2) in the country lines,
Figure S11: Genotyping results for Ppd-B1_R36-F31, Figure S12: Biplot and dendrogram for three
locations of NWPZ of India for grain yield and yield traits when diverse 50 wheat lines were tested
under October sowing of 2013–2014, Figure S13: Biplot for grain yield and yield traits for 50 lines
tested under October sowing of 2013–2014 in three locations of NWPZ of India, Figure S14: Biplot and
dendrogram for three locations of CPZ of India for grain yield and yield traits when diverse 50 wheat
lines were tested under October sowing of 2013–2014, Figure S15: Biplot for grain yield and yield
traits for 50 lines tested under October sowing in three locations of CPZ of India in 2013–2014, Figure
S16: Biplot and dendrogram for three locations of NWPZ of India for grain yield and yield traits
when diverse 30 wheat lines were tested under October sowing of 2014-2015. Figure S17: PCA plot
of the traits in the different environments. Figure S18: Line Fit Plot for plant height and grain yield
for 3222 lines evaluated under early sown condition. Table S1: Details of lines with pedigree, origin
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among heading and alleles of Ppd and Vrn genes.
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Abstract: Some of the key genes and regulatory mechanisms controlling drought response in durum
wheat have been identified. One of the major challenges for breeders is how to use this knowledge for
the achievement of drought stress tolerance. In the present study, we report the expression profiles
of the TdDRF1 gene, at consecutive plant growth stages, from different durum wheat genotypes
evaluated in two different field environments. The expression of a possible target gene (Wdnh13) of
the TdDRF1 gene was also investigated and analogies with the transcript profiles were found. The
results of the qRT-PCR highlighted differences in molecular patterns, thus suggesting a genotype
dependency of the TdDRF1 gene expression in response to the stress induced. Furthermore, a
statistical association between the expression of TdDRF1 transcripts and agronomic traits was also
performed and significant differences were found among genotypes, suggesting a relationship. One
of the genotypes was found to combine molecular and agronomic characteristics.

Keywords: durum wheat; expression profiles; field trials; qRT-PCR; TdDRF1 gene; transcription
factors; Wdhn13

1. Introduction

Unmitigated climate change due to increasing greenhouse gas emissions will have
an adverse impact on plant growth and crop yield in some areas of the world, including
through the more frequent occurrences of drought stress [1,2]. To mitigate against water
scarcity and/or irregular availability and to enhance the sustainability of global food
production, it is necessary to explore avenues for producing more food with proportionally
less water [3]. Cereals are our dominant source of food, with wheat playing a major
contribution to human diet and health [4]. Durum wheat (Triticum turgidum var. durum) is
largely cultivated in the Mediterranean basin and other semi-arid and marginal areas, with
the milled product being used mainly for making pasta and other staple foods.

Plants deploy complex mechanisms to cope with stresses like dehydration. Several
genes have been described that are activated at the transcriptional level, with cis- and
trans-acting factors involved in the expression of dehydration responsive genes [5]. The
dehydration responsive element binding (DREB) family of transcription factors (TFs) repre-
sents one of the major players involved in abiotic (dehydration, cold, high salinity) stress
responses [6]. The DREB proteins interact with the drought-responsive element (DRE) motif
in the promoter regions of many stress-inducible genes and belong to the larger AP2/ERF
(APETALA2/ethylene-responsive factor) family, as the DNA binding and recognition is
mediated by the Apetala2 (AP2) domain [6,7]. TFs are therefore good candidates for im-
proving crop tolerance to drought because of their role as master regulators of several
clusters of genes [8–10].

A DREB2-related gene, namely TdDRF1 (Triticum durum dehydration responsive factor
1), was isolated in durum wheat and reported as producing three forms of transcript
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through alternative splicing (AS): TdDRF1.1 and TdDRF1.3, encoding putative TFs con-
taining the AP2/EREBP DNA-binding domain and the nuclear localization signal (NLS),
and TdDRF1.2, encoding a putative abortive protein lacking both the AP2 domain and
the NLS. TdDRF1 gene expression was linked to the plant response to water deficit [11]
and its analysis in different genotypes of durum wheat and one triticale cultivar under
greenhouse conditions and subjecting plants to a moderate dehydration stress resulted
in different genotypic behaviours [12]. Furthermore, a preliminary study of the field ex-
pression of TdDRF1 was also carried out, analysing durum wheat and triticale lines in a
short time-course with five sampling points [13]. The above-mentioned studies revealed
that TdDRF1 gene expression had an important genotype-dependence, as also found for
other transcription factor genes controlling plant response to abiotic stress [14,15] or key
metabolic pathways [16,17]. The relationships among the expression patterns of the three
transcripts and the phenotype response to water stress in a complex field environment are
still largely unknown, highlighting the need for further research to gain more insight into
the gene expression under realistic environmental conditions.

The aim of the present work was to investigate the molecular behaviour of the TdDRF1
gene in the field during a time-course drought stress experiment in six durum wheat
genotypes, and to find whether there was a relationship between the expression of the
TdDRF1 gene and one possible downstream target (Wdhn13 gene). The association between
transcript profile analysis and agronomic performance was also explored.

2. Materials and Methods
2.1. Plant Materials

Six durum wheat genotypes were used in the field experiments (Table 1).

Table 1. Pedigree information, date of release/development, and origin of six durum wheat genotypes
(Country of origin: IT, Italy; MX, Mexico).

Genotype Name Pedigree
Year of

Release or
Development

Country of
Origin

Duilio Cappelli//Anhinga/Flamingo 1984 IT

Altar C84 Ruff/Free
Gallipoli/2/Mexicali75/3/Shwa 1985 MX

AEL *
Gediz//Fgo//Gta/3/Srn_1/4/Totus/
5/Ente/Mexi_2//Hui/3/Yav_1/Gediz/
6/Sombra_20/7/Stot//Altar 84/Ald

2005 ** MX

Creso CpB144×[(Yt54N10B)Cp263Tc3] 1974 IT
Colosseo Mexa/Creso Mutant 1994 IT
Barnacla Arment//Srn_3/Nigris_4/3/Canelo_9.1 2003 ** MX

* AEL: Abbreviation used by authors for this advanced experimental line; ** year of development of the breeding
line, not yet registered or commercially released.

Duilio, Creso, and Colosseo are Italian commercial varieties. The other three geno-
types were developed by the CIMMYT program in Mexico, with Barnacla and AEL being
advanced experimental lines and Altar C84 being a high yielding variety commercially
released in Mexico and other countries.

2.2. Field Experiments

The field trial was conducted at the CIMMYT experimental station (Campo Experi-
mental Norman Ernest Borlaug, CENEB) near Cd. Obregón (Sonora, Mexico) during the
cropping season of 2010. The experiment was arranged in a randomized complete block
design with 4 replicates and plots of 3.36 m2 for each of the two irrigation treatments or
testing environments. The two different irrigation conditions were full irrigation (FI), with
550–600 mm of total water supplied by gravity irrigation during the full crop cycle, and
reduced irrigation (RI), with 220–250 mm of total water applied through a drip system,
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all before heading. In both irrigation conditions plots were fertilized optimally as per the
site-specific agronomic recommendations using a total of 250 units of nitrogen in the form
of urea (50 units at sowing, 100 units at first node, and 100 units at the end of tillering) and
phosphorus (50 units applied at sowing). Plots were maintained free of diseases and pests
via the uniform application of fungicide and insecticide.

2.3. Agronomic Traits

After mechanical harvest of the whole plots, grain yield and thousand kernel weight
were determined and considered in relation with the TdDRF1 expression profiles.

2.4. RNA Extraction

A time-course experiment was designed with a sampling schedule consisting of
7 collection stages (T1 to T7), as reported in Table 2.

Table 2. Leaf collection schedule implemented during the time-course experiment to establish the
expression profile of the TdDRF1 gene.

Time-Course Weeks after T1 Month

T1 (1st collection date) 82 days after sowing End of January
T2 (2nd collection date) 1 Early February
T3 (3rd collection date) 2 February
T4 (4th collection date) 3 February
T5 (5th collection date) 4 End of February
T6 (6th collection date) 5 Early March
T7 (7th collection date) 6 March

This schedule was planned to include the whole growing period, from heading to har-
vest. For each sampling, ten representative flag leaves were harvested for each plot, pooled
together, immediately frozen in liquid nitrogen, and subsequently stored at −80 ◦C prior
to RNA extraction. Total RNA was extracted from the leaves using the TRIzol® Reagent
(Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer’s instructions, and
lyophilized. Lyophilized RNA samples (each yielding being approximately 25–35 µg of
total RNA) were then resuspended in nuclease-free sterile water, qualitatively assessed by
agarose gel electrophoresis, and quantified with a NanoDrop ND-1000 Spectrophotometer
(NanoDrop Technologies, Wilmington, NC, USA).

2.5. Reverse Transcription, Pre-Amplification, and qRT-PCR

A set of specific primers, designed using the Assay-By-Design software (Applied
Biosystems) with a view to obtain three specific and distinguishable fragments correspond-
ing to each TdDRF1 transcript, were used [11] (Supplementary Figure S1).

Supplementary Figure S2 is a schematic representation of the complete procedure
of reverse transcription, pre-amplification, and qRT-PCR. The pre-amplification step was
included to optimize the real-time reactions. A High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Foster City, CA, USA) was used for the reverse transcription
reactions. Samples (20 µL) contained 2 µL of 10× RT Buffer, 0.8 µL of 25× dNTP Mix
(100 mM), 2 µL of 10× RT Random Primers, 1 µL of RNase Inhibitor (20 U/µL), and 2 µg
of total RNA in nuclease-free water. The thermal cycling conditions were 10 min at 25 ◦C,
2 h at 37 ◦C, and 5 min at 85 ◦C and at 4 ◦C. Pre-amplification reactions (50 µL) contained
2 µL of TaqMan® PreAmp Master Mix 2× (Applied Biosystems), 12.5 µL of pooled assay
mix (0.2×, each assay), and 250 ng of cDNA sample in nuclease-free water. Reactions were
held at 95 ◦C for 10 min and then at 95 ◦C for 15 s and 60 ◦C for 4 min 14 times. The
resulting pre-amplified reactions were then diluted (1:20) in 1× TE buffer and used as the
starting material for the subsequent Custom TaqMan® Gene Expression Assays (Applied
Biosystems) for the three target transcripts and the endogenous control carried out in the
Applied Biosystems 7300 Real-Time PCR System. The final volume (20 µL) of a single PCR
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reaction contained 10 µL of 2× TaqMan® Universal PCR Master Mix with AmpErase® UNG
(Applied Biosystems), 1 µL of 20× Custom TaqMan® Gene Expression Assay (Applied
Biosystems), and 2 µL of diluted pre-amplified product as a template. Samples were run in
three biological replicates (from three randomized plots) and three technical replicates.

For endogenous control of relative quantification, different wheat genes were tested:
18S rRNA, TaSNK1 [18], actin, Ta2291, and Ta2776 [19]. The GeNorm algorithm was used to
calculate the gene-stability value (M) for all reference genes according to:

Mj =

n
∑

k=1
Vjk

n− 1
(1)

where Vjk represents the arithmetic mean of all pairwise variations [19]. As the gene with
the lowest M values showed the most stable expression, TaSNK1 was used in our qRT-PCR
assays (Supplementary Table S1).

A relative quantification of the TdDRF1 transcripts was obtained using the ∆∆CT
method [20] for each sample and results were expressed as normalized relative quantity
(NRQ). Furthermore, each expression profile was also calculated as the log2 value of the
fold change (FC) (abundance under stress/abundance under control) for each transcript
and time.

2.6. Transcripts of the Wdhn13 Gene

Based on the literature, the Wdhn13 gene was chosen as a putative target of the regula-
tion by the TdDRF1 transcription factor [21,22], using the sequence from Triticum aestivum,
locus AB297677, deposited in NCBI in 2007. A qRT-PCR analysis was performed on RNA
samples of AEL and of Barnacla collected from both the FI and RI conditions during the time-
course. The following pair of primers was used: FOR 5′-GATGGCAACTACGGGAAGTC-3′

and REV 5′-GCAGCTTGTCCTTGATCTTG-3′, amplifying an 88 bp cDNA fragment, which
was cloned for the setup of the standard curve. qRT-PCR reactions were performed us-
ing SYBR green technology in accordance with the procedure reported by Vítámvás and
colleagues [23].

2.7. Statistical Analyses

All statistical analyses were carried out with IBM SSPS Statistics 23. The analysis of
variance (ANOVA) for each parameter was performed at a 95% confidence level and the
significant difference between means was tested using Tukey’s method when applicable.
Furthermore, the significance of contrast between the up-regulated and down-regulated
TdDRF1 transcripts was also calculated using molecular data as a fixed factor and agronomic
data (GY and TKW) as the variable ones.

3. Results
3.1. Agronomic Data

The grain yield (GY) and thousand kernel weight (TKW) averaged over four replicates
in the two irrigation conditions are reported in Table 3.
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Table 3. Grain yield (GY) in ton/ha and thousand kernel weight (TKW) in g observed for the six
durum wheat genotypes, evaluated under full (FI) and reduced (RI) irrigation conditions. Data
reported are means ± standard deviations.; * p < 0.05; ** p < 0.01.

Genotype
FI RI

GY * TKW GY ** TKW **

Duilio 6.6 ± 0. 44 (ab) 48.2 ± 2.08 (a) 2.5 ± 0.45 (bc) 41.0 ± 1.0 (bc)
Altar C84 6.6 ± 0. 85 (ab) 41.8 ± 2.89 (a) 1.4 ± 0.08 (a) 43.5 ± 0.50 (c)
AEL 7.1 ± 0. 86 (b) 41.8 ± 1.89 (a) 2.4 ± 0.23 (bc) 34.3 ± 1.44 (a)
Creso 5.3 ± 0. 61 (a) 44.0 ± 4.09 (a) 1.8 ± 0.23 (ab) 46.7 ± 1.53 (d)
Colosseo 5.9 ± 0.01 (ab) 48.8 ± 2.02 (a) 2.4 ± 0.36 (bc) 40.2 ± 1.26 (b)
Barnacla 5.8 ± 0. 68 (ab) 41.8 ± 1.26 (a) 3.1 ± 0.62 (c) 40.0 ± 0.50 (b)

Means with the same letter are not significantly different.

3.2. Expression Profiles of TdDRF1 Gene

For each transcript, ANOVA was carried out using a log transformation of normalized
relative quantities (NRQs) of transcript between the two irrigation conditions (FI and RI)
for each time. Significant differences are summarized in Table 4. With regard to the putative
transcription factors, significant differences were found in the TdDRF1.3 transcript at T1, in
both TdDRF1.1 and TdDRF1.3 transcripts at T4, in the TdDRF1.1 transcript at T5, and in the
TdDRF1.3 transcript at T7.

Table 4. ANOVA summery table. Significant differences in TdDRF1 transcripts between FI and RI
conditions during the time-course are shown.

Time Transcript F p

T1 TdDRF1.2 F(1,29) = 8.35 <0.01
TdDRF1.3 F(1,17.47) = 10.78 <0.01

T2 TdDRF1.2 F(1,20.88) = 10.5 <0.01
T4 TdDRF1.1 F(1,31) = 9.86 <0.01

TdDRF1.3 F(1,31) = 10.33 <0.01
T5 TdDRF1.1 F(1,31) = 4.22 <0.05

TdDRF1.2 F(1,29) = 11.06 <0.01
T7 TdDRF1.3 F(1,31) = 18.75 <0.001

F, sample F statistics; p, significance.

For each genotype, NRQs of each transcript calculated during the time-course and
rescaled to its own T1 value are shown in Figure 1. Unfortunately, the samples of Altar
C84 under the RI condition were lost. As each profile value referred to its own T1, the
analyses of transcripts were carried out at a trend level throughout the time-course. Fur-
thermore, the strategy of relative quantification is only suitable for comparing results from
the same transcript between treatments, so that results obtained with primer pairs different
to each other could not be directly compared [20].

Comparing the genotypes shown in Figure 1, the TdDRF1.1 transcript under the FI
condition showed a slightly variable trend with some exceptions: Altar C84, AEL, Creso,
and Colosseo showed a decrease at T3, while Duilio, Altar C84, AEL, and Colosseo showed
an increase at T6. On the other hand, under the RI condition, each genotype showed a
more distinct behaviour: Duilio showed a clear decrease at each time, AEL, Creso, and
Colosseo remained almost constant at their T1 values, with a substantial increase at T7,
while Barnacla showed a higher variability during the time-course with two large increases
at T2 and T6.
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With regard to the TdDRF1.2 transcript under the FI condition, there were differences
mainly at T3, T4, and T5. Duilio, AEL, and Barnacla displayed a large increase in com-
parison with their T1 values, while Altar C84 and Creso remained almost constant and
Colosseo showed a slight increase. Under the RI condition, only Creso showed appreciable
variations during the time-course.

As regards the TdDRF1.3 transcript under the FI condition, all genotypes were found to
be appreciably variable during the time-course with the exception of Barnacla. In particular,
at T3 there was a large increase in Duilio, Altar C84, and Colosseo and, to a lesser extent,
Creso, while AEL was late, showing an increase at T4. Under the RI condition, Duilio and
AEL were almost constant or less than their initial values, while the other three genotypes
showed variations, mainly in Creso and Colosseo and, to a minor extent, in Barnacla.

In addition, a tentative comparison of the trends among the three transcripts was
carried out for each genotype. Duilio showed an overall expression of the three transcripts
under full irrigation, while under reduced irrigation it seemed to be down-regulated
by the water stress. Under full irrigation, Altar C84 showed a complementary acti-
vation of the transcription factors (TdDRF1.1 and TdDRF1.3) at different times. AEL
showed similar behaviours for the TdDRF1.2 and TdDRF1.3 transcripts under full irrigation,
while under reduced irrigation neither transcript showed any appreciable changes, with
TdDRF1.1 being variable. Creso showed an almost constant expression of the three tran-
scripts under full irrigation, while under reduced irrigation the TdDRF1.2 and
TdDRF1.3 transcripts were found to respond to the water stress. On the other hand,
Colosseo expressed mainly the TdDRF1.3 transcript under both conditions, while Barnacla
expressed only the TdDRF1.2 transcript under full irrigation and the TdDRF1.1 transcript
under reduced irrigation with a single peak in the TdDRF1.3 transcript at T4.

The expression profiles represented as fold change (log2 value of the ratio for abun-
dance under stress and abundance under control) for each transcript are shown in Figure 2.
The TdDRF1.1 transcript turned out to be mostly up-regulated in the genotypes, partic-
ularly at T4, T5, and T6, to different extents, with Creso showing the lowest values. The
TdDRF1.2 transcript showed the greatest variability among genotypes, even if all of them
were up-regulated at T5. Both AEL and Duilio showed a similar trend, initially down-
regulated and then shifting to up-regulated at different time points (T3 and T5, respectively).
Creso was mostly down-regulated, while Colosseo showed a swinging trend (up- and
down-regulated at different times). Barnacla was largely up-regulated from T5 onwards.
The TdDRF1.3 transcript was largely up-regulated in Barnacla during the whole time-
course with a peak at T5 (in fact detectable in all its transcripts). On the contrary, all
other genotypes showed a down-regulation throughout the time-course, apart from a light
up-regulation in Colosseo and Duilio at T2 and T5, respectively.

55



Genes 2022, 13, 555

Figure 2. Expression profiles of the three TdDRF1 transcripts. Each expression profile is shown as fold
change (log2 value of the ratio for abundance under stress and abundance under control). Results
referred to five durum wheat genotypes analysed under both FI and RI conditions (TdDRF1.1 in
yellow, TdDRF1.2 in green, and TdDRF1.3 in red, respectively). The time course consisted of seven
points (T1 to T7). Data are represented as mean ± SE.
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3.3. Statistical Association between Fold Change of TdDRF1 Transcripts and Traits

With the aim of finding an association between the agronomical data and the fold
change in the three transcripts under the reduced irrigation condition, molecular data were
represented using a binary code. For each genotype, we assigned a value = 0 representing a
down-regulation and a value = 1 representing an up-regulation at each time point, whatever
the size (see Figure 2). The analysis was carried out at the most relevant times for each
trait analysed, that is, T2 for grain yield (GY) and T6 for thousand kernel weight (TKW),
and was extended to neighbour points T1 and T7, respectively. The contrast between the
molecular data (up- and down-regulation of transcripts) and the traits analysed is shown
in Table 5.

Table 5. Statistical association between molecular and agronomical data under RI condition. Molecu-
lar data were represented as a binary code and agronomical traits are referred to as GY and TKW.

Trait Time Transcript
Estimated LSM

Genotypes 0 Group Genotypes 1 Group p = |t|

GY

T1 TdDRF1.2 All others 2.62 Creso 1.79 <0.05
T1 TdDRF1.3 All others 2.28 Barnacla 3.14 <0.01
T2 TdDRF1.1 Creso 1.79 all others 2.62 <0.01
T2 TdDRF1.2 All others 2.28 Barnacla 3.14 <0.01

TKW

T6 TdDRF1.2 Creso-Barnacla 43.33 Duilio-AEL-
Colosseo 38.50 <0.01

T7 TdDRF1.1 Duilio-Creso-
Colosseo 42.61 AEL-Barnacla 37.17 <0.01

T7 TdDRF1.2 Creso-Colosseo 43.42 Duilio-AEL-
Barnacla 38.44 <0.05

LSM, Estimated least square means; p, significance.

At T2, the TdDRF1.1 transcript was significantly associated to GY, with p < 0.01 and
all up-regulated genotypes showing a mean GY significantly higher than Creso (down-
regulated). TdDRF1.2 was also significantly associated (p < 0.01) to the yield and Barnacla
(up-regulated) showed a GY value significantly higher than the mean GY of all others. On
widening the analysis to T1, Barnacla, characterized by up-regulation of the TdDRF1.3 tran-
script, again showed a GY value significantly higher than all the others.

Considering the other agronomic trait, TKW, a significant association was found at
T6 for TdDRF1.2, and the down-regulated genotypes (Creso and Barnacla) showed a TKW
value significantly higher than that of the up-regulated group (Duilio, AEL, and Colosseo).
On the other hand, widening the analysis to T7, TdDRF1.1 was also significantly associated
to TKW and the group of down-regulated genotypes (Duilio, Creso, and Colosseo) showed
a mean TKW value significantly higher than the up-regulated group (AEL and Barnacla).

3.4. Expression Profile of the Wdhn13 Gene

The Wdhn13 gene encodes for LEA D-11 DHN (dehydrin), which has been reported to
respond to water stress in wheat plants [21,24]. The Wdhn13 gene transcript was analysed
in two genotypes, AEL and Barnacla, under both irrigation conditions. Regardless of
genotypes, significant differences of the Wdhn13 gene transcript were found between FI and
RI conditions at T1, T2, T4, T6, and T7, as shown in Table 6. The expression profiles of the
Wdhn13 gene transcript obtained analysing the environments separately in two genotypes
are reported in Figure 3. Figure 3a refers to the full irrigation condition, while Figure 3b
refers to the reduced irrigation condition. No significant differences were found between
genotypes under FI, with the exception of T2 (p < 0.05), while significant differences were
observed under RI (at T1, T3, and T5).
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Table 6. ANOVA summery table. Significant differences in Wdhn13 gene transcript between FI and
RI conditions during the time-course.

Time F p

T1 F(1,10) = 7.13 <0.05
T2 F(1,10) = 14.1 <0.01
T4 F(1,10) = 6.67 <0.05
T6 F(1,9) = 138.06 <0.0001
T7 F(1,10) = 36.86 <0.0001

F, sample F statistics; p, significance.

Figure 3. The expression profiles of Wdhn13 gene transcript in the two genotypes measured under FI
and RI conditions. (a) The expression profiles of Wdhn13 transcript in AEL and Barnacla observed
under FI condition. (b) The expression profiles of Wdhn13 transcript in AEL and Barnacla observed
under RI condition. Data are represented as mean ± SE. Significance codes: ** p < 0.01, * p < 0.05.

The expression of the Wdhn13 gene transcript in AEL is shown in Figure 4 and demon-
strated significant differences under the two conditions, showing almost opposite concavi-
ties crossing at T3 and T6, suggesting up-regulation under reduced irrigation.

Figure 4. The expression profile of Wdhn13 gene transcript of AEL under FI and RI conditions.
A third-order polynomial trendline was added to highlight the opposite concavities; ** p < 0.01,
* p < 0.05.
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The Wdhn13 gene transcript profiles were also different between the two conditions in
Barnacla, showing a larger variability under reduced irrigation, while the expression levels
under full irrigation were almost stable (Figure 5).

Figure 5. The expression profile of Wdhn13 transcript of Barnacla under FI and RI conditions ** p < 0.01,
* p < 0.05.

4. Discussion

This study was aimed at analysing and comparing the expression levels of the Td-
DRF1 gene in the field under two different irrigation conditions, i.e., full and reduced
irrigation (FI and RI, respectively), taking into account the reported involvement of its
transcripts under water stress. Six different durum wheat genotypes were studied with
the aim of finding any different behaviours among the transcripts. Our results revealed
significant differences in the TdDRF1 transcripts between the two irrigation conditions
at different time points (Table 4). Both the TdDRF1.1 and TdDRF1.3 transcripts showed
significant differences between the two conditions at T4, suggesting their full involvement
in drought response, which continued with TdDRF1.1 at T5 and TdDRF1.3 at T7, pointing
to their possible different role in the trans-activation throughout the time. On the other
hand, these results could reflect the activity of the alternative splicing mechanism during
the time-course, producing and cumulating the three transcripts in different ways as a
response to the environment [25]. The modulation of the TdDRF1.2 transcript is particularly
interesting, as the latter is not directly involved in the downstream gene modulation but,
with high probability, plays an important role in gene regulation through its expression and
degradation via nonsense-mediated mRNA decay or other RNA surveillance mechanisms
during transcript maturation, as reported for the abortive forms produced by the alternative
splicing mechanism [26,27].

Looking at the trends shown in Figure 1 as a whole, every genotype seemed to have its
own transcripts profile, depending mainly on genetics rather than environmental effects, as
was previously observed [11,12,28]. The TdDRF1.1 transcript remained almost steady across
the time-course in both conditions, with few exceptions other than the notable behaviour
of Barnacla under the reduced irrigation condition. Since the TdDRF1.1 transcript results
from the junction of all four exons (E1-E2-E3-E4) present in the gene sequence, it could be
speculated that the quantity of this transcript, as the first product obtained, remains lower
than the other ones, taking into account another mechanism very common in plants, known
as intron retention [29], which could explain the formation of TdDRF1.2 (E1-E2-E4) and
TdDRF1.3 (E1-E4) transcripts from an immature TdDRF1.1 transcript. In addition to a rela-
tively high value for the TdDRF1.1 transcript, Barnacla also showed an opposite behaviour
to the others under reduced irrigation. In the other genotypes, the TdDRF1.3 transcript
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under full irrigation increased throughout the time-course, with some exceptions and to
different extents, with Duilio up to 10-fold. Under reduced irrigation, Duilio and AEL did
not change their initial expression levels, while both Creso and Colosseo showed substan-
tial increases. It is important to underline that all the results are based on a time-course
spanning 124 days from sowing with a seven-day window (Table 2); it could be possible
that, in some cases and particularly under reduced irrigation, the window was too large
to capture the expression modulations based on early and short responses. The a priori
selection of an experimental design aimed at analysing gene expression in the field is a
challenging task, particularly when the study involves transcription factors whose few
molecules are sufficient to respond promptly to the stress by producing a large transcrip-
tional burst of stress-responsive gene expression in a short period. Furthermore, in the field,
plants may experience several distinct abiotic stresses either concurrently or at different
times through the growing season [30], and consequently plant responses to water scarcity
are very complex [31,32]. Finally, durum wheat is an allopolyploid (tetraploid) species
and, due to its large genome size and the high levels of sequence similarity between the
chromosomes duplicated, it is traditionally difficult to analyse [33]. Undeniably, for all the
above-mentioned reasons, the number of gene expression studies using plant materials
from the field is much less covered by the scientific literature than those under controlled
environmental conditions.

With the results represented as the fold change, it is possible to state the expression
levels in terms of down- and up-regulation of transcripts. It is worth noting that Duilio
and AEL showed similar trends for all transcripts with very few differences: TdDRF1.1 was
always up-regulated, while TdDRF1.3 was always down-regulated at all times. This
molecular behaviour may suggest that the early stress response, aimed at activating in
trans downstream genes, is mainly based on the 1.1 isoform. On the whole, the three
transcripts of TdDRF1 in Creso were strongly inhibited by water stress, possibly suggesting
that this genotype employs other genes to cope with drought stress. Colosseo showed
a certain similarity with Duilio and AEL with regard to the TdDRF1.1 transcript. The
molecular behaviour of the TdDRF1 gene in Barnacla was unique, as all transcripts were
largely up-regulated, suggesting a continuous transcription process that cumulates the
three transcripts through a very articulated and complex control of alternative splicing [34].
Interestingly, in the contrast between the molecular and agronomic data, the up-regulation
of the TdDRF1.2 and TdDRF1.3 transcripts, at T2 and T1, respectively, was significantly
associated with grain yield, with Barnacla showing a value higher than the mean of all
the others. The significant associations found by the statistical analyses are intriguing,
but further studies at a molecular level and with a larger panel of different genotypes are
necessary to better clarify the role of the transcripts in field stress response and to monitor
their possible effects on the different stages of plant development and maturation.

A further aim of this work was to highlight the possible relationship between the
TdDRF1 transcripts and the Wdhn13 gene, involved in environmental stress tolerance. In a
recent study, Mehrabad Pour-Benab and colleagues [35] investigated dehydrin expression in
different species of Triticum and Aegilops under well-watered and drought stress treatments
in the greenhouse. Thirty days after applying the water stress, they observed the doubling
of the Wdhn13 expression level in water-stressed plants in the different wheat species. Our
analysis in the field showed significant differences in the Wdhn13 transcript levels between
FI and RI conditions, at every time point except T3 and T5. Similarly, the TdDRF1 transcripts
were also found to be significantly different between the two conditions throughout the
time-course. It could be speculated that the largest Wdhn13 differences at T6 and T7 reflect
the activity of transcription factors (TdDRF1.1 at T5 and TdDRF1.3 at T7) on the promoter
of the Wdhn13 gene, resulting finally in the dehydrin protein, involved in the drought stress
tolerance at a cellular level.

Our results showed that the molecular behaviour of specific plant genes is highly
dynamic and much more complex than a direct on/off switching. Furthermore, they
confirm the main effect of genotype on the TdDRF1 gene expression profile and, in this
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regard, the molecular behaviour of Barnacla appears particularly interesting, as it is the
only genotype showing both transcription factors active under reduced irrigation during
the time-course, even if to different extents. It is particularly intriguing that the grain yield
value of Barnacla was the highest and was statistically associated with the up-regulation of
two transcripts under reduced irrigation, thus conferring an added value to this genotype.

In conclusion, notwithstanding the intrinsic difficulty of identifying the effect of a
single factor in the complex picture of gene expression, this work represents a remarkable
contribution to highlighting the role of the TdDRF1 gene in field conditions. Further
experiments are necessary with a larger panel of genotypes and set of genes (transcription
factors and target genes) to better understand the molecular plant response to drought,
with the final aim of setting up a support tool to assist in orienting breeders’ decisions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/genes13030555/s1, Figure S1: Specific amplification and detection
of the three TdDRF1 transcripts, Figure S2: Schematic representation of the complete procedure of
reverse transcription, pre-amplification, and qRT-PCR, Table S1: Gene-stability values (M) of the
analysed reference genes.
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Abstract: Osmotic adjustment (OA) is a major component of drought resistance in crops. The genetic
basis of OA in wheat and other crops remains largely unknown. In this study, 248 field-grown durum
wheat elite accessions grown under well-watered conditions, underwent a progressively severe
drought treatment started at heading. Leaf samples were collected at heading and 17 days later. The
following traits were considered: flowering time (FT), leaf relative water content (RWC), osmotic
potential (ψs), OA, chlorophyll content (SPAD), and leaf rolling (LR). The high variability (3.89-fold)
in OA among drought-stressed accessions resulted in high repeatability of the trait (h2 = 72.3%).
Notably, a high positive correlation (r = 0.78) between OA and RWC was found under severe drought
conditions. A genome-wide association study (GWAS) revealed 15 significant QTLs (Quantitative
Trait Loci) for OA (global R2 = 63.6%), as well as eight major QTL hotspots/clusters on chromosome
arms 1BL, 2BL, 4AL, 5AL, 6AL, 6BL, and 7BS, where a higher OA capacity was positively associated
with RWC and/or SPAD, and negatively with LR, indicating a beneficial effect of OA on the water
status of the plant. The comparative analysis with the results of 15 previous field trials conducted un-
der varying water regimes showed concurrent effects of five OA QTL cluster hotspots on normalized
difference vegetation index (NDVI), thousand-kernel weight (TKW), and/or grain yield (GY). Gene
content analysis of the cluster regions revealed the presence of several candidate genes, including bidi-
rectional sugar transporter SWEET, rhomboid-like protein, and S-adenosyl-L-methionine-dependent
methyltransferases superfamily protein, as well as DREB1. Our results support OA as a valuable
proxy for marker-assisted selection (MAS) aimed at enhancing drought resistance in wheat.

Keywords: drought; durum wheat; osmotic adjustment; QTL

1. Introduction

Drought is one of the most devastating abiotic stressors limiting crop yield, adaptabil-
ity, and quality [1,2]. Recent global climate models predict a consistent rainfall reduction in
temperate drylands [3–5], hence destabilizing food systems and global food security [6].
The plant reaction to drought is mediated by complex molecular systems linked to the
transcriptome [7–10], as well as hormone signaling and metabolism [11–13]. In partic-
ular, drought is the major abiotic stress curtailing yield and lowering quality [14,15] in
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durum wheat (Triticum turgidum ssp. durum; 2n = 28, AABB), the most cultivated wheat
in the Mediterranean regions [16], whose genome sequence was recently assembled de
novo [17]. Among the strategies adopted by plants to withstand water scarcity [18,19],
osmotic adjustment (OA) plays a major role in enhancing drought resistance through an
active accumulation of solutes in response to a water potential reduction, thereby preserv-
ing cellular turgor [18,20–27]. Active OA maintains relative water content at low leaf water
potential in order to sustain plant growth without impairing normal cellular functions [28].
Plants accumulate low-molecular weight organic solutes, such as soluble sugars [24,29]
and proline [27,30–32], both of which increase under water stress, hence enhancing OA
and contributing to maintain photosynthesis, as well as stomatal conductance, at lower
water potentials. To date, the dissection of the genetic basis of OA has received limited
attention, mainly due to the difficulty in measuring this trait in more than a limited number
of accessions [33], an essential prerequisite to properly map and characterize the effects of
the QTLs [34–36] underscoring OA variability. In cereals, the dissection of the OA QTLome
has been attempted in rice [37,38] and barley [39,40] based on the evaluation of biparental
recombinant inbred lines (RIL) populations, hence surveying only a limited amount of
genetic variability as compared to that surveyed in GWAS studies. Herein, we report the
results of the first large-scale genetic dissection of the OA QTLome in wheat via GWAS
based on the field evaluation of 248 durum wheat elite accessions grown under conditions
of progressively increasing drought and previously tested for grain yield in 15 field trials
carried out under a broad range of water regimes in Mediterranean countries [41]. Three
major QTL clusters were identified, where OA was unrelated to flowering time while being
positively associated with the water status of the plant and grain yield as reported in [41],
supporting the beneficial role of OA in enhancing drought resistance, most likely through
an avoidance strategy. A comparative analysis with the sequence information available for
these regions in durum [17] and bread wheat [42] revealed a number of putative candidate
genes.

2. Materials and Methods
2.1. Plant Material and Field Management

For this study, 248 durum wheat elite accessions (Durum Panel) were chosen at the
University of Bologna (Table S1). Most (189) of these accessions were originally assembled
by [43] to represent a large portion of the genetic diversity (Table S2) present in the major
improved durum wheat gene pools adapted to Mediterranean environments. The field
trial was conducted at the University of Arizona Maricopa Agricultural Center (33.070
◦N, 111.974 ◦W, elevation 360 m) on a Casa Grande Soil (fine-loamy, mixed, superactive,
hyperthermic Typic Natrargids) (Figure S1). The Durum Panel was planted on 28 November
2017 according to a row-column experimental design with two replicates. Each accession
was evaluated in two-row plots (3.5-m long, 0.76-m row spacing) with an average plant
density of 22 plants/m2. Orita and Tiburon, both representing the Arizona’s “Desert-
Durum”® wheat, were chosen as border plots. Before planting, granular nitrogen at 112 kg
ha−1 was incorporated into the soil. Sprinkler irrigation was used to germinate seeds and
establish the crop, followed by subsurface drip irrigation matching evapotranspiration for
optimal plant growth, once or twice a week as needed. The pressurized subsurface drip
irrigation system was installed before planting when one dripline with emitters spaced
every 0.30 m was buried at ~0.10 m depth along each seed row. The final irrigation event
was on 11 March 11 2018 (i.e., 103 days after sowing, DAS), when ~50% of the accessions
had flag leaf sheaths opened (i.e., at Zadoks growth stage 47) [44]. From here on, the whole
experiment was subjected to a progressive water deficit until 2–3 April 2018, when plants
at the anthesis halfway stage (Zadoks growth stage 65, on average) were harvested to
measure total above-ground biomass.
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2.2. Meteorological Data and Soil Moisture Monitoring

Daily and hourly meteorological reports for the growing season were obtained from the
Arizona Meteorological Network [45]. In addition, high temporal resolution meteorological
data, particularly air temperature, relative humidity, and photosynthetic photon flux
density (PPFD), for the experimental site were recorded at 5-s intervals with an automated
weather station (Clima Sensor US, Adolf Thies GmbH & Co. KG, Göttingen, Germany)
and a quantum sensor (SQ-214, Apogee Instruments, Inc., Logan, UT, USA). These data
were made available by the TERRA Phenotyping Reference Platform [46]. Vapor pressure
deficit (VPD) was calculated as the difference between the saturation and actual vapor
pressure [47]. The soil volumetric water content (VWC) was monitored in and between
seed rows with time-domain reflectometry (TDR) sensors (True TDR-315, Acclima, Inc.,
Meridian, ID, USA) installed at three locations within the experiment at 1, 10, and 50 cm
depths at each location. Additional soil sensors were installed between rows at 15 cm
depth to measure the soil matric potential (Tensiomark, ecoTech Umwelt-Meßsysteme
GmbH, Bonn, Germany). All soil sensors recorded data at 15-min intervals throughout the
entire growing season. Based on the characterization of the soil hydraulic and physical
properties of the experimental site under the TERRA-REF project, the volumetric water
contents corresponding to the permanent wilting point (θPWP) and the field capacity (θFC)
at 10–15 cm depth were approximately 0.110 and 0.282 m3/m3, respectively. The VWC
dynamics at the three measurement locations, for the entire growing season, are depicted
in Figure S2. The Durum Panel accessions were monitored regularly for above-ground
diseases and pests, which remained below threshold levels, hence not requiring control
treatments, while growing degree days (GDD) were monitored until harvest (3-4 April
2018) at 125 days after sowing (DAS) (Table S3). Growth stages of each accession were
defined based on the basis of the Zadoks scale [44] at 92, 93, 98, 101, 111, and 118 DAS, and
flowering time (FT) was recorded when more than 50% of ears in the plot had flowered
(anthesis half-way). Plants were harvested 125 days (DAS) to allow for planting the next
phenotyping experiment; therefore, biomass data indicate the status at a point in time
rather than direct estimates of final yields.

2.3. Evaluation of RWC, ψs, OA, LR, Leaf Chlorophyll Content (SPAD), and Biomass

The entire Durum Panel was evaluated for leaf relative water content (RWC) and
osmotic potential (ψs) in well-watered (12 March 2018, 104 DAS) and severe drought
(27 March 2018, 119 DAS) conditions. At the first sampling (fully-irrigated conditions)
awns were visible on approximately 50% of accessions, while the second sampling was
carried out under severe drought conditions when most accessions were at early grain-
filling (Figure S3). Fully expanded flag leaves of eight different plants were sampled in
each plot (experimental unit) at dawn from 6:00 to 7:00 a.m. Leaves were immediately
placed in sealed plastic bags, stored in portable coolers (4 ◦C) to minimize water loss due
to evaporation, and transported to the lab where leaves were removed from the bags.
After cutting the leaf tips (5 cm), the remaining leaf portion (average length 15 cm) was
cut in the middle to obtain two homogeneous pieces of similar weight, then mixed and
stored in Falcon (50 ml) conical centrifuge tubes. One batch was used to measure OA
following the “Rehydration method” described in Reference [23]. Leaves were rehydrated
for 4 h in distilled water to reach full turgor, then dried, and stored in a freezer (−20 ◦C).
After thawing, the cell sap was collected using a garlic press, and 10 µl were transferred
onto a paper sample disc covering the sampling cuvette of a vapor pressure osmometer
(Wescor 5520, Logan, UT, US), previously calibrated using the 290, 1000, and 100 mmol kg−1

standards. After each measurement, the osmometer cuvette was rinsed using deionized
water. Finally, the resulting osmolality (mosmol kg−1) was converted to osmolarity (MPa)
using the following formula: ψs (MPa) = −c (mosmol kg−1) × 2.58 × 10−3 [48], and OA was
measured as the difference between the ψs at full turgor in control and in water-stressed
conditions: ψs (control)—ψs (water stress). The other batch was used to measure RWC.
Fresh leaves were weighed (FW) then submerged in distilled water in the Falcon tubes
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and stored at 4 ◦C for rehydration (10 h). Rehydrated leaves were wiped thoroughly with
blotting paper and weighed (turgid weight: TW). Then, leaves were oven-dried at 65 ◦C for
three days prior to measuring the dry weight (DW). In the end, RWC values were computed
as follows: [(FW-DW)/(TW-DW)] × 100 [49] (Figure 1). Leaf rolling (LR) was visually
estimated at midday (112 DAS) with a 0 (no leaf rolling) to 9 (all leaves severely rolled) score
when the majority of the accessions showed a LR > 5. Finally, the chlorophyll content was
assessed (114 DAP) based on Soil-Plant Analysis Development (SPAD) estimates obtained
with a non-destructive chlorophyll meter SPAD-502Plus (Konica Minolta Sensing, Inc.,
Osaka, Japan) as an indicator of leaf chlorophyll content and nitrogen (N) status. At the
end of the field trial, plants within the entire two-row plots were cut on 3–4 April 2018
with mechanical harvester (Carter Mfg. Co. equipment, Donalsonville, GA, US), while
subsamples of 2–3 plants were collected to evaluate moisture content in order to estimate
dry biomass.

Figure 1. Major “Rehydration method” steps used at the Maricopa Agricultural Center (MAC) to
measure osmotic adjustment (OA) and leaf relative water content (RWC): (A) Sampling of eight fully
expanded homogeneous flag leaves before dawn. (B) Stacking the eight leaves and cutting off the
tips. The remaining leaf parts (ca. 15 cm long) were cut in the middle to obtain two homogeneous
pieces of similar weight, then mixed and inserted in Falcon 50 ml Conical Centrifuge Tubes. (C)
Weighing of the leaf samples for RWC. (D) Collection of leaf cell sap for OA analysis using a garlic
press. (E) Calibration of the osmometer (Wescor 5520) with sodium chloride solution of increasing
concentration. (F) Pipetting ca. 10 µl of leaf cell sap onto a paper disc placed on the sampling cuvette
of the osmometer (Wescor 5520).

2.4. Statistical Analysis

The lme4 package (r-project) and custom R scripts were used to conduct a spatial
adjustment analysis considering row and column as random effects, as well as a moving
mean of specific size. R-project was used to calculate repeatability values (h2) and Pearson’s
correlation r coefficients among traits. Minitab 18 software [50] was used to calculate the
global percentage of phenotypic variation (global QTL model, R2%) explained by all QTLs
for each trait.

2.5. SNP Genotyping, Population Structure, and GWAS Model

Durum panel genomic DNA was extracted using the NucleoSpin®8/96 Plant II Core
Kit from Macherey Nagel and sent for SNP genotyping to [51]. The Illumina iSelect 90K
wheat SNP assay [52] was used, and genotype calls were acquired as reported in [53].
Markers were assigned on the basis of the tetraploid wheat consensus map reported in [54].
Haploview 4.2 software [55] was used to calculate Linkage Disequilibrium (LD) decay
among markers for the A and B genomes, and only Single Nucleotide Polymorphisms
(SNPs) with minor allele frequency (MAF) > 0.05 were considered. LD decay pattern based
on the consensus genetic distances was inspected considering squared allele frequency
correlation (r2) estimates from all pairwise comparisons among intra-chromosomal SNPs in
TASSEL (Trait Analysis by aSSociation, Evolution, and Linkage) 5.2.37. The Hill and Weir
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formula [56] was used in R-project to define the confidence interval (CI) for QTLs in accor-
dance with the curve fit and the distance at which LD decays below r2 = 0.3 [57]. Haploview
4.2 tagger function set to r2 < 1.0 was used to calculate a kinship matrix (K) of genetic
relationships among individual accessions of the Durum Panel with all non-redundant
7,723 SNPs. Kinship based on Identity-by-State (IBS) among accessions was calculated in
TASSEL 5.2.37. In addition, a subset of non-redundant 2,382 SNP markers (r2 < 0.5) was
used to evaluate the population structure (Q) in STRUCTURE 2.3.4. software [58] using the
corresponding tagger function in Haploview 4.2 software [55]. Numbers of hypothetical
subpopulations ranging from k = 2 to 10 were assessed using 50,000 burn-in iterations,
followed by 100,000 recorded Markov-Chain iterations, in five independent runs for each k
in order to estimate the sampling variance (robustness) of population structure inference.
Then, the rate of change in the logarithm of the probability of likelihood (LnP(D)) value
between successive k values was considered (∆k statistics) [58], together with the rate of
variation (decline) in number of accessions clearly attributed to subpopulations (accessions
with Q membership’s coefficient ≥ 0.5). Finally, the level of differentiation among subpopu-
lations was measured using the Fixation Index (Fst) among all possible population pairwise
combinations [59]. Subsequently, 17,721 SNPs with MAF > 0.05, imputed with LinkImpute
(LDkNNi) [60,61], were used for GWAS-Mixed Linear Model [MLM; [62,63] in TASSEL.
MLM was specified as follows: y = Xβ + Zu + e [64], where y is the phenotype value, β
is the fixed effect due to the marker, and u is a vector of random effects not accounted for
by the markers; X and Z are incidence matrices that related y to β and u, while e is the
unobserved vector of random residual. In this study, both Kinship matrix (K) and Structure
Population (Q) were included as random effects in the model (MLM-Q+K), while flowering
time was included as a covariate considering GWAS QQ-plot results (Figures S4 and S5).
Then, GWAS p-values and r2 effects were analyzed, and QTL significance was determined
as follows: “highly significant” refers to p-value < 0.0001 and “significant” refers to p-value
< 0.001. The QTL confidence interval (CI, in cM) was measured on the basis of the average
genetic distance at which LD decayed below r2 of 0.3 [56], a threshold frequently adopted
in GWAS [54,57,65]. Considering a LD of r2 = 0.3, the corresponding inter-marker genetic
distance was 3.0 cM [57], and the CI of ± 3.0 cM based on map positions of QTL tag-SNPs
was chosen. Finally, Minitab 18 software [50] was used to calculate the proportion of
variance for phenotypic traits explained by selected SNPs.

2.6. Identification of Candidate Genes

The physical position of each QTL was determined by the position of the flanking
SNP markers after their alignment on the Triticum turgidum ssp. durum reference genome
of (cv. Svevo) [66]. Genes within the confidence intervals associated with the eight main
QTL hotspots were retrieved from the EnsemblPlants database [67], together with their
functional annotation and the amino acid sequences of putative proteins. Gene Ontology
(GO) term enrichment was determined by comparing the genes included in each QTL
to the number of genes annotated in each GO term with g:Profiler web software [68].
Statistical significance of terms for genes in the physical intervals was assessed using
the hypergeometric statistic for every term and the g:SCS correction method for multiple
testing. Durum wheat GO annotation was retrieved from the Ensembl plant genome
database. To identify the most important metabolic pathways associated to eight QTLs,
genes within cluster intervals were aligned to KEGG (Kyoto Encyclopedia of Genes and
Genomes) database using Reference [69]. Genes annotated within the intervals were
compared with their orthologs from Triticum aestivum (cv. Chinese Spring; IWGSC RefSeq
v1.0) [70]. Identification of candidate genes was further supported by a knowledge network
(proteins, biological pathways, phenotypes, and publications) created using the KnetMiner
program, using the bread wheat orthologs [71], and by the analysis of temporal and spatial
gene expression at the Wheat Expression Browser and ePLANT databases [72], as of
September 2021.
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3. Results
3.1. Population Structure

The Durum Panel showed a clear population genetic structure with an optimal number
of eight (k = 8) subpopulations on the basis of pairwise comparisons among and within
subgroups with 155 accessions (62.5%) clearly grouped into one of the eight main gene
pools at a Q membership coefficient ≥ 0.5, while the remaining 93 were considered as
admixed. The Fixation Index (Fst) and Neighbor Joining tree [73] highlighted a high genetic
diversity between the old Italian accessions (S1) and the modern French, North American,
Canadian and Australian cultivars (S8), while a considerable admixture among subgroups
characterized the ICARDA, CIMMYT, and Italian groups. Subgroups details are reported
in Table S2.

3.2. Phenotypic Analysis

Osmotic potential in well-watered (control) conditions (ψs-c; h2 = 0.57) ranged from
−1.44 to −0.74 MPa, with an average of −1.13 MPa, while, in water-stressed conditions,
(ψs-s; h2 = 0.58) ranged from −2.63 to −1.56 MPa, with an average of −2.00 MPa. The
difference between osmotic potential measured at full turgor in well-watered (control:
ψs-c) and in water stressed (ψs-s) conditions was considered to compute OA (h2 = 0.72),
which showed a normal distribution and ranged from 0.38 to 1.48 MPa, with an average of
0.95 MPa. Figure S3 reports flowering time distribution, while Figures S6 and S7 report
box plots and histogram distributions, for OA, ψs-c and ψs-s, RWC-c and RWC-s, LR, and
SPAD. RWC-c (h2 = 0.29) ranged from 89.9 to 101.3%, with an average of 95.7%, while
RWC-s (h2 = 0.78) ranged from 45.2 to 76.9%, with an average of 62.2% (Figures S6 and S7).
Leaf rolling (LR; h2 = 0.84) at 112 DAP ranged from 2.86 to 9.60, with an average of 6.13
(Table 1), while leaf chlorophyll content (SPAD; h2 = 0.76) at 114 DAP ranged from 31.9 to
48.8, with an average of 42.0. The Pearson’s correlation coefficient was positive between
OA and RWC-s (r = 0.78), while a negative association was found between OA and LR
(r = −0.25), RWC-s and ψs-s (r = −0.49), and RWC-s and LR (r = −0.30) (Table 2, Figure 2).

Figure 2. Scatter plot showing Pearson correlation between (A) osmotic adjustment (OA) and relative
water content under drought (RWC-s), (B) OA and osmotic potential under drought (ψs-s), and (C)
ψs-s and RWC-s. R-project [74].
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Table 1. Summary statistics and heritability (%) for osmotic adjustment (OA), osmotic potential under
drought stress (ψs-s), osmotic potential under well-watered conditions (ψs-c), relative water content
under drought stress (RWC-s), relative water content under well-watered conditions (RWC-c), leaf
rolling (LR), and chlorophyll content (SPAD) in a panel of 248 durum wheat elite advanced lines and
cultivars from worldwide.

Trait Min. Max. Average St. Dev. h2

OA 0.38 a 1.48 0.95 0.22 0.76
ψs-s −2.63 a −1.56 −2.00 0.18 0.58
ψs-c −1.45 a −0.75 −1.13 0.12 0.57

RWC-s 45.21 b 76.88 62.10 7.11 0.78
RWC-c 89.9 b 100.0 95.7 1.56 0.29

LR 2.86 9.60 6.13 1.52 0.84
SPAD 31.9 48.8 42.0 3.20 0.76

a megapascal (MPa); b % RWC.

Table 2. Pearson’s correlation plot among osmotic adjustment (OA), osmotic potential (ψs) under full
(--c) and deficit irrigation (--s), relative water content (RWC) under full (--c) and deficit irrigation (--s),
leaf rolling (LR), and chlorophyll content (SPAD).

Trait OA ψs-s ψs-c RWC-s RWC-c LR SPAD

OA 1 −0.66 *** 0.33 *** 0.78 *** 0.11 −0.25 *** 0.04
ψs-s - 1 0.30 *** −0.49 *** −0.16 * 0.13 * −0.06
ψs-c - - 1 −0.08 0.02 −0.03 0.03

RWC-s - - - 1 0.13 * −0.30 *** −0.02
RWC-c - - - − 1 −0.08 0.20 **

LR - - - − − 1 −0.01
SPAD - - - − − − 1

*** p-value < 0.0001, ** 0.0001 < p-value < 0.001, * 0.001 < p-value < 0.01. R-project [74].

3.3. Genetic Analysis

The rate of linkage disequilibrium (LD) decay of the 248 durum wheat elite accessions
of the Durum Panel is reported in Figure 3. The average QTL confidence interval (CI) was
determined on the basis of the average genetic distance at which LD decayed below r2 of 0.3
multiplied by 2, corresponding to 2.12 cM (CI = ± 1.06 cM from the QTL tagSNP). Fifteen
flowering time QTLs were identified and are reported in Table S4. Major QTLs for flowering
time included those on chromosome arms 2AS (QFT.ubo-2A.1 and QFT.ubo-2A.2), on 4AS
(QFT.ubo-2A.1) and 6BL (QFT.ubo-6B.1). Among others, Ppd-A1 was clearly identified by
QFT.ubo-2A.2 = IWA2526. Using FT as covariate, GWAS analysis (MLM-Q+K) identified
70 significant QTLs (log p-value > 3.00) for ψs-c, ψs-s, OA, RWC-s, LR, and/or SPAD,
organized into QTL clusters. A larger portion of ψs QTLs were detected under drought
(62.5%) as compared to well-watered conditions (37.5%). In particular, two majorψs-s QTLs
were observed on chromosomes 1B (Qψsc.ubo-1B.2) and 6A (Qψsc.ubo-6A.1), with a log
p-value of 4.68 and 6.04, and with R2 of 5.84 and 7.88%, respectively. A total of 15 OA QTLs
were mapped on chromosome arms 1AL, 1BL, 2AS, 2AL, 2BL, 4AL, 4BS, 5AL, 6AL, 6BL,
and 7BS, with the three major ones being those on chromosomes 2B (QOA.ubo-2B.2) and 6A
(QOA.ubo-6A.1and QOA.ubo-6A.2) with a log p-value of 4.13, 4.01, and 4.45, and R2 of 4.37,
4.23, and 4.78%, respectively (Table 3). Adopting flowering time as a covariate effectively
removed the effects associated to FT on OA, except for QFT.ubo-2A.2 = QOA.ubo-2A.1 and
QFT.ubo-6B.1 = QOA.ubo-6B.1. Nine RWC-s loci were mapped on five chromosome arms
(1BS, 2AS, 4AL, 6AL, and 6BL), and two major QTLs were observed on 4AL (QRWCs.ubo-
4A.2 and QRWCs.ubo-4A.3), with a log p-value of 4.83 and 4.27, and R2 of 3.95 and 3.84,
respectively (Table 3).
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Table 3. Significant GWAS-QTLs for osmotic adjustment (OA) and RWC-s (p-value < 0.001). QTL
intervals were defined based on a confidence interval of ± 3.0 cM from the map position of the QTL
tagging-SNPs. The rows with grey background indicate the QTLs affecting both OA and RWC-s.
Position and peak marker of each QTL region are based on the tetraploid wheat consensus map [54].

Osmotic Adjustment (OA)

QTL Marker Chr. Position
(bp)

Position
(cM)

Log p-
Value R2 Allele Effect

QOA.ubo-1A.1 IWB27332 1A 508851821 88.3 3.07 3.10 C/T −1.550
QOA.ubo-1B.1 IWB65251 1B 582533506 93.3 3.17 3.19 C/T −0.097
QOA.ubo-2A.1 IWB34575 2A 36292525 46.6 3.11 3.11 A/G 0.128
QOA.ubo-2A.2 IWB39807 2A 768563743 206.8 3.08 3.31 C/T 0.090
QOA.ubo-2B.1 IWA2318 2B 656566640 133.0 3.89 4.07 C/T −0.117
QOA.ubo-2B.2 wPt-0049 2B 781813758 185.8 4.13 4.37 A/T 0.141
QOA.ubo-4A.1 IWB38918 4A 644103100 139.7 3.11 3.12 A/G −0.165
QOA.ubo-4A.2 IWB34029 4A 717060721 161.7 3.88 4.06 C/T 1.252
QOA.ubo-4B.1 IWB72203 4B 26616372 28.8 3.00 2.48 A/C 0.076
QOA.ubo-5A.1 IWB50381 5A 640718417 198.8 3.24 3.28 A/G 0.159
QOA.ubo-6A.1 wPt-2014 6A 505253000 91.2 4.01 4.23 A/T 0.162
QOA.ubo-6A.2 IWB70454 6A 596626025 117.1 4.45 4.78 C/T 0.181
QOA.ubo-6B.1 IWB33826 6B 437229717 75.3 3.12 3.13 A/G −0.105
QOA.ubo-6B.2 IWB71722 6B 644758469 114.3 3.21 3.24 A/G −0.086
QOA.ubo-7B.1 wPt-3147 7B 3571960 3.7 3.13 3.14 A/T −0.095

Relative Water Content under water stress (RWC-s)

QTL Marker Chr. Position
(bp)

Position
(cM)

Log p-
Value R2 Allele Effect

QRWCs.ubo-1B.1 IWB461 1B 628218198 45.3 3.70 3.24 C/T −4.29
QRWCs.ubo-2A.1 IWB22184 2A 7224905 9.4 3.33 2.86 A/G −4.25
QRWCs.ubo-4A.1 IWB66212 4A 687621664 140.7 3.02 2.53 A/C 2.74
QRWCs.ubo-4A.2 IWB56811 4A 697055522 147.2 4.83 3.95 C/T −5.51
QRWCs.ubo-4A.3 IWB55093 4A 707177021 156.9 4.27 3.84 A/G 5.24
QRWCs.ubo-4A.4 IWA3449 4A 720085814 161.7 3.90 3.45 C/T 4.66
QRWCs.ubo-6A.1 IWA4603 6A 597277894 117.7 3.39 2.92 A/G 3.15
QRWCs.ubo-6B.1 IWA7962 6B 454884102 78.8 3.04 2.56 A/G −6.92
QRWCs.ubo-6B.2 IWB71722 6B 644758469 114.3 3.00 2.44 A/G −2.46

Figure 3. The rate of linkage disequilibrium (LD) decay of the 248 durum wheat elite accessions
(Durum Panel). The Hill and Weir formula [56] was used to describe the LD decay of r2. The LD
among SNPs in the Durum Panel was estimated using Haploview 4.2 [54]. The blue curve represents
the model fit to LD decay (non-linear regression of r2 on distance). A confidence interval of 2.12 cM
for the QTLs is shown when LD (r2) is 0.3 (red line). R-project [74].

Nine LR loci were mapped on seven chromosome arms (1BL, 2AL, 3AS, 3AL, 3BL, 6AS,
and 6BL), and one major QTL was observed on chromosome arm 2AL (QLR.ubo-2A.1), with
a log p-value of 4.08, and R2 of 4.92. As to SPAD, 21 QTLs were mapped on 12 chromosome

72



Genes 2022, 13, 293

arms (1AL, 2AL, 2BS, 3BS, 3BL, 4AL, 4BS, 5AL, 6BS, 6BL, 7AL, and 7BS), and three major
QTLs were observed on chromosome arms 1AL (QSPAD.ubo-1A.1), 4BS (QSPAD.ubo-4B.1),
and 5AL (QSPAD.ubo-5A.1), with a log p-value of 6.08, 6.61, and 6.81, and R2 of 7.87, 8.69,
and 8.99, respectively. The global R2 of the multiple QTL model was 58.0% for ψs-c, 56.5%
for ψs-s, 63.6% for OA, 25.7% for RWC-s, 44.1% for LR, and 50.2% for SPAD. On the basis of
their concurrent allelic effects on OA and other related traits, eight major QTL clusters were
identified: (i) DR_QTL_cluster_1# (RWC-s and ψs-s) on 1B, (ii) DR_QTL_cluster_2# (OA and
ψs-c) on 2B, (iii) DR_QTL_cluster_3# (OA and RWC-s) on 4A, (iv) DR_QTL_cluster_4# (OA
and SPAD) on 5A, (v) DR_QTL_cluster_5# (OA and RWC-s) on 6A, (vi) DR_QTL_cluster_6#
(OA and RWC-s) on 6B, (vii) DR_QTL_cluster_7# (OA, RWC-s, and SPAD) on 6B, and (viii)
DR_QTL_cluster_8# (OA and SPAD) on 7B (Table 4 and Figure 4).

Table 4. List of GWAS-QTL clusters identified in the Durum Panel and significantly associated with
osmotic adjustment (OA), RWC under drought stress (RWC-s), osmotic potential under well-watered
conditions (ψs-c) and drought stress (ψs-s), and leaf rolling (LR). The co-localization with previously
known normalized difference vegetation index (NDVI), chlorophyll content (SPAD), root growth
angle (RGA), thousand kernel weight (TKW), and grain yield (GY) QTLs is reported.

QTL Cluster Chr. Position (cM) Trait QTLs from Literature
DR_QTL_cluster_1# 1B 45.3 RWC-s, ψs-s UAV-Red-Edge-NDVI a, TKW c, GY d

DR_QTL_cluster_2# 2B 185.3 OA, ψs-c Tractor-NDVI a, TKW c, NDVI c,
Chlorophyll content (SPAD) c, GY e,

DR_QTL_cluster_3# 4A 161.7 OA, RWC-s Tractor-NDVI a, UAV-Red-Edge NDVI a,
Chlorophyll content (SPAD) a, GYf

DR_QTL_cluster_4# 5A 198.8 OA, SPAD
DR_QTL_cluster_5# 6A 117.1 OA, RWC-s UAV-Red-Edge-NDVI a, RGA/TKW/GY b,
DR_QTL_cluster_6# 6B 75.3 OA, RWC-s
DR_QTL_cluster_7# 6B 114.3 OA, RWC-s GY f

DR_QTL_cluster_8# 7B 3.7 OA, SPAD
a Reference [60], b Reference [75], c Reference [76], d Reference [41], e Reference [77] and f Reference [78].

Figure 4. Chromosome position on the durum consensus map [54] and R2 of the QTL hotspots
for osmotic adjustment (OA) and/or relative water content (RWC) on chromosome arms 2BL
(DR_QTL_cluster_2#), 4AL (DR_QTL_cluster_3#), and 6AL (DR_QTL_cluster_5#), as well as their
overlaps with QTLs previously reported in literature: a Reference [60], b Reference [75], c Refer-
ence [76], d Reference [41], e Reference [77], and f Reference [78]. The QTLs for flowering time (FT)
are shown in green.
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These regions were selected for a more detailed analysis and comparative analysis
with previously reported results on grain yield in both durum and bread wheat, as dis-
cussed hereafter. Durum wheat genes within the confidence intervals of the eight selected
QTL hotspots were retrieved from EnsemblPlants database, together with their functional
annotation (Table S5). Gene Ontology (GO) enrichment analysis (Figure 5) and KEGG
pathways reconstruction (Table 5) were used to further functionally characterize the genes
included in the eight QTL clusters. In parallel, the bread wheat orthologous genes were
identified, as well (see Table S5), for the comparison of genes annotated in the syntenic
regions of the two wheat species. KnetMiner [71] knowledge networks, constructed us-
ing bread wheat orthologs, were integrated to identify putative candidate gene(s) within
the confidence interval of each QTL. The confidence interval of DR_QTL_cluster_1# on
chromosome 1B corresponds to a physical interval of approximately 7.0 Mb with 46 high-
confidence (HC) genes in the Svevo genome (Table S5). Among the genes included in
the interval, no GO terms were significantly enriched, while KEGG mapping annotated
21 genes to nine functional categories (Table 5). The two most notable candidates in the
confidence interval are TRITD1Bv1G127690, which encodes a transmembrane protein with
transporter activity homologous of the Arabidopsis Major facilitator superfamily MEE15,
and TRITD1Bv1G126800, which encodes for a seven transmembrane MLO-like protein.
The confidence interval of the DR_QTL_cluster_2# on chromosome 2B corresponds to a
3.2 Mb interval, which contains 63 high-confidence (HC) genes. GO terms associated to
“stress response” and “antioxidant activity” were enriched among these genes (Figure 5),
due to the presence of 10 peroxidase encoding genes in the QTL interval. KEGG map-
ping confirmed their annotation in secondary metabolism pathway (Table 5), acting in
the phenylpropanoid biosynthesis. In addition to these peroxidase encoding genes that
could act in drought-stress response and adaptation, the two most notable candidates in
the interval are TRITD2Bv1G263980, encoding for a protein kinase and TRITD2Bv1G264060,
which encodes a DDB1- and CUL4-associated factor-like protein 1. Both genes are located
at the confidence interval boundaries and could be functionally related to OA-related
aspects (Table S5). Notably, the comparison of the syntenic physical region in T. aestivum
Chinese Spring evidenced several gaps in the corresponding Svevo region: for 30 HC
genes annotated in the Chinese Spring syntenic region, their Svevo orthologs are indeed
included in unmapped scaffolds and could, thus, be included among the list of putative
candidates. Even if none of these 30 missing genes are drought-stress responsive or OA-
related functional annotation, the presence of these gaps in T. durum genome assembly
and gene annotation could clearly impair candidate gene discovery. The confidence in-
terval of DR_QTL_cluster_3# on chromosome 4A corresponds to approximately 3.5 Mb
with 33 HC genes (Table S5), mapped to seven KEGG functional categories (Table 5) and
enriched in manganese transport-related GO terms (Figure 5). TRITD4Av1G256080 and
TRITD4Av1G256120 indeed encode for membrane protein of ER body-like proteins, likely
working as metal transporters. Additional genes annotated in the QTL interval include
TRITD4Av1G255460, TRITD4Av1G255480, and TRITD4Av1G255490, encoding for three
Glutathione S-transferases, TRITD4Av1G255990, encoding for an RNA-binding family
protein with RRM/RBD/RNP motifs, and TRITD4Av1G256200, which encodes for a 5’-
methylthioadenosine/S-adenosylhomocysteine nucleosidase. In addition, for this QTL
hotspot, a gap between T. durum and T. aestivum chromosome assemblies was found, hence
impairing a more proper identification of candidate genes. The confidence interval of
DR_QTL_cluster_4# on chromosome 5A spans a physical interval of approximately 4.0 Mb,
which contains 39 HC genes in the Svevo genome (Table S5). Lyase activity was the unique
GO term enriched among the genes within the QTL (Figure 5), while KEGG mapping
assigned 17 of them to eight functional groups (Table 5). Interestingly, TRITD5Av1G246840,
encoding for a putative Phospholipase D potentially implicated in multiple plant stress
responses, and TRITD5Av1G247330, a putative Lipoxygenase required for jasmonic acid
accumulation, were mapped to the “environmental information processing” category. In
addition, TRITD5Av1G247220, encoding for an UDP-N-acetylglucosamine (UAA) trans-

74



Genes 2022, 13, 293

porter family protein, could be involved in the osmosensory signaling pathway and cell
wall organization. The confidence interval of the DR_QTL_cluster_5# on chromosome 6A
spans approximately 2.0 Mb, with 32 HC genes (Table S5). While the “manganese bind-
ing” function was the only GO-enriched term (Figure 5), six of the genes included in the
region encode for putative Cinnamoyl CoA reductases and were mapped to the “secondary
metabolism”/“phenylpropanoid biosynthesis” pathways (Table 5). The two most notable
candidates in the interval are TRITD6Av1G217800 and TRITD6Av1G218080, which encode
for two F-box protein PP2, and TRITD6Av1G217670, encoding for DREB1, a CRT-binding
factor. The confidence interval of DR_QTL_cluster_6# on chromosome 6B spans a 5.9 Mb
interval, which contains 40 HC genes in the Svevo genome (Table S5). No GO term was
found significantly enriched, while KEGG mapping annotated 20 genes to 12 different
functional categories (Table 5). In particular, three genes encoding for MYB transcription
factors potentially regulating different aspects of stress response were assigned to the
“genetic information processing” category. Moreover, TRITD6Bv1G133070, orthologs of
the CCT motif-containing response regulator protein coding gene of Arabidopsis, appears
as an even more interesting candidate gene at this locus. The confidence interval of the
DR_QTL_cluster_7#, located on chromosome 6B, spans approximately 1.2 Mb, with 14 HC
genes, including TRITD6Bv1G207930, encoding for a protein kinase family protein/WD-
40 repeat family protein 3. Both GO-enrichment and KEGG mapping did not identify
other genes in this QTL interval (Table 5 and Figure 5). Finally, the confidence interval of
DR_QTL_cluster_8# on chromosome 7B corresponds to a physical interval of approximately
1.5 Mb, which contains 20 HC genes in the Svevo genome, lacking GO enrichment or
predominant KEGG annotations (Table 5 and Figure 5), but including TRITD7Bv1G002000,
a gene encoding for a photosynthetic NDH subcomplex B3 (Table S5).

Figure 5. Gene Ontology (GO) enrichment analysis. Dot plot shows GO terms of biological processes
(BP), molecular functions (MF) and cellular compartment (CC) identified using g:Profiler [68] to be
enriched (adjusted p-value < 0.05) among the genes included in each QTL interval. The size of the
dots is based on gene count enriched in the pathway, and the color of the dots represents the adjusted
p-values.
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Table 5. Summary of KEGG functional pathways mapped for genes included in each QTL interval,
grouped based on metabolic activities.

Functional Category QTL1 QTL2 QTL3 QTL4 QTL5 QTL6 QTL7 QTL8

Carbohydrate metabolism 2 1 1

Energy metabolism 1 1

Lipid metabolism 2 2 3 1 1

Nucleotide metabolism 1

Amino acid metabolism 1 1 4 3 1 1

Glycan biosynthesis and metabolism 1

Metabolism of cofactors and vitamins 3 1

Biosynthesis of other secondary metabolites 10 6

Genetic information processing 1 2 2 1 1

Environmental information processing 1 2 2 2 2 1

Organismal systems 1 2

Protein families: metabolism 5 2 1 1 1

Protein families: genetic information processing 6 2 1 1 5

Protein families: signaling and cellular processes 2 6 1 1 4 2 1 1

Unclassified: metabolism 1 3 1

KEGG mapped genes 21 23 13 17 12 20 6 4

Total genes 46 63 33 39 32 40 14 20

4. Discussion

A number of authors have proposed OA as an important adaptive mechanism to
support higher crop yield under stressful environmental conditions, as reviewed in [24,79].
Notably, grain yield differences have been shown to be positively correlated to OA in
cereals [21,30,80–83], hence indicating OA as a valuable proxy to predict grain produc-
tion [24]. This notwithstanding, the QTLome regulating OA in wheat and other crops
remains basically unknown, the main reason being the difficulty to adequately screen the
large number (>200) of (i) RILs of the mapping populations and/or (ii) accessions of GWAS
mapping panels required for a meaningful QTL discovery. In field conditions, the collection
of leaves and their processing must be completed rapidly to minimize the bias introduced
by the time of sample collection in an adequately large number of genotypes, an essential
prerequisite for identifying and accurately mapping QTLs [19,34]. The QTLome dissection
of OA in cereals was first attempted in rice [37,38] and barley [39,40]. In bread wheat,
Reference [84] mapped an osmoregulation gene locus [85] located on the short arm on
chromosome 7A. However, OA and osmoregulation differ and have different functional
meanings. While OA refers to a lowering of osmotic potential (ψs) due to an accumulation
of osmolytes in response to a water deficit, osmoregulation refers to the ψs regulation by
the addition/removal of osmolytes until the intracellular potential is approximately equal
to that of the medium surrounding the cell [20]. The gene described by Morgan regulates
turgor pressure and water content by osmotic adjustment [84,85], hence the term osmoreg-
ulation. In this study, OA was measured according to the “rehydration method” [23,86].
Although this method was criticized by [85], other authors consider it optimal for screening
large populations [20,26,86–89] in view of its merits in terms of labor and cost-effectiveness
as compared to the other methods [23]. In our experience, the rehydration of the leaf
samples greatly facilitated (i) the cell sap extraction especially in samples collected in
water-stressed plants and (ii) the OA screening of the 248 diverse accessions of the Durum
Panel. Collectively, this resulted in high OA repeatability (h2) and a positive and nega-
tive correlation with RWC-s and LR, respectively. The positive correlation between OA
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and RWC clearly indicates an active physiological role of the former to maintain a more
favorable water status of the plant, playing a key role for avoiding and mitigating the
negative effects of water loss under drought. Overall, our results validate the effectiveness
of the “Rehydration method” as an ideal option for handling the large number of samples
required for the genetic dissection of the OA QTLome.

4.1. GWAS Mapping and Comparative Analysis with Previous QTL Studies in Durum Wheat

Overall, eight major QTL hotspots were detected on the long arm of chromosomes,
1BL, 2BL, 4AL, 5AL, 6AL, 6BL, and 7BS. The use of flowering time (FT) as covariate for the
GWAS analysis reduced the bias caused by the photoperiod-response (Ppd) locus and other
loci that affect FT, hence allowing a more accurate estimate of QTL effects on a per se basis
rather than due to effects related to variability in phenology. Notably, none of the eight
major QTL hotspots evidenced by GWAS analysis overlapped with the osmoregulation gene
locus described by Reference [85] in bread wheat. DR_QTL_cluster_1#, DR_QTL_cluster_2#,
and DR_QTL_cluster_5# overlapped with Normalized Difference Vegetation Index (NDVI)
loci identified in 2017 on the same Durum Panel under similar drought conditions using
Unmanned Aerial Vehicles (UAV-Sequoia and UAV-Red-Edge), as well as ground-based
platforms [60]. Additionally, DR_QTL_cluster_3# and DR_QTL_cluster_5# overlapped with
chlorophyll content (SPAD) loci under drought described in Reference [60]. Both NDVI
and SPAD have long been recognized for their ability to estimate crop biomass and predict
grain yield [90–94]. DR_QTL_cluster_2# overlapped with grain yield, thousand-kernel
weight, and NDVI loci previously reported in a durum wheat elite population tested in
contrasting thermo-pluviometric conditions [76]. DR_QTL_cluster_5# co-mapped with
QRga.ubo-6A.2, one of the most important loci for root growth angle in durum wheat [75],
with thousand-grain weight, particularly under low water availability environments, as
well as with grain yield, in the 183 elite accessions of the Durum Panel that were previously
evaluated in 15 field trails under a wide range of water regimes [41]. DR_QTL_cluster_3#
and DR_QTL_cluster_7# co-mapped with a major grain yield QTL reported by Reference [78]
in an RIL population developed from the hexaploid wheat cross between Chinese Spring ×
SQ1 evaluated across a broad combination of 24 site × treatment × year combinations. The
concurrent effects on grain-yield related traits reported herein fully support the conclusions
of Reference [24] on OA being a valuable proxy with a positive effect on crop yield under
water-limited conditions and not merely for survival under severe drought. These QTL
hotspots will further enhance drought tolerance in durum wheat.

4.2. Candidate Genes

By combining the physical confidence interval position of the QTL hotspots, functional
prediction of annotated genes, and biological data mining, we investigated candidate genes
from selected QTLs involved in OA and/or drought resistance. Putative drought candi-
date genes encoding for proteins involved in drought stress responses, as well as grain
development, were mapped within the eight major selected QTL hotspots, even if some
highlighted gaps in the Svevo genome assembly could hinder candidate gene identification
at two QTL hotspots. Among the identified candidates, the seven transmembrane MLO-like
protein (TRITD1Bv1G126800; DR_QTL_cluster_1#) was shown to act in drought and salt
stress responses through signaling of the phytohormone abscisic acid (ABA) [95], with
biological knowledge networks analysis strongly supporting its role in oxidative stresses,
salt, and drought tolerance (Figure 6A). Similarly, the phospholipase D (PLD) coding gene
(DR_QTL_cluster_4#) is also involved in ABA responses [96]. Interestingly, genes associated
with manganese transport and binding were identified in both DR_QTL_cluster_3# and
DR_QTL_cluster_5#. Moreover, exogenous application of Mn was recently shown to reduce
the negative effects caused by drought, harsh temperature, and salinity, increasing ROS
detoxification and secondary metabolism [97,98]. Despite the clear enrichment for stress
response-related GO terms among genes at DR_QTL_cluster_2#, the identification of 10
tandemly duplicated peroxidase encoding genes acting in the phenylpropanoid biosyn-

77



Genes 2022, 13, 293

thetic make the construction of a knowledge network and putative candidate gene more
complex and less reliable. Conversely, of considerable interest is, instead, the dehydration-
responsive element-binding protein DREB (DR_QTL_cluster_5#; Figure 6B), that belongs to
a family of plant-specific transcription factors that can specifically bind to DRE/CRT ele-
ments in the response to abiotic stresses, such as drought, salt, and low temperature [99,100],
reviewed in [101]. In addition, TRITD6Bv1G133070 (DR_QTL_cluster_6#), orthologs of the
Arabidopsis CCT motif-containing response regulator protein, was shown to be involved
in both the generation of circadian rhythms and long-term drought adaptation [102]. Fi-
nally, TRITD7Bv1G002000 (DR_QTL_cluster_8#, affecting both OA and SPAD) encodes for
chloroplast NAD(P)H dehydrogenase complex, involved in cyclic electron flow around
photosystem I to produce ATP [103].

Figure 6. KnetMiner network views displaying knowledge networks of selected candidate
genes Table S5. TRITD1Bv1G126800 (A), encoding for a seven transmembrane MLO-like protein
(DR_QTL_cluster_1#), and TRITD6Av1G217670 (B), which encodes for a dehydration-responsive
element-binding protein DREB (DR_QTL_cluster_5#). Networks were constructed using the Triticum
aestivum orthologous genes TraesCS1B02G216300 and TraesCS6A02G381200, respectively, and can be
accessed using the following links: https://knetminer.com/beta/knetspace/network/528cbd3a-52
d5-40b5-91be-f59323db55a3 (accessed on 1 April 2021) and https://knetminer.com/beta/knetspace/
network/44b31582-bfaa-495f-9272-87a4f06d40a6 (accessed on 1 April 2021).
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5. Conclusions

This study is the first to report QTLs for OA via GWAS mapping in wheat. From a
methodological standpoint, our results support the validity of the “Rehydration method”
as the fastest and most effective protocol for large-scale screening of OA under well-
watered and drought conditions. The genetic variants within the Durum Panel eval-
uated herein allowed for the detection of significant loci for OA, ψs, RWC, LR, and
SPAD, with eight multiple concurrent QTL hotspots, all unrelated to phenology, hence
being more valuable from a breeding standpoint. Importantly, five of these clusters
(DR_QTL_cluster_1#,DR_QTL_cluster_2#, DR_QTL_cluster_3#, DR_QTL_cluster_5#, and
DR_QTL _cluster _7#) co-located with QTLs for grain yield and/or grain yield-related traits
described in previous multi-environmental studies and, in one case (DR_QTL_cluster_5#),
co-located with a major QTL controlling root growth angle which has been demonstrated
to play a relevant role in maintaining the water access in deep soils during wheat ter-
minal drought [104]. The candidate genes identified within the confidence intervals of
selected drought response-specific QTL hotspots provide useful markers for future breed-
ing schemes. Our results support the role of OA as an important drought-stress adaptive
mechanism with beneficial effects on the plant water status in durum wheat.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/genes13020293/s1, Figure S1: field trial experiment, Figure S2: volumetric water content
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analysis for osmotic adjustment (OA), Figure S6: box plots for (A) relative water content (RWC) and
(B) osmotic potential (ψs) under full and deficit irrigation, Figure S7: histograms, Table S1: list of the
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Abstract: To study the effects of Methyl jasmonates (MeJA) on rosemary suspension cells, the antioxi-
dant enzymes’ change of activities under different concentrations of MeJA, including 0 (CK), 10 (M10),
50 (M50) and 100 µM MeJA (M100). The results demonstrated that MeJA treatments increased the
activities of phenylalanine ammonla-lyase (PAL), superoxide dismutase (SOD), peroxidase (POD),
catalase (CAT) and polyphenol oxidase (PPO) and reduced the contents of hydrogen peroxide (H2O2)
and malondialdehyde (MDA), thus accelerating the ROS scavenging. Comparative transcriptome
analysis of different concentrations of MeJA showed that a total of 7836, 6797 and 8310 genes were
differentially expressed in the comparisons of CKvsM10, CKvsM50, CKvsM100, respectively. The
analysis of differentially expressed genes (DEGs) showed phenylpropanoid biosynthesis, vitamin
B6, ascorbate and aldarate metabolism-related genes were significantly enriched. The transcripts
of flavonoid and terpenoid metabolism pathways and plant hormone signal transduction, espe-
cially the jasmonic acid (JA) signal-related genes, were differentially expressed in CKvsM50 and
CKvsM100 comparisons. In addition, the transcription factors (TFs), e.g., MYC2, DELLA, MYB111
played a key role in rosemary suspension cells under MeJA treatments. qRT-PCR of eleven DEGs
showed a high correlation between the RNA-seq and the qRT-PCR result. Taken together, MeJA
alleviated peroxidative damage of the rosemary suspension cells in a wide concentration range
via concentration-dependent differential expression patterns. This study provided a transcriptome
sequence resource responding to MeJA and a valuable resource for the genetic and genomic studies
of the active compounds engineering in rosemary.

Keywords: Rosmarinus officinalis Lour.; suspension cells; MeJA; antioxidant enzymes; RNA-seq;
qRT-PCR; transcription factors

1. Introduction

Rosemary (Rosmarinus officinalis Lour.) is a famous ornamental and medicinal homolo-
gous plant. Rosemary, as an excellent natural antioxidant and preservative, has been used
in various industries widely [1]. Studies have shown that the main components of the active
functions of rosemary include terpenoids, phenols, for example a new flavonoid 6′′-O-(E)-
feruloylhomoplantaginin, and the phenolic diterpene antioxidants (PDAs), carnosic acid
and carnosol and rosmarinic acid [2–4]. The active ingredients of rosemary are widely used
in anti-tumor, anti-cancer, anti-despondency, anti-virus, anti-inflammatory activity, regulat-
ing the immune system and other activities. Carnosic acid could alleviate H2O2 induced
hepatocyte damage through the SIRT1 pathway and rosemary extract, and significantly
up regulate the expression of Nrf2 in colon cells and inhibit an HCT116 xenograft tumor
formation in mice. Moreover, rosemary extract shows a higher antioxidant potential and
increases the oxidative stability of oil by more than 30% compared to conventional synthetic
antioxidants [5–11]. Researchers had previously attempted to regulate the synthesis of
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functional metabolites using various methods. MeJA as a signal molecule showed extensive
regulations to the secondary metabolism, of which regulation was considered particularly
important in changing the synthesis of plant functional metabolites in cells [12,13]. In addi-
tion, plant tissue and cell culture techniques were the most efficient methods for obtaining
functional metabolites. Our group has established a rosemary suspension cells culture
system to study the influence of MeJA treatment on functional metabolites.

MeJA had been used to elicit defense responses in many species through enhancing the
secondary metabolites production [14,15], such as volatile terpenoids in Amomum villosum,
triterpene in Euphorbia pekinensis and tropane alkaloids in Hyoscyamus niger [16–18]. An
analysis of transcriptome after MeJA treatment could find key genes involved in the
biosynthesis of active compounds and be used to unveil the relation between genes and
metabolism [19,20]. In Catharanthus roseus, the MeJA-responsive expression of terpenoid
indole alkaloids biosynthesis genes was controlled by protein CrMYC2’s regulation of
ORCA gene expression, regulating a series of terpenoid indole alkaloids biosynthesis
genes [21]. The TFs AP2/ERF and bHLH cooperatively mediate jasmonate-elicited nicotine
biosynthesis, which via the JA induced signaling cascade leads to increased nicotine
biosynthesis in Tobacco [22,23]. In Artemisia annua suspension cells, exogenous MeJA
induced the expression of CYP71AV1 and promoted the accumulation of artemisinin [24].

MeJA treatment can induce the biosynthesis of many secondary metabolites (terpenoids,
phenylpropanoids) and acts as an elicitor of secondary metabolite production across the
plant kingdom [25]. SlMYC1 acts synergistically with SlEOT1 in the transactivation of the
SlTPS5 promoter to induce the biosynthesis of terpene in Solanum lycopersicum with JA
treatment [26]. There were 13 predicted genes that could participate in the biosynthesis
of flavonoids under MeJA treatment in E. breviscapus [27]. Transcript analysis suggested
that MeJA up-regulated transcripts of terpenoids and flavonoids, ObAS1 and ObAS2 were
identified and characterized in Sweet Basil [28]. MeJA treatment revealed differential expres-
sion of genes involved in phenylpropanoid biosynthesis (IiPAL, IiC4H, Ii4CL), and lignin
biosynthesis (IiCAD, IiC3H, IiCCR, IiDIR and IiPLR), and 112 putative AP2/ERF TFs in Isatis
indigotica [29]. Based on the gene annotation of the transcriptome, 104 unigenes were identi-
fied and their responses to MeJA induction were investigated involved in the biosynthesis
of indole, terpenoid and phenylpropanoid [30]. The results showed that transcriptional
levels of SgHMGR, SgSQS, SgCS and SgCYP450 were up-regulated and their responses in
the presence of MeJA were related to the concentration and timing of MeJA treatment in
Siraitia grosvenorii [31]. MeJA-regulated rubber biosynthesis, based on a differential expres-
sion analysis, showed that the expression of HMGCR, FPPS, IDI, GGPPS, REF/SRPP and
transcription factors (bHLH, MYB, AP2/EREBP and WRKY) increased with MeJA treatment
in TKS [32]. Based on the date of the transcriptome in Taxus, there were 18 genes showing
increased transcript abundance following elicitation of MeJA, which was involved in the
biosynthesis of terpenoid backbone, and then multiple candidates for the unknown steps
in paclitaxel biosynthesis were identified [33]. A total of 40,952 unigenes and 19 coumarin
compounds, 7 cytochrome-P450, 8 multidrug resistance transporter unigenes and 8 marker
compounds were obtained, involved in coumarins biosynthesis and transport pathway with
a parallel analysis of transcript and metabolic profiles in Peucedanum praeruptorum [34]. The
secondary metabolites are the main components of their active functions in plant. Therefore,
transcriptome technology was widely used as an effective means to research the biosynthesis
of active compounds and the mining of key enzyme genes. MeJA could promote the biosyn-
thesis of terpenoids and phenylpropanoids, through revealing differential expression of the
genes involved in biosynthesis and plant hormone signal transduction and TFs in plants.

At present, no study has shown the transcriptome of rosemary responding to MeJA.
In our study, we investigated the transcriptome of rosemary suspension cells responding to
different concentrations of MeJA using high-throughput sequencing technologies. Putative
gene expression profiles of rosemary suspension cells were investigated and DEGs were
classified under different concentrations of MeJA. By comparing and analyzing the sequencing
data of control and illuminated groups, the genes involved in the regulation of primary and

86



Genes 2022, 13, 67

secondary metabolism and their regulatory networks were established. These experiments
reveal dynamic gene expression changes in responding to different concentrations of MeJA and
provide new insights into the genetic and genomic regulation of plant functional metabolites.

2. Materials and Methods
2.1. Plant Material and MeJA Treatments

Rosemary callus was obtained by the following methods: treating rosemary leaves
with 0.1% mercury bichloride solution, then cutting the leaves into small pieces about
0.5 cm × 0.5 cm, using the inoculation method that the back of leaves contacts with the
medium, on Murashige and Skoog (MS) medium (30 g/L sucrose, pH 5.8) with 0.5 mg/L
1-Naphthaleneacetic acid (NAA) and 4.0 mg/L N-(Phenylmethyl)-9H-purin-6-amine (6-BA).
After the suspension culture for several generations in the MS liquid medium supplemented
with 1.0 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D), which lasted for 8 days at 25 ± 0.5 ◦C
with shaker speed 120 rpm in the dark, it could derive rosemary suspension cell lines with high
cell viability and stable growth. The culture was performed by transferring 4 g·FW/20 mL of
6-day-old culture (cells plus medium) to 80 mL of the fresh growth medium, which lasted for
8 days. MeJA were sterilized and added to the medium on day 6 of the culture process. Baes
on the pre-experiment, 10, 50 and 100 µM MeJA treatments could promote the accumulation
of rosmarinic acid, carnosic acid and flavonoids in rosemary suspension cells, so we chose the
concentration of MeJA solution was 0, 10, 50 and 100 µM. Each test was repeated three times.
After 48 h treatment, all materials were stored at −80 ◦C for later use.

2.2. RNA-Seq Library Construction

Total RNA was isolated from rosemary suspension cells (three replicates) with the
RNAprep Pure Plant Kit (TIANGEN, Beijing, China). The integrity and concentration
of the RNA samples were further measured using an Agilent 2100 Bioanalyzer (Agilent,
CA, USA) and the purity of the RNA samples was assessed using the NanoPhotome-
ter®spectrophotometer (NP80, IMPLEN, Munich, Germany). RNA libraries were prepared
using the True-seq RNA sample preparation kit according to the manufacturer’s instruc-
tions. The constructed library was tested on the Agilent 2100 Bioanalyzer and the ABI
StepOnePlus Real-Time PCR System. Finally, mRNA libraries were sequenced on an
Illumina HiSeq 4000 platform (Shenzhen, China).

2.3. Sequencing, Assembly and Annotation of the Transcriptome

The cDNA libraries of four samples were sequenced by 2 × 100 bp paired-end sequenc-
ing on an Illumine HiSeq platform according to the manufacture’s instructions. We used
Trinity to assemble clean reads by de novo, while removing PCR duplication to improve
assembly efficiency. Then the assembled transcripts were clustered by tgicl to remove
redundancy and obtain UniGene. Trinity consists of three independent modules: inchworm,
chrysalis and butterfly, which process a large number of reads in turn. The assembled
UniGene will be annotated with seven functional databases (KEGG (Kyoto Encyclopedia of
Genes and Genomes), GO (Gene Ontology), NR, NT, Swissprot, Pfam and KOG).

2.4. Quantification of Gene Expression Levels

We used bowtie2 to align clean reads to the genome sequence and RESM (http://
deweylab.biostat.wisc.edu/rsem/rsem-calculate-expression.html, Access date: 30 January
2019, RESM Version: v1.2.8; RESM Parameter: default;) to calculate the gene expression
level of each sample. RESM is a software package for RNA-seq reads to calculate the
expression of genes and transcript subtypes.

2.5. Differential Expression Genes Analysis

Degseq method is based on Poisson distribution. In this project, DEG detection is
carried out according to the method described by Wang et al. 2010 [35]. Differential
expression analysis of the four treatments was performed using the DEGSeq R package.
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p-Values were adjusted using the Benjamini and Hochberg method. A corrected P-value
(false discovery rate, FDR) of 0.001 and a fold change of 2 were set as the default threshold
for defining significant differential expression.

2.6. GO and KEGG Enrichment Analyses of Differentially Expressed Genes

According to the GO (http://www.geneontology.org/, Access date: 30 January 2019)
and KEGG (http://www.genome.jp/kegg/, Access date: 30 January 2019) annotation
results and the official classification, DEGs were classified, and the enrichment factors
were analyzed using the phyper function in R software (https://en.wikipedia.org/wiki/
Hypergeometric_distribution, Access date: 30 January 2019).

2.7. Validation of the DEGs by qRT-PCR

To validate the RNA-Seq results, 11 DEGs were subjected to qRT-PCR analysis per-
formed on the LightCycler480 real-time PCR system (Roche, Basel, Switzerland) in a 20 µL
final volume containing 10 µL of 2 × SYBR Premix Ex TaqTM (Takara, Shanghai, China),
1 µL of 10 × diluted cDNA, and 0.8 µL specific primer pairs, and 7.4 µL of ddH2O. The
changes in mRNA expression were calculated using the comparative 2−∆∆Ct method. Spe-
cific primers were designed using DNAMAN V6.0; the primer pair sequences are listed in
Table S1. All treatments were analyzed in three biological replicates.

2.8. Measurement of Antioxidant Enzymes and Non-Enzymatic Antioxidants

Briefly, 0.1 g of rosemary suspension cells (fresh weight) were taken from each of the
treatment groups and rapidly frozen with liquid nitrogen. The samples were maintained at
2–8 ◦C after melting. Then, 1 mL PBS (pH 7.4) was added, followed by homogenization by
hand or grinders and centrifugation for 20 min at the speed of 2000–3000 rpm. Supernatant
was removed. The activities of PAL, SOD, POD, CAT, PPO and the contents of MDA, H2O2,
proline (pro) were assayed using ELISA Kit (Weilan, Shanghai, China) and a micro-plate reader
(Rayto RT-6100) according to the manufacturer’s instructions. The principle of the assay: the
kit assay plant PAL, SOD, POD, CAT, PPO, MDA, H2O2 and proline level in the sample, use
purified plant PAL, SOD, POD, CAT, PPO, MDA, H2O2 and proline antibody to coat microtiter
plate wells, make solid-phase antibody, then add PAL, SOD, POD, CAT, PPO, MDA, H2O2
and proline to the wells. Combined antibody labeled with HRP became an antibody-antigen-
enzyme-antibody complex. After washing completely, TMB substrate solution was added.
TMB substrate became blue. At HRP catalyzed enzyme, the reaction is terminated by the
addition of a sulphuric acid solution and the color change is measured spectrophotometrically
at a wavelength of 450 nm. The concentration of PAL, SOD, POD, CAT, PPO, MDA, H2O2
and proline in the samples is then determined by comparing the OD of the samples to the
standard curve. Assay procedure: add standard, set standard wells, test sample wells, add
standard 50 µL to standard well; add sample, set blank wells separately, test sample well, add
sample dilution 40 µL to test sample well, then add testing sample 10 µL (sample final dilution
is 5-fold), add sample to wells, do not touch the well wall as far as possible, and gently mix;
add enzyme, add HRP-conjugate reagent 100 µL to each well, except blank well; incubate,
after closing the plate with closure plate membrane, incubate for 60 min at 37 ◦C; configurate
liquid, 20-fold wash solution diluted 20-fold with distilled water and reserve; wash, uncover
the closure plate membrane, discard liquid, dry by swinging, add washing buffer to every well,
still for 30 s then drain, repeat 5 times, dry by patting; color, add chromogen solution A 50 uL
and B to each well, evade the light preservation for 15 min at 37 ◦C; stop the reaction, add stop
solution 50 µL to each well, stop the reaction (blue color changes to yellow); assay, take blank
well as zero, read absorbance at 450 nm after adding stopping solution within 15 min.

2.9. Statistical Analysis

Quantitative results for rosemary metabolite content, enzyme activity and gene expression
analyses are presented as the means ± standard deviations (SDs) of at least three biological
replicates. The effects of MeJA conditions on metabolite contents and gene expression were
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analyzed by one-way analysis of variance (ANOVA) followed by Duncan’s test using SPSS
version 19.0. Figures were prepared using GraphPad Prism 8.0 and Excel 2016 software.

3. Results
3.1. Physiological and Biochemical Indexes of Rosemary Suspension Cells under Different
Concentrations of MeJA

In our study, measuring the physiological and biochemical indicators in rosemary
suspension cells is helpful for understanding how the synthesis of important metabolites is
promoted by MeJA. After different concentrations of MeJA treatment for 48 h in rosemary
suspension cells, the activities of PAL were the highest in the 100 µM MeJA treatment
group, followed by the 50 and 10 µM MeJA treatment groups, they were higher than the CK
treatment (Figure 1A). Similarly, the activities of SOD, POD, CAT and PPO were the highest
in the 100 µM MeJA treatment group, followed by the 50 and 10 µM MeJA treatment groups,
they were higher than the CK treatment (Figure 1B–E). The concentration of MDA and H2O2
were the lowest in the 100 µM MeJA treatment group, the highest of the concentration was
the CK treatment (Figure 1F,G). For the proline contents, the highest was the 50 µM MeJA
treatment group and the lowest was the 100 µM MeJA treatment group (Figure 1H). The
result indicating that the MeJA activated the rosemary suspension cells enzyme antioxidant
system accelerate the ROS scavenging, the antioxidant enzyme activity increased with the
increase of MeJA concentration and had a key role in rosemary suspension cells.
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orrhiza L. (2.08%) and Ipomoea nil L. (0.75%). The 17.59% and 2.08% of the total number of 
Nr annotations accounted for, respectively, 2.08% and 0.75% (Figure S1). The distribution 
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Figure 1. Physiological and biochemical indicators of rosemary suspension cells under different
concentrations of MeJA. (A) changes in PAL activities. (B) changes in SOD activities. (C) changes in
POD activities. (D) changes in CAT activities. (E) changes in PPO activities. (F) changes in MDA con-
tents. (G) changes in H2O2 contents. (H) changes in proline contents. Values represent means ± SDs
of three replicates. Different lower-case letters indicate statistically significant differences at the
0.05 level by one-way ANOVA with Duncan’s test.
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3.2. RNA-Seq Analysis of Rosemary Suspension Cells

To study the effects of different concentrations of MeJA on rosemary suspension cells at
a transcriptional level, four mRNA libraries were constructed and sequenced from the four
concentrations of MeJA treatment (CK_(1,2,3), M10_(1,2,3), M50_(1,2,3) and M100_(1,2,3)).
After removing the linker sequence, the RNA-Seq data of the twelve rose-mary suspension
cells libraries produced 66,314,608 to 71,191,500 reads, respectively, due to differences
in concentrations of MeJA. The values of Q20 were higher than 97% in all the samples,
indicating the high reliability of the rosemary suspension cells transcriptome sequencing
data (Tables S2–S4).

In addition, unigenes were exposed to Nr, Nt, SwissPort, Pfam, KEGG, GO and
KOG databases using BLAST analysis (E-value < 0.00001) (Table S5). The unigenes an-
notated in the Nr database were counted, the top five species were annotated: Sesamum
indicum L. (65.02%), Erythranthe guttata L. (17.59%), Dorcoceras hygrometricum L. (2.08%),
Salvia miltiorrhiza L. (2.08%) and Ipomoea nil L. (0.75%). The 17.59% and 2.08% of the total
number of Nr annotations accounted for, respectively, 2.08% and 0.75% (Figure S1). The
distribution of gene functions in GO was grouped into biological processes, cellular com-
ponent and molecular function, cellular process (14,755 unigenes), cell (14,796 unigenes),
binding (25,721 unigenes) and catalytic activity (23,776 unigenes) were dominant subcat-
egories (Figure S2). Similarly, KOG functional classification showed that the uppermost
classification was general function prediction only (15,177 unigenes) followed by signal
transduction mechanisms (9078 genes). In addition, 1205 unigenes were annotated for
secondary metabolites biosynthesis, transport and catabolism (Figure S3). At last, unigenes
were also annotated against KEGG database for understanding advanced-level utilities and
functions of the biological structure. Among 80,961 unigenes were annotated in 136 path-
ways, metabolism (102 pathways, 40,920 unigenes) was the most significant category, a
substantial number of genes were related to carbohydrate metabolism (6277 genes) and
amino acid metabolism (3835 gens) (Figure S4).

3.3. Global Analysis of Gene Expression across the Four Distinct Samples under Different
Concentrations of MeJA

In our study, there were 107,512, 102,762, 107,366 and 107,646 expressed genes in
CK, M10, M50 and M100 sample libraries. Among these, 103,386 expressed genes were
present in all four sample libraries. However, only 572, 621, 531 and 571 genes were
uniquely present in CK, M10, M50 and M100 sample libraries, respectively (Figure 2A),
which suggested that distinct spatial transcriptional patterns were present in the sample
libraries. In order to evaluate the differences in molecular response among four samples,
gene expression was normalized to FPKM. After filtering with FPKM> 10, a total of 14,104
(13.11%), 13,880 (12.87%), 13,981 (12.97%) and 13,940 (12.95%) genes were expressed in
CK, M10, M50 and M100, respectively (Table S6). The top 20 most enriched (FPKM) genes
ranged from 682 to 3814, 781 to 3294, 663 to 3844 and 709 to 4294, respectively. The top
20 most expressed genes from the four libraries were shown as defensin-like cystein-rich
peptide, extracellular ribonuclease LE, PREDICTED: titin-like, pathogen-related protein STH-2,
hypothetical protein SELMODRAFT_431225, aquaporin-like protein, partial, major pollen allergen
Lol p 11-like and extensin-3—highly expressed in CK, M10, M50 or M100 sample libraries
(Table S7).

To further understand the changes in the rosemary suspension cells transcriptome un-
der different concentrations of MeJA, Poisson D was used to calculate the expression level of
each gene. We filtered the DEGs with |log2fold change|≥ 1 and FDR < 0.001 between these
six pairs the comparisons were as follows: CKvsM10, CKvsM50, CKvsM100, M10vsM50,
M10vsM100, M50vsM100, among these contained 7836, 6797, 8310, 10,240, 11,890 and
5260 DEGs, respectively, which included 3596, 325, 4528, 5070, 6537 and 3017 up-regulated
genes and 4240, 3772, 3782, 5170, 5353 and 2243 down-regulated genes (Figure 2B). The com-
parative analysis of the CKvsM10, CKvsM50, and CKvsM100 by Venn diagram showed that
1581 genes were commonly differentially expressed, and 4188, 2409 and 3663 genes were
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unique to each comparison, respectively; there were 749 genes commonly up-regulated,
while 1672, 822 and 2110 genes in each comparison were uniquely up-regulated; similarly,
there were 556 genes commonly down-regulated, while 2516, 1587 and 1553 genes in each
comparison were uniquely down-regulated, respectively (Figure 2C–E). These DEGs’ anal-
ysis results revealed that rosemary suspension cells transcriptome undergoes significantly
dynamic changes under different concentrations of MeJA. Therefore, the transcriptome
datasets of rosemary suspension cells under different concentrations of MeJA might serve
as a valuable molecular resource for future studies.
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Figure 2. Statistical analysis of differentially expressed unigenes in rosemary suspension cells under
different concentrations of MeJA. (A) The Venn diagram of expressed genes in four MeJA treatments.
(B) statistic of up/down-regulated genes in pairwise comparisons. (C) Venn diagram of DEGs
under MeJA treatment. (D) Venn diagram of the unique and common regulated DEGs up-regulated
of DEGs under MeJA treatments. (E) Venn diagram of the unique and common regulated DEGs
down-regulated of DEGs under MeJA treatments.

3.4. GO Enrichment Analysis of DEGs in Rosemary Suspension Cells

To further understand the potential functions of the DEGs under different concentra-
tions of MeJA, GO terms assignment to classify the functions of DEGs was performed in
pairwise comparisons under three GO main categories: biological process, cellular com-
ponent and molecular function (Table S8). The results of GO enrichment analysis in all
comparisons showed the enrichment of most biological processes in the CKvsM10 and
CKvsM50 combinations were significantly higher than other combinations, DEGs were
mainly related to xyloglucan metabolic process and response to glucose in the CKvsM10,
CKvsM50 and CKvsM100 comparisons (Figure 3A). The enrichment of most cellular compo-
nents in the CKvsM50 combination was significantly higher than other combinations, DEGs
were mainly related to apoplast and cell wall in the CKvsM10, CKvsM50 and CKvsM100
comparisons (Figure 3B). The enrichment of most molecular functions in the CKvsM10
combination was significantly higher than other combinations, DEGs were mainly related to
hydrolase activity, alpha-L-arabinofuranosidase activity and oxidoreductase activity in the
CKvsM10, CKvsM50 and CKvsM100 comparisons (Figure 3C). In summary, indicating that
the effect of different concentrations of MeJA on rosemary suspension cells was particularly
obvious and had substantially different responses to different concentrations of MeJA.
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3.5. KEGG Enrichment and Mapman Analysis of DEGs in Rosemary Suspension Cells

To investigate the metabolic pathways of the DEGs, we used the KEGG database to
classify the DEGs function and mapped the top 20 KEGG pathways enriched among the
DEGs according to the enrichment factors identified (Figures S4 and S5). The first 20 en-
richment pathways of the six combinations (CKvsM10, CKvsM50, CKvsM100, M10vsM50,
M10vsM100, M50vsM100) were compared and analyzed (Figure 4). Phenylpropanoid
biosynthesis was enriched in the top 5 in the CKvsM10, CKvsM50, CKvsM100, M10vsM50
and M10vsM100 comparisons. Phenylpropanoid biosynthesis is closely related to the biosyn-
thesis of flavonoids, and phenylalanine is closely related to the synthesis of rosmarinic acid,
indicating that there were significant differences in the biosynthesis of flavonoids and
rosmarinic acid in rosemary suspension cells by different concentrations of MeJA.
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The first 20 enrichment pathways of the three combinations (CKvsM10, CKvsM50, CK-
vsM100) were compared and analyzed (Figure 4). Galactose metabolism, phenylpropanoid
biosynthesis, vitamin B6 metabolism, ascorbate and aldarate metabolism were enriched
in the three comparisons among the top 20 pathways (Figure 4). This indicated that these
pathways differed significantly under different MeJA concentrations treatments. Some
pathways were enriched in the top 20 in two combinations, photosynthesis-antenna pro-
teins, photosynthesis and RNA polymerase were enriched in the top 20 in CKvsM10
and CKvsM50 (Figure 4). This indicated that these pathways might play important roles
in responding to 10 and 50 µM MeJA treatments. Glycosaminoglycan degradation and
pentose and glucuronate interconversions were enriched in the top 20 in CKvsM10 and
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CKvsM100 (Figure 4), suggesting that 10 and 100 µM MeJA were more effective for them.
Benzoxazinoid biosynthesis, sesquiterpenoid and triterpenoid biosynthesis, plant hormone
signal transduction and carotenoid biosynthesis were enriched in the top 20 in CKvsM50
and CKvsM100 (Figure 4), suggesting that 50 and 100 µM MeJA were more effective for
these pathways. Some pathways were only enriched in the top 20 for one combination
(Figure 4). MAPK signaling pathway-plant, indole alkaloid biosynthesis, ABC transporters,
and phenylalanine, tyrosine and tryptophan biosynthesis were only enriched in the top
20 in CKvsM10. Linoleic acid metabolism, zeatin biosynthesis, flavonoid biosynthesis,
diterpenoid biosynthesis and ubiquinone and other terpenoid-quinone biosynthesis were
only enriched in the top 20 in CKvsM50. Tryptophan metabolism, isoquinoline alkaloid
biosynthesis, alpha-Linolenic acid metabolism, tyrosine metabolism and steroid biosyn-
thesis were only enriched in the top 20 in CKvsM100, indicating that 50 and 100 µM MeJA
were more effective than 10 µM MeJA for metabolites such as terpenoids and flavonoids.

Mapman analysis of the DEGs was distributed in the cell wall, lipids, ascorbate
and glutathione, sucrose and amino acid pathways (Figure S6A–C). More up-regulated
DEGs were identified in the CKvsM100 comparison than the CKvsM10 and CKvsM50
comparisons in lipids, ascorbate and glutathione and amino acid pathways. More DEGs
were identified in the CKvsM50 and CKvsM100 than the CKvsM100 comparison in the
flavonoid metabolism pathway and more numbers of up-regulated DEGs were identified
in the CKvsM50 and CKvsM100 comparisons. More DEGs were identified in the CKvsM10
and CKvsM100 than the CKvsM50 comparison in Non-MVA, MVA and phenylpropanoids
pathways (Figure S6D–F). The above results indicate that 100 µM MeJA affected the
metabolism including amino acids lipids, ascorbate, glutathione terpenoids and total
flavonoids significantly more than 10 and 50 µM MeJA in rosemary suspension cells.

GO and KEGG enrichment and Mapman analyses of the DEGs showed that MeJA
affected the synthesis of rosemary suspension cells’ metabolites via multiple pathways,
including plant hormone signal transduction, reactive oxygen species (ROS) clearance,
osmotic balance, phenylpropanoid biosynthesis and many other metabolism pathways that
may play important regulatory roles.

3.6. Differential Expression Analysis of Plant Hormone Signal Transduction Related Genes during
Rosemary Suspension Cells under Different Concentrations of MeJA

To reveal the potential key genetic factors in rosemary suspension cells under different
concentrations of MeJA, we found a total of 16 DEGs were assigned to JA biosynthesis,
including 1 LOX2S, 2 AOS, 1 AOC, 2 OPR, 1 OPCL1, 7 ACX, 1 MEP2 and 1 J-O-MT. LOX2S,
OPCL1 and ACX (Unigene8348_All, Unigene10587_All) were up-regulated from 0 to 100 µM
MeJA treatments, OPR (Unigene16468_All) and ACX (Unigene3995_All, Unigene5819_All)
were down-regulated from 0 to 100 µM MeJA treatments. AOS was down-regulated under
10 µM MeJA treatment but up-regulated under 100 µM MeJA treatment. Other DEGs
showed different expression patterns in the three combinations (Figure S7A).

Meanwhile, we found a total of 25 DEGs were assigned to JA signal transduction,
including 2 JAR1, 1 COI1, 9 JAZ and 13 MYC2. Only 1 JAR1 (Unigene18877_All) was
up-regulated under 10 µM MeJA treatment, others were down-regulated. COI1 was
drastically up-regulated from 0 to 100 µM MeJA treatment. JAZ (CL9927.Contig1_All)
was down-regulated under 10 µM MeJA treatment, others were up-regulated. 1 MYC2
(CL4564.Contig5_All) was down-regulated from 0 to 100 µM MeJA treatment, 6 MYC2
(CL2762.Contig2_All, CL4726.Contig3_All, CL7026.Contig2_All, CL9744.Contig1_All,
CL12032.Contig4_All, Unigene30434_All) were down-regulated from 0 to 100 µM MeJA
treatments, the number of up-regulated DEGs under 100 µM MeJA treatment were the most,
secondly was 50 µM MeJA treatment, the least was 10 µM MeJA treatment (Figure S7B).
The result showed that 100 µM MeJA treatment can significantly induce the DEGs ex-
pression of JA biosynthesis and signal transduction pathway compared to10 and 50 µM
MeJA, indicating that 100 µM MeJA could significantly affect JA biosynthesis and signal
transduction in rosemary suspension cells.
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In our study, based on the KEGG and other annotation, plant hormone signal trans-
duction was the representative pathway. There were 248 significant DEGs were assigned
to the plant hormone signal transduction pathway involved in auxin (59 DEGs), cytokinine
(56 DEGs), gibberellin (GA, 34 DEGs), abscisic acid (ABA, 15 DEGs), ethylene (ET, 44 DEGs),
brassinosteroid (BR, 32 DEGs), and salicylic acid (SA, 8 DEGs) (Figure S7C–I). The result of
the analysis of these DEGs showed that 69 DEGs were up-regulated under different concen-
trations of MeJA, including 4 AUX1, 3 TIR1, 14 AUX-IAA, 5 ARF and 8 TF, 87 DEGs were
down-regulated, for example, 1 SAUR, 10 TF, 22 B-ARR, 4 A-ARR, 3 ABF, 6 ETR and 3 CTR1.
The result also showed that 50 and 100 µM MeJA could significantly inhibit the DEGs expres-
sion of the salicylic acid signal transduction pathway (Figure S7C). There were more numbers
of up-regulated DEGs in auxin and ABA signal transduction under different concentrations of
MeJA (Figure S7D,E), but more numbers of down-regulated DEGs in other hormone signals
transduction pathways under different concentrations of MeJA (Figure S7F–I).

3.7. Phenylpropanoid Biosynthesis Related Genes Were Differential Expressed during Rosemary
Suspension Cells under Different Concentrations of MeJA

Phenylpropanoid biosynthesis was the representative KEGG pathway, we found 138,
104 and 138 DEGs assigned to phenylpropanoid biosynthesis in CKvsM10, CKvsM50
and CKvsM100 combinations, respectively (Figure 5B). These DEGs include 5 PAL, 4 4CL,
8 CCR, 6 HCT, 8 C3’H (CYP98A), 8 F6H1, 3 CSE, 1 caffeoyl-CoA-O-methyltransferase, 21 β-
glucosidase, 27 cinnamyl-alcohol dehydrogenase, 66 peroxidase. There were more numbers of
up-regulated DEGs than down-regulated DEGs under 10 µM MeJA treatments, but there
were more numbers of down-regulated DEGs under 50 and µM MeJA treatment. Among
these DEGs, PAL (CL3764.Contig6_All), 4CL (CL5102.Contig4_All), CCR (Unigene974_All),
HCT (CL10076.Contig1_All), F6H1 (CL352.Contig1_All), peroxidase (Unigene16028_All),
β-glucosidase (CL41.Contig21_All), caffeoyl-CoA-O-methyltransferase (CL11417.Contig1_All),
cinnamyl-alcohol dehydrogenase (CL5952.Contig4_All) were drastically up-regulated from
0 to 100 µM MeJA treatment (Figures 5A and S8). The result showed that 10 µM MeJA
treatment can significantly induce the DEGs expression of phenylpropanoid biosynthesis
compared to 50 and 100 µM MeJA in rosemary suspension cells.
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To reveal the potential key genetic factors in rosemary suspension cells under different
concentrations of MeJA, we found a total of 35 DEGs were assigned to flavonoids biosyn-

95



Genes 2022, 13, 67

thesis (Figure 5B). Among these DEGs, these were 14 DEGs drastically up-regulated under
different concentrations of MeJA treatments, include 1 CHS, 1 CHI, 1 F3H, 2 FLS, 4 ANS,
1 GT1, 1 HIDH, 1 IF7GT, 1 CYP81E1/E7, 1 UGT73C6. Instead, these were 5 DEGs drastically
down-regulated from 0 to 100 µM MeJA treatment, include 1 F3H, 1 DFR, 1 3AT, 1 IF7MAT
and 1 UGT73C6. The other 16 DEGs showed different differential expression patterns under
different concentrations of MeJA, most of the DEGs were up-regulated under 10 µM MeJA
treatment, but down-regulated under 50 and 100 µM MeJA treatment, for example, CHI
(Unigene14082_All), which was down-regulated more significant under 100 than 50 µM
MeJA treatment (Figure 5C). Therefore, indicating that different concentrations of MeJA
could significantly affect the accumulation of flavonoids in rosemary suspension cells.

3.8. Terpenoid Biosynthesis Related Genes Were Differential Expressed during Rosemary
Suspension Cells under Different Concentrations of MeJA

In our study, the results showed that a large number of DEGs were found in the
terpenoid biosynthesis and terpenoids biosynthesis pathways (Figure 6). There were 6 sig-
nificant DEGs assigned to the MVA pathway, including 1 HMGCS, 3 HMGCR, 1 MVK,
and 1 PMVK. Among these DEGs except HMGCS (CL375.Contig4_All) and HMGCR (Uni-
gene29235_All, CL6936.Contig10_All) were drastically up-regulated under different con-
centrations of MeJA treatments. There were 3 significant DEGs that were assigned to the
MEP pathway, including 2 DXS and 1 ispH. DXS were down-regulated under 10 µM MeJA
treatment, but up-regulated under 50 and 100 µM MeJA treatments, ispH was drastically
down-regulated under different concentrations of MeJA treatments. The result showed
that 100 µM MeJA treatment could significantly induce the DEGs expression of MVA
biosynthesis compared to 50 and 100 µM MeJA, 10 µM MeJA treatment could significantly
inhibit the DEGs expression of MVA biosynthesis in rosemary suspension cells. In ad-
dition, the DEGs FPS (FDPS) and GGPS, which directly act on terpenoids to synthesize
precursors geranyl diphosphate (GPP), farnesyl pyrophosphate (FPP) and geranylgeranyl
pyrophosphate (GGPP) and other DEGs in the terpenoid biosynthesis pathway showed
differential expression patterns under different concentrations of MeJA, for example FDPS
(CL1142.Contig2_All, Unigene14392_All), GGPS, FACE2, ICMT, PCME (Unigene7748_All)
and FOLK were up-regulated from 0 to 100 µM MeJA treatment. We also found a large
number of DEGs were assigned to ubiquinone and other terpenoid-quinone biosynthesis,
carotenoid biosynthesis, sesquiterpenoid and triterpenoid biosynthesis, zeatin biosynthesis,
steroid biosynthesis, monoterpenoid biosynthesis, diterpenoid biosynthesis and N-Glycan
biosynthesis pathways (Figure S9). Therefore, different concentrations of MeJA could
significantly affect the accumulation of terpenoids in rosemary suspension cells.

3.9. Transcription Factors Are Important in Rosemary Suspension Cells under Different
Concentrations of MeJA

In this study, a total of 551 TFs were annotated, belonging to 43 TFs families in rosemary
suspension cells (Figure 7A). Under the MeJA treatments, many differentially expressed TFs
were found (Figure 7B,C). For example, MYB (15.97%), AP2-EREBP (14.88%), bHLH (8.17%),
NAC (7.62%), WRKY (5.63%), G2-like (4.54%), C2H2 (4.54%), MADS (3.45%), Tify (3.09%),
C3H (2.90%) and LOB (2.90%) which frequency were more than 2.90%, indicating that these
TFs might play important regulatory roles in the synthesis of rosemary suspension cells
important metabolites and the stress-response.

In order to understand the differentially expressed TFs in rosemary suspension cells,
there were 320, 305 and 434 differentially expressed TFs in the CKvsM10, CKvsM50 and
CKvsM100 comparisons, respectively (Figure 7D–F). The classification of differentially
expressed TFs by family showed that MYB (48, 15.00%), AP2-EREBP (38, 11.88%), WRKY
(28, 8.75%), G2-like (20, 6.25%), bHLH (20, 6.25%) in the CKvsM10 comparison; MYB
(48, 15.74%), AP2-EREBP (42, 13.77%), NAC (30, 9.84%), WRKY (21, 6.89%), bHLH (21,
6.89%) in the CKvsM50 comparison; MYB (61, 15.72%), AP2-EREBP (57, 14.69%), bHLH
(38, 9.79%), NAC (35, 9.02%), WRKY (22, 5.67%) in the CKvsM100 comparison. There
were more differentially expressed TFs in the CKvsM100 than the CKvsM10 and CKvsM50

96



Genes 2022, 13, 67

comparisons. Indicating that, MYB was the most significantly differentially expressed TFs
in rosemary suspension cells responding to MeJA, AP2-EREBP, bHLH and WRKY might
play an important role in rosemary suspension cells responding to different concentrations
of MeJA through differential expression or specific expression.
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3.10. qRT-PCR Verification of DEGs Related to MeJA

In order to further verify the reliability of gene expression profiles obtained by RNA-
seq, the expression pattern of 11 DEGs was estimated by qRT-PCR in rosemary suspension
cells under different concentrations of MeJA (Figure 8). The expression of LOX2S, AOS,
JAZ, MYC2, PAL, CHS, ANS, FPS and GPS were the highest in the 100 µM treatment, only
the expression of AOS was the lower in the 10 µM than the 0 µM MeJA (CK) treatment,
while the expression of 4CL was the highest in the 10 µM treatment. The expression pattern
of DFR was the highest in 0 µM MeJA, followed by 50, 10 and 100 µM MeJA treatments. In
summary, the qPCR verification results showed that the relative expression of the genes
was similar to the transcriptome, affirming the consistency of RNA-seq data and our results.
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4. Discussion
4.1. Phenylpropanoid and Terpenoid Pathway Were Closely Related to the Synthesis of Important
Metabolite in Rosemary Suspension Cells

In our study, phenylpropanoid and terpenoid backbone biosynthesis pathways were
significantly enriched. Phenylpropanoid biosynthesis was closely related to the biosynthesis
of flavonoids and rosmarinic acid. Exogenous MeJA regulated phytoalexin and polyphenol
biosynthesis by up-regulating PAL in Arabidopsis [36]. PAL was the key rate limiting enzyme,
its activity was enhanced after plant stress [37]. In plants, MVA and MEP pathway provided
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premises for terpenoids biosynthesis [38]. During the process of rosemary suspension cells
under different concentrations of MeJA, a total of 157, 35 and 143 DEGs involved in
the phenylpropane, flavonoids and terpenoids biosynthesis, respectively, mostly were up-
regulated. The key synthase genes FDPS and GGPS of precursors as GPP were up-regulated
in rosemary suspension cells under 100 µM MeJA, which was similar to the results of Taxus
and Chrysanthemum indicum [39,40]. Therefore, MeJA might enhance phenylpropane and
terpenoids biosynthesis by regulating the DEGs in the phenylpropanoid and terpenoids
biosynthesis pathways. In summary, those DEGs might involve in regulating secondary
metabolites, such as flavonoids, rosmarinic acid and carnosic acid.

4.2. ROS Scavenging Systems Improved Tolerance of Rosemary Suspension Cells Responding
to MeJA

After the external environment changed, the balance was destroyed and ROS was over-
produced to damage the plants, which could induce the synthesis of phytoalexin [41,42].
Plant cells mainly respond to stress through enzymatic and non-enzymatic antioxidant
systems [43–45]. In Arabidopsis, 177 PLP enzymes might regulate the expression of genes
of hormone synthesis and signal transduction, AtPDX2 could be induced under light,
drought and low-temperature stress [46–48]. In Arabidopsis vtc1 mutant, the content of
Asc was 70% lower than the wild type, while the content of ABA and the expression of
NCED were significantly increased [49]. Asc played an important role in protecting the
body and avoiding normal metabolism from oxidative stress [50–52]. After PEG-6000 and
H2O2 treatments, the antioxidant enzyme system and secondary metabolites synergistically
eliminated excess ROS in S.baicalensis [53,54]. Proline confers tolerance to Cd-stress in
tobacco BY-2 cells by different mechanisms [55]. Different type of stresses stimulated plants
to secrete flavonoids [56,57]. In our study, the activities of SOD, CAT, POD, PPO and PAL
were significantly increased, the contents of H2O2 and MDA were reduced in rosemary
suspension cells under different concentrations of MeJA. These phenomena improved
the repair capacity of oxidative damage and ROS scavenging ability in plant cells and
thereby enhancing the ability to cope with external factors in plant [58]. The changes of
enzymatic and non-enzymatic antioxidants by MeJA could prevent oxidative damage,
and promote the accumulation of secondary metabolites, such as flavonoids in rosemary
suspension cells.

4.3. Plant Hormone Signal Transduction Played a Key Role in Rosemary Suspension Cells
Responding to MeJA

Plant hormones play an important role in the synthesis of secondary metabolites, and
the regulatory process involves a variety of signal transduction and interaction factors [59].
In Arabidopsis arf6 and arf8 single mutants and sesquimutants, ARF6 and ARF8 gene
dosage affected the accumulation of JA and the expression of MYB [60]. Over-expression
miR393 could stabilize ARF1 and ARF9 to increase glucosinolate and decrease camalexin in
Arabidopsis [61]. Exogenous cytokinin and ethylene up-regulated the alkaloid production
through independent pathways in periwinkle suspension cells [62]. Exogenous ABA, GA
and ethylene increased the levels of phenolic acids by activating the PAL and TAT in
Salvia miltiorrhiza hairy roots [63]. DELLA would inhibit the transcriptional activation of
downstream target genes by binding to PIF3 and PIF4 [64–66]. In Tripterygium wilfordii
suspension cells, the contents of triptolide and triptolide increased significantly with
exogenous ABA after 10 days [67], and the expression of AACT, MCT, CMK and CYP450 in
terpenoids biosynthesis increased significantly by exogenous MeJA [68]. The content of
total essential oil was significantly increased by exogenous BR in Mentha canadensis [69].
Under MeJA treatment, the expression of ODC, ADC, PMT, QPRT and bHLH in nicotine
biosynthesis were up-regulated, which affected the accumulation of nicotine and other
pyridine organisms in Nicotiana tabacum [70]. JAZ8 participated in the biosynthesis of
phenolic acids in Salvia miltiorrhiza under MeJA treatment [71]. Over-expression ORCA3
enhanced the expression of Tdc, Str, and D4h in terpenoid biosynthetic genes increased the
accumulation of terpenoid indole alkaloids in Catharanthus roseus [72,73]. MeJA induced
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the expression of JA biosynthesis and signaling pathway genes, and the transcription
factor MYC2 was released from JAZ to transcribe and activate the down-stream response
genes in Arabidopsis [74–76], Hevea brasiliensis [77], Nicotiana tabacum [78], Catharanthus
roseus [79], Chrysanthemum indicum [80] and Vitis vinifera [81]. In our study, many genes
showed differential expressions under MeJA treatment, e.g., ARF, DELLA, EIN3, JAZ, MYC2,
further study of these genes is required. Thus, 100 µM MeJA could significantly induce
the genes of JA biosynthesis and signal transduction and inhibit certain hormone signal
transduction, especially SA signal transduction. MeJA could regulate the biosynthesis of
secondary metabolites via the complex network of plant hormone signal transduction in
rosemary suspension cells, such as terpenoids, flavonoids.

4.4. Transcription Factors Played an Important Role in Rosemary Suspension Cells Responding
to MeJA

TFs played a key role in plant growth, development, secondary metabolism and
resistance to stress [82]. In Salvia miltiorrhiza, PAP1 could induce the expression of PAL,
C4H and CHS to promote the accumulation of anthocyanins [83], MYB39 and MYB4
could negatively regulate the synthesis of rosmarinic acid [84,85], ERF115 had different
regulatory effects on salvianolic acid and tanshinone in different tissues and organs [86].
MYC2 mediated plant responding to stress, regulated the genes in the biosynthesis of
many secondary metabolites [87]. AP2/ERF, bHLH, MYB, NAC, WRKY and bZIP TFs
families were related to the metabolism of terpenoids, MYB and bHLH could induce plant
anthocyanin accumulation [88,89]. In Arabidopsis, several R2R3-MYB were involved in
the regulation of flavonoid biosynthesis [90–92], MYB4 negative controlled sinapate ester
biosynthesis through down-regulated C4H in a UV-dependent manner [93], MYB11, -12,
-111 regulated flavonol biosynthesis by up-regulated CHS, CHI, F3H, F3’H and FLS [90,94],
MYB75, -90, -113, -114 controlled anthocyanin biosynthesis in vegetative [95], MYB123
controlled the biosynthesis of proanthocyanidins in the seed coat [96]. MYB5, -14 played a
key role in seed coat polymer biosynthesis in Medicago truncatula [97]. OsWRKY13 was an
important TF to resist the infection of rice blast fungus by directly or indirectly regulating
the genes of SA and JA signaling pathway [98]. Over-expression li049, the expressions
of genes related to lignan biosynthesis were significantly up-regulated and the content
was increased in Isatis indigotica hairy root [99]. TcDRREB regulated the key gene of
the paclitaxel synthesis pathway to increase the content of paclitaxel increased with JA
treatment in Taxus suspension cells [100]. DELLA could interact with JAZ1, reduce the
inhibition of JAZ1 to MYC2 in Arabidopsis [101]. RIM1 was a negative regulator for JA
signaling in Rice [102]. In our study, the classification of them showed that MYB was most
related to MeJA. R2R3-MYB were differentially expressed under MeJA treatment, MYB111
was significantly up-regulated under 50 and 100 µM MeJA, and down-regulated under
10 µM MeJA. Therefore, MeJA might play a regulatory role in the synthesis of rosmarinic
acid, terpenoids, flavonoids and other metabolites by including the MYB, AP2-EREBP,
MYC2 and DELLA in rosemary suspension cells.

In conclusion, MeJA increased the activities of PAL, SOD, POD, CAT and PPO, and
reduced the contents of H2O2 and MDA, thus accelerated the ROS scavenging. A compar-
ative analysis of global gene expression patterns provided subsets of DEGs in rosemary
suspension cells under MeJA treatment. Our study revealed the expression profiles of
genes involved in plant hormones signaling pathway, flavonoids, terpenoid backbone
and phenylpropanoid biosynthesis pathway, TFs, indicating their regulatory role in the
synthesis of the active compounds in rosemary suspension cells under MeJA treatment. We
suggested a feasible working model based on the result (Figure 9). These transcriptomic
data provided new insights into future functional studies, as a means of studying the
molecular mechanisms on the biosynthesis of active compounds and the mining of key
enzyme genes in rosemary suspension cells.
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Abstract: Trehalose-6-phosphate phosphatase (TPP) genes take part in trehalose metabolism and
also in stress tolerance, which has been well documented in many species but poorly understood in
wheat. The present research has identified a family of 31 TPP genes in Triticum aestivum L. through
homology searches and classified them into five clades by phylogenetic tree analysis, providing
evidence of an evolutionary status with Hordeum vulgare, Brachypodium distachyon and Oryza sativa.
The exon-intron distribution revealed a discrete evolutionary history and projected possible gene
duplication occurrences. Furthermore, different computational approaches were used to analyze
the physical and chemical properties, conserved domains and motifs, subcellular and chromosomal
localization, and three-dimensional (3-D) protein structures. Cis-regulatory elements (CREs) analysis
predicted that TaTPP promoters consist of CREs related to plant growth and development, hormones,
and stress. Transcriptional analysis revealed that the transcription levels of TaTPPs were variable
in different developmental stages and organs. In addition, qRT-PCR analysis showed that different
TaTPPs were induced under salt and drought stresses and during leaf senescence. Therefore, the
findings of the present study give fundamental genomic information and possible biological functions
of the TaTPP gene family in wheat and will provide the path for a better understanding of TaTPPs
involvement in wheat developmental processes, stress tolerance, and leaf senescence.

Keywords: in silico; Cis-regulatory elements; gene transcription; trehalose-6-phosphate phosphatase; wheat

1. Introduction

Cereals are indeed the single most significant part of the diet for the majority of
the global population, with about 60% to 80% of carbohydrates coming straightly from
them in developing and under-developing nations, respectively [1]. According to the
FAO’s most current predictions, global grain production in 2021 will increase by 1.7% over
2020, achieving 2817 million tons [2]. Wheat (Triticum aestivum L.) is the world’s largest
extensively grown cereal crop and is among the most often eaten cereals by the world
population [3]. The major abiotic stresses that decrease wheat productivity throughout the
growing period include water shortages, high temperatures, and salinity [4]. Among them,
salinity is a major barrier to crop production, especially in wheat, resulting in a yield loss
of 65% in moderately saline soils, by influencing nearly every stage of plant growth and
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development, including germination, vegetative growth, and reproductive growth [5,6].
This abiotic stress condition results in a decrease in yield related traits that directly affect
the yield of cereal crops. Thus, one of the most significant tasks for plant breeders right now
is to uncover the genes associated with abiotic stress responses and to cultivate genetically
engineered varieties with improved stress tolerance [7,8].

Plants generate various organic molecules, such as soluble sugar and free amino
acids, in response to stress exposure. Trehalose is one of these non-reducing disaccharides
composed of two molecules of α-glucose that may accumulate in the cell up to 12% of
its dry mass to maintain its integrity and is associated with plant abiotic stress tolerance,
including high and low temperature, drought, and osmotic stress tolerance [9–12]. Many
species, including yeast, fungus, invertebrates, plants, bacteria, insects, green weed, and
cyanobacteria synthesize this sugar substance [12–15]. Except for vertebrates, the syn-
thesis of trehalose in plants and other organisms involves two phases with two catalytic
enzymes, trehalose-6-phosphate synthase (TPS) and trehalose-6-phosphate phosphatase
(TPP). TPS produces trehalose-6-phosphate (T6P), a phosphorylated intermediate, from
Uridine diphosphate-glucose (UDPG) and Glucose-6-phosphate (G6P) in the first phase,
and the TPP dephosphorylates T6P to produce trehalose in the second phase (Figure 1). Tre-
halose is then hydrolyzed by an enzyme called trehalase (TRE) to synthesize two molecules
of glucose, which suggests that TPS, TPP, and TRE are the three enzymes involved in the
trehalose biosynthesis pathway [16]. The TPS and TPP families encode multiple genes, but
TRE is denoted by a single copy of the gene [17–19].

Figure 1. Trehalose biosynthesis pathway in plants. Uridine diphosphate glucose (UDP), Trehalose-6-
phosphate synthase (TPS) and Trehalose-6-phosphate phosphatase (TPP).

In addition to providing a route for the production of trehalose, TPS and TPP have
been shown to serve as signaling molecules in higher plants by modulating a variety of
plant metabolic and developmental processes. T6P is a signaling metabolite in plants that
links growth and development to carbon metabolism and serves as a signal of sucrose
status at various phases of the plant’s development [20–22]. TPS genes were discovered
to be involved in the germination of seeds, stress signaling, vegetative phase separation,
shoot branching, and flowering time regulation in Arabidopsis and rice, with TPS1 being
the most studied [23–27]. Instead, TPP was found to inhibit SnRK1 (Sn1-related protein
kinase) activity, a well-known transcriptional regulatory pathway under stress and energy
metabolism [28]. The Ramosa1 (RA1) transcription factor activates the transcription of TPP
to regulate flower branching, which suggests that trehalose may have a role in specific
developmental processes [29]. Tobacco plant overexpressing Escherichia coli TPS gene ostA
improved photosynthesis efficiency by enhancing RUBISCO concentration, although ostB,
a TPP gene, exhibited the opposite impact, further suggesting the significance of trehalose
in plant photosynthesis [30].

Various studies have reported trehalose enzymes to enhance abiotic and biotic stress
tolerance, such as in Arabidopsis [31,32]. For example, ZxTPP (Zygophyllum xanthoxy-
lum) or ostA and ostB containing tobacco transgenic plants were significantly tolerant
to drought [33,34]. Likewise, ostA and ostB transformed rice plants showed increased
trehalose levels and enhanced performance against cold, salt, and drought stresses [35].
Exogenous trehalose triggered a signal transduction pathway including calcium and re-
active oxygen species (ROS) and OsTPP1 or OsTPP3 transgenic rice and maize plants
induced stress-related genes that conferred drought tolerance [36–38]. After drought stress,
vulnerable maize seedlings had lower ZmTPP1 expression, whereas resistant seedlings
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had higher expression [39]. TPP promoters’ Cis-regulatory elements (CREs) stimulate
trehalose metabolism and improve stress response. In Arabidopsis, ABF1, ABF2, and ABF4
are ABA-responsive elements that directly influence AtTPPI expression to increase drought
tolerance by changing stomatal apertures [40]. The transcription factor that responds to
ABA in the presence of ABA, ABF2 binds directly to the AtTPPE promoter, triggering its
expression for root elongation and stomatal movement via producing ROS [41]. DREB1A,
which binds to the DRE/CR motif in the AtTPPF promoter, is thought to upregulate AtTPPF
transcription in drought-stressed plants [32]. T6P role as a signal for increased carbon
availability might have implications for leaf senescence control, as the accumulation of
sugars has been demonstrated during leaf senescence in Arabidopsis, wheat, tobacco, and
maize. The phenotype of mature otsB-overexpressing Arabidopsis plants included delayed
senescence and decreased anthocyanin accumulation, suggesting that the role of TPP may
perform a crucial role during leaf senescence in plants [42–45]. To date, TaTPP-6AL1 and
its functional marker have been shown to improve crop yield in wheat [46]. However, the
gene structure and regulatory mechanism of wheat TPPs are not well studied.

The present study intends to investigate wheat TPPs in silico by identification of
TaTPPs, gene duplication analysis, phylogenetic relationship with other species, subcellular
localization prediction, motif and domain analyses, proteins 3-D structure modeling, inves-
tigation of CREs, and gene transcription analysis that have all been performed to better
understand TaTPPs functions in wheat.

2. Materials and Methods
2.1. Identification of Putative TPPs in the Wheat Genome

To find putative TPPs in wheat, we utilized TPPs from Arabidopsis and rice. En-
sembl Plants database was used to collect TPP protein sequences from Arabidopsis and rice
and a BLASTp search was conducted against the most recent wheat assembly from the
IWGSC (RefSeq v1.0) (http://plants.ensembl.org/index.html, 10−5 cut-off e-value and
bit-score > 100, accessed on 12 March 2021). After eliminating duplicated sequences,
SMART (http://smart.embl-heidelberg.de/, accessed on 12 March 2021) or InterPro (https:
//www.ebi.ac.uk/interpro, accessed on 12 March 2021) and NCBI CDD (https://www.ncbi.
nlm.nih.gov/Structure/cdd/wrpsb.cgi, accessed on 12 March 2021) were used to examine
the remaining sequences for the presence of transmembrane domains. TPP-related domain-
containing protein sequences were collected and designated consecutively according to their
chromosomal locations after the sequences without transmembrane domains were deleted.
The ProtParam software (https://web.expasy.org/protparam/, accessed on 13 March 2021)
was used to calculate the length, molecular weight, isoelectric point (pI), and grand average
of hydropathicity (GRAVY) of TPP proteins.

2.2. Chromosome Localization, Gene Duplication and Synteny Analysis

TPPs genomic locations were acquired from the Ensembl Plants BioMart (http://plants.
ensembl.org/biomart/martview, accessed on 14 March 2021) for chromosomal distribution.
The TPPs were given a ‘Ta’ prefix and were numbered in ascending order according to their as-
cending chromosomal location. The TaTPPs on the wheat chromosomes were represented using
TBtools. A NCBI BlastP search (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&
PAGE_TYPE=BlastSearch&BLAST_SPEC=&LINK_LOC=blasttab&LAST_PAGE=blastn, query
conditions: percent identity between 75 and 100 and query coverage between 80 and 100,
accessed on 14 March 2021) based on the proportion of query cover to the identity of the TaTPPs
against each other was performed to check for gene duplication [47]. Based on a BLAST search
and a phylogenetic tree, duplicate gene pairs were identified. TBtools was used to determine
the non-synonymous substitution rate (Ka), synonymous substitution rate (Ks), and Ka/Ks
ratio [48]. The synteny relationships of wheat TPP genes with different plant species were
analyzed using TBtools.
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2.3. Phylogenetic Analysis, Exon-Intron Distribution and 3-D Structure Modeling

ClustalW in MEGA X was used to align full-length protein sequences from various
species [49]. Following the alignment, MEGA X was used to create a phylogenetic tree
with the Maximum Likelihood method [50] and 1000 bootstrap values [51]. To exam-
ine the exon-intron distribution of TaTPPs, the TBtool was used to align the CDSs and
genomic sequences. SWISS-MODEL Workspace web tools (https://swissmodel.expasy.
org/interactive#sequence, accessed on 16 March 2021), GASS and SOPMA secondary
structural method (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa%20
_sopma.html, accessed on 16 March 2021) and MolProbity server (http://molprobity.
biochem.duke.edu/, accessed on 16 March 2021) were used to conduct 3-D structure
analyses of TaTPP proteins [52–57].

2.4. Subcellular Localization Prediction and Protein Domain Analysis

PredSL (http://aias.biol.uoa.gr/PredSL/index.html, accessed on 17 March 2021) was
used to predict subcellular localizations. The TPP domain (trehalose-phosphatase (Tre-
halose PPase); PF02358) was retrieved from the Pfam database and the structures were
created with TBtools [58,59]. We utilized MEME suite 5.1.1 to examine TaTPP motifs and
The site distribution was set to any number of repetitions, the maximum number of motifs
to locate was set to 9, the minimum width was set to 6, the maximum width was set to 50,
and the maximum number of motifs to locate was set to 9 [60].

2.5. Analysis of Publicly Accessible Expression Data and Cis-Regulatory Elements (CREs)

We used the NCBI database (https://www.ncbi.nlm.nih.gov/, accessed on 19 March 2021)
to obtain 2 kb upstream from start codon promoter sequences of 11 TaTPPs, which we
subsequently submitted to PlantCARE to find the CREs [61]. Netbeans IDE 8.0 (https:
//netbeans.org., accessed on 25 March 2021) was used to organize data [62] and subsequently
TBtools Heatmap was used for data visualization. The Genevestigator RNAseq public anatomy
was used to examine gene expression [63] and the MeV tool was then used to visualize expres-
sion [64].

2.6. Plant Materials and Treatments

T. aestivum L. cultivar Jinmai39 was used to investigate the transcription of TaTPPs in
the presence of salt, drought, and ABA treatments. The seedlings were grown in a growth
chamber at 22 ◦C with 16 h/8 h of light/ darkness and a light intensity of 9000 lux. Wheat
plants were treated with either double-distilled water (control) or a 20% PEG-6000 or a
250 mM NaCl solution at the 2–3 leaf stage for drought and salt stress, respectively. For
abscisic acid (ABA) treatment, plants at the same stage are sprayed with 100 mM abscisic
acid (ABA) or 0.1% (v/v) ethanol (control). To analyze the expression of TaTPPs during
leaf senescence, the delayed senescence wheat cultivar Yannong19 was grown in field
conditions and collected samples from flag leaf at 0, 7, 10, 16, 19, 22, 24, and 25 days after
anthesis. All the leaves after collection are immediately frozen into liquid nitrogen and
stored at −80 ◦C for further RNA extraction.

2.7. RNA Extraction, Quantitative Real-Time Reverse Transcription PCR Analysis and Protein
Interaction Network

The Quick RNA isolation Kit (Huayueyang Biotechnology, Beijing, China) was used to
extract RNA according to the manufacturer’s instructions and DNase I treatment was used
to remove DNA contamination. The RevertAid First Strand cDNA Synthesis Kit (Thermo
Scientific, Waltham, MA, USA) was used to synthesize cDNA from a 3-µg aliquot of total
RNA from each sample. To measure the expression of TaTPPs qRT-PCR analysis was
performed with specific primers (Table S1), as described previously [65]. The ABI PRISM
7500 system (Applied Biosystems, Foster City, CA, USA) was used to generate threshold
values (CT) and the transcription level of TaTPPs was measured using the comparative
2−∆∆CT technique that was standardized with the Elongation factor 1α (TaEF-1α) (GenBank
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accession no. Q03033) [66,67] (Table S1). All of the studies were carried out three times.
The TaTPP protein interaction network was examined using the STRING online server
(https://string-db.org/, accessed on 27 April 2021).

3. Results
3.1. Identification and Annotation of Wheat TPPs

We identified a total of 31 TPP protein sequences in the wheat genome (Tables 1 and S2).
This number is relatively large when compared to TPPs previously identified in Arabidopsis,
rice, and maize (Table S3). Wheat has a greater ploidy level and a larger genome size as
it originated from the natural hybridization of three closely related genomes (A, B, and
D), which may justify this result [68]. These protein sequences were encoded by 31 genes,
three of which were chosen as representatives because they showed splice variants with
full domains. A detailed description of TaTPPs is summarized in Table 1. The ORF of
TaTPPs ranged from 750 to 1755 bp, with protein lengths ranging from 249 to 584 amino
acids (Table 1). The molecular weight of the genes ranged from 28.67 KDa to 65.02 KDa.
(Table 1). Fifteen genes were found to be basic (>7) and 16 genes were found to be acidic
(<7) based on the predicted pI value (Table 1).

In addition, the Aliphatic Index and Instability Index were computed. The Aliphatic
Index measures how much space is taken up by aliphatic side chains in Alanine, Isoleucine,
Leucine, and Valine amino acids [69]. The Aliphatic Index ranges observed were 72.28 to
86.42, and the Instability Index ranges were 32.59 to 55.74 (Table 1). The high Aliphatic
Index of a protein sequence suggests that it can function at a broad range of temperatures,
whereas the Instability Index shows whether the protein is stable or unstable [70]. All the
TaTPPs had negative GRAVY values ranging from −0.700 to −0.142 (Table 1). A protein
with a negative GRAVY value is non-polar and hydrophilic in nature [69].

3.2. Subcellular Localization Prediction and Chromosomal Distribution of TaTPPs

PredSL (http://aias.biol.uoa.gr/PredSL/index.html accessed on 22 September 2021)
was used to predict subcellular localization. Subcellular localization of the TaTPPs was
predicted mostly in the chloroplast, whereas, TaTPP1-A, TaTPP7-D, TaTPP10-B appeared to
be localized in the mitochondrion (Table 1). Moreover, TaTPP5-B, TaTPP7-A were predicted
as secreted proteins (Table 1). However, TaTPP5-A, TaTPP10-A, TaTPP10-D were predicted
with unknown localization (Table 1). A schematic diagram was created to explain the
chromosomal location of TaTPPs. The TaTPPs are present on 17 wheat chromosomes
(Figure 2 and Table 1). On the chromosomes of the A subgenome, the highest number of
TaTPP genes (11 genes) were mapped. B and D subgenomes had 10 TaTPP genes in each
subgenome. The maximum 14 genes of TaTPPs were located on chromosome 2 (Figure 2).
Chromosome 6A, 6B and 6D, had 2 genes on each chromosome and 1A, 1B, 1D, 3A, 3D,
5A, 5B, and 5D had only a single gene. On the other hand, no TaTPPs were found on
chromosomes 3B, 4A, 4B, or 4D (Figure 2 and Table 1), suggesting that TPP family genes
were unevenly distributed throughout the three subgenomes of wheat.
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We further investigated the duplication events in the TaTPP gene family in the context
of wheat being hexapolyploid and having big genomes. Genes are usually considered
duplicated when the query cover and identity value of gene sequences are more than
80% [71]. It has also been reported that genes are considered duplicated when protein
sequence similarity and identity are more than 70% and 75%, respectively [72]. By analyzing
the sequences, we found 27 pairs of TaTPPs with a sequence identity ranges from 82.14%
to 95.25% and 100% query cover within all gene pairs (Tables S4 and S5) and identified in
the same phylogenetic tree clade (Figure 3). We further computed the non-synonymous
(Ka) and synonymous (Ks) substitutions, as well as the Ka/Ks ratios, for the 27 TaTPP gene
pairs to determine the selection pressure on the duplicated TaTPPs (Table S5). These gene
pairs Ka/Ks ratios were smaller than one, indicating that they developed under functional
restriction with negative or purifying selection. The divergence period ranged from 2.93
to 13.3 million years ago (MYA), showing that these gene pairs were duplicated recently
(Table S5).

Figure 2. Graphical presentations of TaTPPs chromosomal distribution of on wheat chromosomes.
The name of the gene on the right side and the location of the TaTPPs is indicated by the colored
circular circle on the chromosomes. The three subgenomes chromosomal numbers are shown at the
top of each bar.
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Figure 3. Phylogenetic analysis of TaTPP proteins. The tree was generated using MEGA X by the
maximum likelihood method with 1000 bootstrap values. All the species and protein ID used for
constructing tree were presented in Table S6.

3.3. Phylogenetic and Conserved Domain Analyses of TaTPP Proteins

A phylogenetic tree containing full length TPP protein sequences from twelve plant
species was constructed by the maximum likelihood method to better understand the
evolutionary relations among the TaTPP proteins with other species (Figure 3, Table S6),
including five species from monocot: Hordeum vulgare, Brachypodium distachyon, Oryza
sativa, Zea maize, Sorghum bicolor; and 6 species from dicot: Arabidopsis thaliana, Glycine
max, Populus trichocarpa, Solanum tuberosum, Solanum lycopersicum, Vitis vinifera. The results
indicated that TPP proteins were divided into eleven clades, where clade I was the largest
with 30 members. Clades II to XI (total 10 clades in order) included 21, 24, 10, 6, 13, 10, 1,
10, 8, and 2 members, respectively (Figure 3).

Plants classified as dicots and monocots were divided into distinct clades. Proteins
from monocot plants were grouped into clade I, clade II, clade V, clade VI, and clade VII,
whereas proteins from dicot plants were grouped into clade III, clade IV, clade VIII, clade
IX, clade X, and clade XI. The highest number of TaTPP proteins were grouped into clade I
and clade II, which had nine proteins in each clade. In addition, clades V, VI, VII contained
four, six, and three TaTPP proteins, respectively (Figure 3). Most of the wheat TPP proteins
were closely related to H. vulgare, B. distachyon, and O. sativa, suggesting their conserved
function with those plant species and offering information that can be used to conduct
a more in-depth functional analysis. All the TaTPPs were assembled into 11 groups, as
sequences from A, B, and D subgenome of 11 groups clustered together in the phylogenetic
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tree (Figure 3) and protein sequence identity was more the 88% between A, B, and D
subgenome of each group (Table S4). Thus, we considered the protein sequences from A,
B, and D subgenome of each group are copies of separate TaTPP genes and named them
according to the ascending order of the chromosomal location (Table 1).

Further, the Pfam database was utilized to find the important component domains
of TaTPP proteins [59]. All the TaTPP proteins contain a specific Trehalose PPase domain
(PF02358). In addition, a stress antifungal domain was found in TaTPP-5A, TaTPP7-A and
TaTPP7-D (Figure 4a). We used MEME suite 5.1.1 to evaluate motif sequences for 31 TaTPPs
and found six significant motifs (motifs 1–6) (Figure 4b). All the motifs were found to be
conserved in all TaTPP proteins except for TaTPP5-A, which lacks lacks motif 3 (Figure 4b).

Figure 4. Conserved domain and motif of TaTPPs. (a) The conserved domain of TaTPP members was identified from Pfam
and SMART databases and presented using TBtools. (b) The conserved motifs of TaTPP members. Six motifs were identified
using MEME program and presented with different colored boxes.
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3.4. Gene Structure and Evolution Analyses of TaTPPs

The exon-intron structures of TaTPPs were studied to better understand their structural
features (Figure 5). The TaTPP gene family had a lot of variation in terms of gene structure,
according to gene structure analyses as introns ranged from 4 to 13. Most of the TaTPPs
contain eight or nine introns. A maximum of 13 introns was found in TaTPP7-D and
a minimum of four introns were observed in TaTPP8-B (Figure 5). Moreover, different
TaTPPs showed different intron phase patterns. TaTPP1-A, TaTPP1-D, TaTPP5-A, TaTPP6,
TaTPP8, TaTPP9 showed phase 0 and TaTPP2, TaTPP3, TaTPP4, TaTPP5-B, TaTPP7-A,
TaTPP10, 11 showed phase 2 patterns, whereas TaTPP1-B and TaTPP7-D exhibited all
phases (Phase 0,1,2) (Figure 5).

Figure 5. Structural organizations of TaTPPs. The introns are shown by black lines, whereas the exons are represented by
pink boxes and untranslated regions (UTRs) are represented with green boxes. Intron phase, 0: phase 0, 1: phase 1 and 2:
phase 2 denotes that a codon is not disrupted by introns, a codon between the first and second bases is disrupted by an
intron and a codon between the second and third bases is disrupted by an intron, respectively.

Further, the Multiple Collinearity Scan toolkit was used to investigate the synteny
networks between TaTPPs and other wheat relatives and model plants. The results showed
that 27, 26, 13, 33, 26, and 22 orthologous gene pairs were identified between TaTPPs
and other TPPs in B. distachyon, O. sativa, A. thaliana, H. vulgare, Z. mays, and S. bicolor,
respectively (Figure 6 and Table S7). A collinear relation was observed for 19, 18, 9, 22, 17
and 19 TaTPPs with other TPPs in B. distachyon, O. sativa, A. thaliana, H. vulgare, Z. mays, and
S. bicolor, respectively. TaTPP6, TaTPP9, TaTPP10 and TaTPP11 were shown to have more
than one pair of orthologs. Thus, these TaTPPs might have a crucial role in the evolution
of TPPs. These findings imply that TaTPPs in wheat may have evolved from other plant
species orthologous genes.
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Figure 6. Syntenic relationship between TaTPPs with rice, Arabidopsis, Brachypodium, sorghum, and maize. The collinear
blocks within wheat and other plant genomes are shown by gray lines in the background, while the syntenic TaTPP gene
pairs are highlighted by red lines.

3.5. 3-D Protein Structure Analysis

The 3-D structure reveals a few key residues linked to biological processes or intended
outcomes [73]. Thus, we used SWISS-MODEL to identify the 3-D model of TaTPP proteins
(Figure S1a). For all TaTPP proteins, the 3-D structures were analyzed using template
“5gvx.1.A.” and predicted 3-D structures covering the N-terminus and C-terminus regions
of 31 TaTPP proteins (Figure S1a). Within 4 A◦, three conserved residues that worked as
ligands were identified. The interaction of those ligands with chain A and the magnesium
ion (Mg2+) indicates that TaTPP proteins have distinct catalytic activities, which have
also been reported for AtTPP, ZmTPP, ScTPP, CaTPP, and EcTPP that have a catalytic
function and they are all similar to one other by 80% [39,74]. Further, we used SOPMA to
calculate the secondary structure elements of protein sequences (Table S8). TaTPP proteins
were found to contain a range of 35.70% to 47.99% α helix, 13.41% to 18.18% extended
strand, 6.62% to 9.93% β turn and 8.38% to 41.21% random coil (Table S8). All TaTPPs
except TaTPP5, TaTPP7, TaTPP9-A, and TaTPP10-B had a coiled coil-like structure in the
C-terminus and one Mg2+ ligand each was observed in all the TaTPPs (Figure S1a).

To validate TaTPP protein structures, we employed SWISS-MODEL analysis and the
MolProbity server (Figure S1b and Table S9). The produced Ramachandran plot has an
average favored region of 94.07%, an average allowed region of 99.08%, and an average
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outer region of 0.91% (Table S9). The average sequence identity was 34.95%, with a
similarity of 37%, covering 68% of the query sequences obtained by the X-ray Method in
2.6 A◦ (Table S9). The ligand interaction between chain A and Mg2+ was confirmed with the
Protein–Ligand Interaction Pipeline (PLIP), and the residue site was noticed to be highly
conserved. We investigated these conserved residues further in all TaTPP protein sequence
alignments and found that they include aspartic acid (D/Asp), which is conserved in
motif 3 and motif 6. (Figure S2, Table S9). For improved visual clarity, the side chains of
the catalytic triads were expanded with the TaTPP1-A residues (Figure S3).

3.6. Analysis of Cis-Regulatory Elements

To examine the responses of TaTPPs members to various stimuli, the 2 kb promoter
sequences upstream of the start codon of these genes were submitted to the PlantCARE
service to predict their Cis-regulatory elements (CREs). A total of 90 CREs with a frequency
of 1985 were identified in all TaTPP promoters (Figure 7, Table S10). Among them, 72 CREs
were related to phytohormones, stress, growth, and development (Figure 7, Table S10). All
of the identified CREs were divided into five groups according to their known functions
(Tables S10 and S11). Group I contained four core Cis-elements, including AT~TATA-box,
CAAT-box, TATA, TATA-box. TATA-box (which comprises TATA and AT TATA-box) is
a critical promoter element found in approximately 30% of transcription start sites and
the CAAT-box is a kind of promoter that may influence the choice of transcription start
location [75]. TATA-box and CAAT-box are generally present 25–30 bp and ~75 bp upstream
of the transcription start site, respectively, and both of them are found in a wide range
across all the promoters.

Figure 7. Putative Cis-acting regulatory elements (CREs) of TaTPPs. The CREs were identified with
the 2 kb upstream sequences of the start codon using the PlantCARE online server and presented
using TBtools. Red color indicates the CREs with high frequency, while black color indicates CREs
with zero frequency.
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Group II contained 44 stress-related CREs, among them 20 were light-responsive
Cis-elements such as 3-AF1 binding site, 3-AF1 binding site, ABRE4, ACE, ATCT-motif,
Box 4, AE-box, Box II, LAMP-element. The stress-responsive CREs consist of one anaerobic-
responsive element (ARE), one low-temperature-responsive element (LRT), one drought-
responsive element (MBS), two wound-responsive elements (WUN-motif, box S), one cold-
and dehydration-responsive (DRE core) and 17 defense- and stress-responsive elements
(as-1, TC-rich repeats, W box, CCAAT-box, MYB, MYB recognition site, Myb, Myb-binding
site, MYB-like sequence, MYC, Myc, STRE, WRE3, Unnamed_1, Unnamed_8, GC-motif,
AT-rich sequence). There were 12 CREs in group III, involved in cell development including
seed specific expression (AAGAA-motif, RY-element), cellular development and cell cycle
regulation (AC-I, MSA-like), meristem expression (CAT-box, CCGTCC-box, CCGTCC-box),
circadian control (circadian), differentiation of palisade mesophyll cells (HD-Zip I), cell
cycle regulation (MSA-like), and endosperm expression (GCN4_motif).

Additionally, the hormone-responsive CREs in group IV included 16 CREs such as
abscisic-acid-responsive element (ABRE, ABRE2), auxin-responsive elements (AuxRR-core
and TGA-element), salicylic-acid-responsive element (TCA-element, TCA, SARE), methyl-
jasmonate-responsive elements (TGACG and CGTCA motifs), ethylene-responsive element
(ERE) and gibberellin-responsive elements (GARE-motif, P-box, and TATC-box). There
were also 14 CREs in group V with unknown functions. CTAG-motif and A-box might act
as a CRE, Unnamed_2 might act as an antisense transcript, BOX III might function as a
protein binding site and Unnamed_16 was found to be involved in sugar transporter family
genes. Most TaTPPs possessed one or more CREs associated with hormone and stress-
related activities, suggesting that TaTPPs may be engaged in a variety of physiological
processes as a result of diverse environmental adaptations.

3.7. Transcriptional Patterns of TaTPPs in Different Organs and Developmental Stages of Wheat

To investigate the transcription level of TaTPP genes in different wheat organs and
development stages, mRNA transcripts data was collected from Genevestigator and visual-
ized with a heatmap in Figures 8 and S4. The transcript data were divided into six groups.
Group I included callus, Group II included primary cells (cell culture, spike cell, spikelet
cell, floret cell, stamen cell, anther cell, meiocyte, microspore), Group III included seedlings
(seedling, coleoptile, root, radicle, radicle tip), Group IV included inflorescence (inflo-
rescence, spike, rachis, spikelet, floret, stamen, anther, pistil, ovary, lemma, awn, glume,
caryopsis, embryo, endosperm, aleurone layer, starchy endosperm, endosperm transfer
layer, pericarp, outer pericarp), Group V included shoot (shoot, culm (stem), internode,
peduncle, leaf, blade (lamina), sheath, flag leaf, blade (lamina), ligule, sheath, crown, shoot
apex, shoot apical meristem, axillary bud) and Group VI included rhizome (rhizome, roots,
nodal root, unspecified root type, root tip, root, apical meristem). Our results showed that
TaTPP1, TaTPP8, TaTPP9-A, TaTPP9-D and TaTPP10-B had the highest transcriptions in
most of the organs compared to other TaTPPs (Figure 8). In addition, high expression was
observed for TaTPP2-D, TaTPP5-B, TaTPP6-A and TaTPP6-B only in the rhizome group. In
contrast, other TaTPPs had no expression in most of the organs (Figure 8).

Further, we observed the mRNA transcripts level of TaTPPs during different develop-
mental stages of wheat, such as germination, seedling growth, tillering, stem elongation,
booting, inflorescence emergence, anthesis, milk development, dough development, and
ripening (Figure S4). A number of TaTPPs were expressed differently at various stages
of wheat development. For example, TaTPP8 and TaTPP4-A were found to be expressed
in all stages, whereas TaTPP1 and TaTPP9 were induced in all except the ripening stage.
TaTPP4-D was expressed in all except stem elongation and TaTPP3-D was expressed in all
except tillering and ripening stages. TaTPP5 and TaTPP7 showed very low expression in all
wheat developmental stages and other TaTPPs were either slightly or highly expressed in
one or more developmental stages (Figure S4). These findings suggest that various TaTPPs
may have a role in the development of various tissues at different development stages.
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Figure 8. Transcription profiles of TaTPPs in different wheat organs. mRNA transcription data of TaTPPs in different wheat
organs were retrieved from Genevestigator and presented using MeV software.

3.8. Transcriptions of TaTPPs Were Induced in Response to ABA, Abiotic Stresses and
Leaf Senescence

Wheat seedlings treated with ABA or abiotic stress (drought and salinity) were used
to analyze the transcriptional pattern of the TaTPPs in wheat. Under ABA treatment,
TaTPP1 and TaTPP4 exhibited upregulated transcriptions at most of the time points and
significant upregulation was observed from 3 to 12 hpt (hours post treatment). Moreover,
three TaTPPs (TaTPP7, TaTPP8 and TaTPP9) were upregulated immediately after ABA
treatment and transcriptions decreased with an increase in ABA treatment time points.
Transcriptions were significantly downregulated for TaTPP2, TaTPP3 and TaTPP11 at most
of the time points after ABA treatments compared to control (0 hpt) (Figure 9a). The
transcriptional patterns of TaTPP members were examined following drought stress in
wheat to provide insight into the underlying functional roles of wheat TPPs in response
to drought stress. During the drought stress treatment, only TaTPP1 and TaTPP4 showed
significant upregulations at a later time post treatment. A slight upregulation or significant
downregulation was observed for all other TaTPPs after drought stress in wheat (Figure 9b).
The transcriptional levels of TaTPP members were examined to elucidate the mechanism of
gene responses to leaf senescence in wheat. Most of the TaTPP members were slightly or
highly induced during leaf senescence, TaTPP1 showed obvious upregulated transcriptions
at 19 and 22 days after anthesis compared to the control (0 days after anthesis) (Figure 9c).

Further, we analyzed the transcriptions of TaTPP members under salt stress by qRT-
PCR to observe the involvement of TaTPPs in wheat salt tolerance (Figure 10). Significant
upregulation of the transcripts was observed for TaTPP1, TaTPP2, TaTPP4 and TaTPP9 at an
early stage of salt treatment and downregulations were observed at the later stage of salt
treatment. Moreover, TaTPP7 showed a significant upregulation only at 12 h post treatment
(hpt) compared to the control (0 hpt). In contrast, either no changes or significant down-
regulations were observed for other TaTPP members compared to the control (Figure 10).
However, no expression was observed for TaTPP5 and TaTPP6 by qRT-PCR in all aspects.
Overall, these findings suggest that TaTPPs act as an important regulator of wheat abiotic
stress and leaf senescence responses.
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Figure 9. Relative transcript profiles of TaTPPs in response to (a) abscisic acid (ABA), (b) drought stress and (c) leaf
senescence. The relative transcripts of all genes were analyzed using qRT-PCR. The relative transcript levels of TaTPPs were
measured using the comparative threshold (2−∆∆CT) method. Data normalized with the transcripts of wheat elongation
factor, TaEF-1α. The 0 h post treatment (a,b) or 0 days after anthesis (c) was used as a control and standardized with 1. Red
and green colors denote strong and weak transcription of TaTPPs, respectively. The heat map was generated with TBtools
and tree was constructed with the average linkage clustering method.

Figure 10. Relative transcript profiles of TaTPPs in response to salt stress. The relative transcripts
of all genes were analyzed using qRT-PCR. The relative transcript levels of TaTPPs were measured
using the comparative threshold (2−∆∆CT) method. Data normalized with the transcripts of wheat
elongation factor, TaEF-1α. The 0 h post treatment was used as a control and standardized with 1.
Values represent the mean ± SD from three independent biological samples. Asterisks (p < 0.05) or
double asterisks (p < 0.01) designate significant differences from 0 hpt by the Student’s t-test.

3.9. Protein–Protein Interaction Analysis of TaTPPs

The STRING database was used to build a network to study protein–protein in-
teractions between TaTPPs and other wheat proteins (Figure S5 and Table S12). From
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prediction results, it was found that TaTPPs can interact with five other wheat proteins.
Traes_1AL_7531AC097.1, Traes_1BL_2AE952A77.1 and Traes_1DL_50B29C62B.2 have en-
coded an enzyme called TRE, which is hydrolyzed Trehalose to synthesize two molecules
of glucose. Moreover, Traes_6DL_33F8A5EF4.1 has encoded TPS enzyme which produces
T6P, a phosphorylated intermediate, from UDPG and G6P and Traes_4AS_4B8E78B13.1
was an unknown protein. Thus, our results suggesting that TaTPPs might interact with
other enzymes that are involved trehalose biosynthesis pathway to accelerate the trehalose
biosynthesis process.

4. Discussion

The TPP gene family has been characterized as catalytic enzymes that mainly function
in trehalose biosynthesis [18,76,77]. Despite their catalytic function, a portion of TPP genes
has been identified to be involved in growth and development, response in abiotic and
biotic stress and senescence [27–29,31–33,35,42,78,79]. Although wheat is one of the most
economically important cereal crops, systemic studies on TPP homologs in wheat have not
been reported yet.

In the present study, we analyzed wheat TPPs with other species and identified
31 TPPs in wheat based on the Chinese Spring genome sequence (Table 1). The highest
number of TPPs were found in wheat and these genes were distributed over 17 chromo-
somes (Figure 2). In comparison to previously described TPPs in Arabidopsis, rice, maize,
and purple false brome, the wheat TPP gene family has been significantly extended with
relatively more TPPs [38,74,80–82]. The major driving forces for extending the gene family
in various plant species are gene duplication mechanisms, which include segmental, tan-
dem, and whole-genome duplications [83,84]. All the TaTPPs are distributed unevenly on
the wheat chromosome and the number ranges from 1 to 5 on each chromosome (Figure 2).
Gene duplication analysis revealed that 27 pairs of TaTPPs duplicated within the wheat
genome (Tables S4 and S5). The gap between genes on the chromosomal map of common
wheat was higher than 200 kb (Figure 2), indicating that these genes were not formed
via tandem duplication [85]. In addition, Ka/Ka ratio was less than one for all pairs of
duplicated genes, suggesting that TaTPPs were subjected to a rigorous purifying selection
(Table S5) and a comparable segmental duplication event was also observed for TPPs in
rice [74]. Natural whole-genome duplicating processes might have led to the expansion of
the TaTPP gene family. Thus, these findings suggest that whole-genome and segmental
duplications might be vital in the expansion and evolution of TaTPPs.

Phylogenetic analysis of 31 TaTPP proteins and 11 other plant species showed that
these proteins clustered into 11 groups, where TPPs from monocots and dicots species were
grouped into separate clades (Figure 3). TaTPP proteins were grouped into clade I, clade
II, clade V, clade VI, and clade VII and closely related to Brachypodium, rice, and barley
TPPs, suggesting that TaTPP proteins might originate from a common ancestor. TaTPP5
and TaTPP7 have moved far away from the cluster of all other TPPs in the radiation tree
(Figure S6) that was similar to OsTPP11 and OsTPP12 as previously reported [74]. The
TaTPP gene structure study demonstrated that the majority of TaTPPs had highly conserved
gene structures. The size of an intron has a significant impact on the size of a gene. The
number of introns in TaTPPs ranged from 4 to 13 and most of the TaTPPs had 8 or 9 introns
(Table 1). The difference in total intron length between the largest gene TaTPP7-A (32 kb)
and the shortest gene TaTPP-8B (2.3 kb), resulted in a significant variation in gene size.
Further, multiple alignments of TaTPP protein sequences revealed that the Trehalose_PPase
domain and conserved motif are conserved within the TaTPPs (Figure S2). Among the
identified six motifs, all the motifs were highly conserved in all TaTPPs except TaTPP5-A,
which lacks motif 3. All the TaTPPs had a complete Trehalose_PPase domain, suggesting
the various proteins’ functional equivalence and evolutionary relationships. In addition,
TaTPP5-B and TaTPP7 had a stress-antifungal domain which has been reported to be
involved in disulphide bridges and response to salt stress [86,87]. Subcellular localization
prediction showed that most of the TaTPPs are localized in the chloroplast, whereas some
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of them are found in the mitochondrion or secreted protein (Table 1). In Arabidopsis or rice,
different localizations were also detected. For instance, AtTPPD and AtTPPE were localized
in the chloroplast whereas AtTPPA, AtTPPB, AtTPPC, AtTPPF, and AtTPPH were found
in the cytosol and AtTPPG, AtTPPI, and AtTPPJ showed localization in the nucleus [88].
This variation in the localization of TaTPPs might be due to a lack of conserved N-terminus
(Figure S2). According to the 3-D structure analysis, all TaTPPs were highly conserved and
showed Mg2+ ligand-binding sites in SWISSMODEL (Figure S1a), which are shown to have
a role in catalysis by activating or inhibiting a variety of enzymes [89,90]. To investigate
the TPP gene synteny relationship in wheat and other plant species, we identified 27, 26,
13, 33, 26 and 22 orthologous gene pairs between TaTPPs and other TPPs in B. distachyon, O.
sativa, A. thaliana, H. vulgare, Z. mays, and S. bicolor, respectively (Figure 6 and Table S7).
These findings imply that TaTPPs in wheat might have evolved from other plant species
orthologous genes.

A non-coding DNA sequence found in the promoter region of a gene is known as a
CREs. Different CREs distribution in promoter regions may indicate variations in gene
regulation and function [91]. To identify the CREs, we used 2kb promoter regions of
all TaTPPs and classified into five groups according to their known functions (Figure 7,
Table S10). Stress related CREs were identified in high frequency compared to cellular
development and hormone related CREs, suggesting the involvement of TaTPPs in response
to stress. ABRE, At~ABRE, ABRE3a, and ABRE4 are ABA-responsive CREs that play
important roles in seed dormancy, stomatal closure, leaf senescence, and plant biotic and
abiotic stress responses. Multiple ABREs or their combinations have been reported to act
as CEs (Coupling Elements) in the formation of ABA-responsive complex (ABRC) [92–97].
The ABRE CREs were predicted in all TaTPPs promotor with high frequency and ABRE3a
and ABRE4 CREs were found in most of the TaTPPs except TaTPP5, TaTPP7, TaTPP9
and TaTPP11. Following that, we also discovered TGA-element, and AuxRR-core (auxin-
responsive element), TCA-element (salicylic acid responsiveness), CGTCA-motif (MeJA
responsiveness) and p-box and TATC-box (gibberellin responsive element), among other
hormone-related CREs [98], that might potentially induce possible signal transduction
pathways for wheat TPPs during stress response. Furthermore, other CREs linked to
a variety of development and stress were also predicted in TaTPP promoters with high
frequency, including MBS (drought inducibility), MYC (drought-responsive CRE) MYB
and STRE (stress response element), as-1(Defense response), Unnamed_1 (ABRE-like
CRE, responsible for biotic and abiotic stress responses), ARE (anaerobic induction CRE),
Unnamed_4 (might responsible for tissue specific expression) and AAGAA-motif (involved
in seed specific expression) [91]. These findings suggest that TPP gene family members
in wheat may be controlled by a variety of developmental events, hormones, and stress;
however, additional experimental investigations will be required to validate this.

Higher transcriptional levels of TaTPPs were observed in different wheat organs and
developmental stages. TaTPP1, TaTPP8 and TaTPP9 were expressed in most organs and de-
velopmental stages but predominantly expressed in the roots, suggesting that they could be
important for root physiology. (Figures 8 and S4). Previous evidence showed that AtTPPE
modulates ABA-mediated root growth and a rice TPP, OsTPP7, enhanced the anaerobic
germination [41,99]. Wang et. al. [27] reported that seed germination was regulated by
OsTPP1 via crosstalk with the ABA catabolism pathway. In addition, high expression was
also observed for TaTPP1, TaTPP8 and TaTPP9 in all developmental stages except dough
development and ripening, suggesting that these genes might have a significant associa-
tion with wheat developmental processes. Plants have developed sensory and response
systems that enable them to adjust physiologically to environmental stress conditions such
as drought, excessive salt, and low temperature stress. Previous studies in rice and Ara-
bidopsis demonstrated the involvement of TPP genes in various environmental stresses and
ABA signaling [32,37,38,40,41,100]. Under ABA treatment, TaTPP1 and TaTPP4 exhibited
upregulated transcriptions at most of the time points and significant upregulations were
observed from 3 to 12 hpt. Moreover, three TaTPPs (TaTPP7, TaTPP8 and TaTPP9) were
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upregulated immediately after ABA treatment and transcriptions were decreased with
the duration after ABA treatment and a significant downregulated transcription level was
observed for TaTPP2, TaTPP3 and TaTPP11 at most of the time points after ABA treatment
(Figure 9a). During the drought stress treatment, only TaTPP1 and TaTPP4 showed sig-
nificant upregulations at later time post treatment. A slight upregulation or significant
downregulation was observed for all other TaTPPs after drought stress in wheat (Figure 9b).
An obvious significant upregulation was observed for TaTPP1, TaTPP2, TaTPP4 and TaTPP9
at an early stage of salt stress and downregulated transcriptions were observed at the
latter stage of salt treatment. A similar expression pattern was also observed for rice TPP
and BdTPPC genes that were upregulated in the first hour under abiotic stress [28,38].
Moreover, TaTPP7 showed a significant upregulation only at 12 dpt. In contrast, either no
changes or significant downregulation was observed for other TaTPP members compared
to the control (Figure 10). The phenotype of mature otsB-overexpressing Arabidopsis plants
included delayed senescence and decreased anthocyanin accumulation, suggesting that the
role of TPP may perform a crucial role during leaf senescence in plants [42–45]. Our results
showed that most of the TaTPP members were slightly or highly induced during leaf senes-
cence, especially TaTPP1 showed an obvious upregulated transcription (Figure 9c). Overall,
these findings suggest that TaTPPs might act as an important regulator of wheat abiotic
stress and leaf senescence responses and could be good candidate genes for wheat improve-
ment under environmental stimuli. Moreover, protein network prediction revealed that
TaTPP proteins possible interact with TaTPS or TaTRE protein which involved in trehalose
biosynthesis pathway to accelerate the trehalose biosynthesis process (Figure S5).

Furthermore, we suggested a feasible working model based on TaTPPs transcrip-
tion profiling to illustrate the roles of TaTPPs in a range of biological processes in wheat
(Figure 11). TPS produces T6P, a phosphorylated intermediate, from UDPG and G6P and
then TPP dephosphorylates T6P to produce trehalose in the second phase. Trehalose is
then hydrolyzed by an enzyme called TRE to synthesize two molecules of glucose [16].
The expression of TaTPPs was induced by both endogenous and exogenous stimuli in this
model. These signals were detected by multiple Cis-regulatory elements, which then regu-
lated the transcription and functions of TaTPPs involved in numerous plant developmental
stages and stress situations, affecting plant growth and tolerance mechanisms (Figure 11).

Figure 11. A proposed model for TaTPP genes functions in various wheat developmental processes
and diverse stress conditions. ABA: Abscisic acid; MeJA: Methyl jasmonate; JA: Jasmonic acid;
SA: Salicylic acid; ARF: Auxin response factors; MYB: Myeloblastosis; NAC: No apical meristem;
TPS: trehalose-6-phosphate synthase; T6P: trehalose-6-phosphate; TPP: trehalose-6-phosphate phos-
phatase; TRE: trehalase. Yellow boxes indicate carbohydrates and light green boxes indicate proteins.
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5. Conclusions

In conclusion, a relatively comprehensive analysis of the TaTPP gene family was per-
formed in this study, which may help to explain the biological activities of TaTPP proteins
in developmental processes, stress responses and leaf senescence of wheat. However, our
knowledge of their precise biological role is still lacking. Thus, in order to give important
insights to help wheat breeders for developing resistant crops cultivars to unfavorable
stress conditions, an extensive functional validation study of TaTPPs is necessary.
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action analysis of TaTPP proteins, Figure S6. Radiation tree of TaTPPs along with TPPs from other
species, Table S1. List of primers used for TaTPPs qRT-PCR analysis, Table S2. TPP protein sequences
identified from wheat genome, Table S3. Number of TPP proteins in different plant species, Table S4.
Sequence identity and query cover of TaTPP proteins, Table S5. Pairwise identities and divergence
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sequences and functions, Table S12: The protein-protein interaction network between TaTPPs and
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Abstract: Cold tolerance is a complex trait that requires a critical perspective to understand its
underpinning mechanism. To unravel the molecular framework underlying maize (Zea mays L.)
cold stress tolerance, we conducted a comparative transcriptome profiling of 24 cold-tolerant and
22 cold-sensitive inbred lines affected by cold stress at the seedling stage. Using the RNA-seq
method, we identified 2237 differentially expressed genes (DEGs), namely 1656 and 581 annotated
and unannotated DEGs, respectively. Further analysis of the 1656 annotated DEGs mined out two
critical sets of cold-responsive DEGs, namely 779 and 877 DEGs, which were significantly enhanced
in the tolerant and sensitive lines, respectively. Functional analysis of the 1656 DEGs highlighted
the enrichment of signaling, carotenoid, lipid metabolism, transcription factors (TFs), peroxisome,
and amino acid metabolism. A total of 147 TFs belonging to 32 families, including MYB, ERF,
NAC, WRKY, bHLH, MIKC MADS, and C2H2, were strongly altered by cold stress. Moreover, the
tolerant lines’ 779 enhanced DEGs were predominantly associated with carotenoid, ABC transporter,
glutathione, lipid metabolism, and amino acid metabolism. In comparison, the cold-sensitive lines’
877 enhanced DEGs were significantly enriched for MAPK signaling, peroxisome, ribosome, and
carbon metabolism pathways. The biggest proportion of the unannotated DEGs was implicated in
the roles of long non-coding RNAs (lncRNAs). Taken together, this study provides valuable insights
that offer a deeper understanding of the molecular mechanisms underlying maize response to cold
stress at the seedling stage, thus opening up possibilities for a breeding program of maize tolerance
to cold stress.

Keywords: cold; stress; differentially expressed genes; transcriptome; transcription factors

1. Introduction

Maize (Zea mays L.) is the world’s most commonly grown cereal crop, with an es-
timated global annual production of about 1186.86 million metric tons in 2020/2021 [1].
The high dependence on maize for human, animal, and industrial consumption makes it
one of the most critical food crops. However, maize growth and yield are highly dependent
on sufficient environmental factors [2]. Thus, the current and expected scarcity of water
sources and arable land due to the increasing world population and the recurrent extreme

131



Genes 2021, 12, 1638

weather caused by global warming is projected to increase the incidence of abiotic stresses,
such as drought, cold, and freezing during the planting, flowering, and grain-filling stages,
in many corn-growing areas [3]. These abiotic stresses typically serve as crucial imped-
iments to maize production and geographical distribution [4] and restrict agricultural
yields worldwide.

Since maize has a tropical origin, cold stress is a significant risk factor among the
several abiotic stresses in the development of maize. A previous report has shown that cold
stress adversely affects maize growth from germination to harvest, resulting in significant
yield losses due to low and slow germination and poor grain filling [5]. Corn production
losses can surpass 20% in the most prolonged cold temperatures [6]. Therefore, the devel-
opment of high-yielding cultivars tolerant to cold stress may help in augmenting maize
production in vulnerable regions and act as an essential maize-breeding target.

The optimum maize growth temperatures range from 21 to 27 ◦C, while sub-optimal
temperatures of about 10–20 ◦C decrease biomass production, thereby leading to growth
retardation [7]. Cold stress induces multiple abnormalities in physiological, molecular, and
biochemical processes, which harm plant growth and yield. Cell membranes may become
disorganized, proteins may be denatured, oxidative defense and osmotic stress may be
altered, photosynthesis possibly restricted, and metabolism may become dysfunctional,
all of which subsequently disrupt growth and development, decrease fertility, and cause
premature senescence and even plant death [8–11]. All of these cold stress-associated
changes occur through accurate gene expression regulation and are therefore genetically
regulated. Thus, screening cold stress-related candidate genes may help identify essential
regulators and pathways as potential targets for breeding resistant varieties adaptable to
environments with fluctuating temperatures.

As a result of their sessile nature, plants have developed complex cold acclimation
mechanisms, which entail the interaction of multiple biochemical pathways in an organ-,
genetic-, and environmental-specific manner [12]. They sense cold stress through changes
in membrane fluidity and the accumulation of calcium signatures, leading to downstream
activation of cold signaling pathways [13]. The enhanced cytosolic Ca2+ levels then induce
C-repeat binding factors (CBFs), which act as core regulators for expressing cold-response
genes [14,15]. The stress receptors, in conjunction with the cell membrane transporters,
facilitate the perception of stress signals and their transmission to target genes. Multi-
ple protein kinases, including CaMs, CMLs, CBLs, CDPKs, and MAPKs, phosphorylate
other kinases and/or various TFs, resulting in activation of the cold-responsive genes [16].
Moreover, the transcriptional factor (TF) families bHLH, CAMTA, MADS, WRKY, NAC,
TRAF, C3H, and AP2/ERF are critical in cold response mechanisms, while phytohormones,
such as abscisic acid (ABA), regulate specific pathways that lead to cold tolerance [17,18].
Cellular redox homeostasis is protected by synthesizing defense enzymes and other an-
tioxidant systems, while soluble sugars serve as a stabilizer of cellular components and
plasma membrane [19]. Secondary metabolites, such as lignin, anthocyanin, terpenoids,
chaperones, and late embryogenesis abundant (LEA), provide cold tolerance by protecting
cellular components from cold-induced cellular damage [20,21]. Transporters, such as the
ATP-binding cassette (ABC) transporter, play integral roles in plant growth and develop-
ment, homeostasis of phytohormones, and resistance to abiotic stress [22]. Tremendous
progress has been made in elucidating the mechanisms underlying cold tolerance in plants.
However, the complex molecular mechanisms of cold tolerance in maize seedlings are still
elusive and require comprehensive research.

Moreover, considering the genetic diversity of maize inbred lines, it will be interesting
to identify the stress-responsive genes that have a consistent function in a variety of inbred
lines in spite of their genetic background. Differential transcriptome analysis using RNA-
sequencing (RNA-seq) approaches has recently emerged as robust, reliable, and responsive
to broader levels of gene expression [23]. This effective technology makes it easier to rapidly
classify stress-responsive genes and decode metabolic pathways associated with biotic and
abiotic stresses [24]. Currently, little is known about the transcriptomic responses of maize
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seedlings to cold stress. In this study, we used RNA-seq analysis to decipher the expression
profiles of the differentially expressed genes (DEGs) responsible for the contrasting cold
response of 46 maize inbred lines (24 tolerant and 22 sensitive) at the seedling stage. The
common cold-responsive genes were then characterized by their patterns of expression and
evaluated for their functional significance. The current study provides valuable clues for the
in-depth characterization of molecular responses of maize seedlings to cold stress, which
could lead to effective strategies for breeding and developing cold-tolerant maize varieties.

2. Materials and Methods
2.1. Plant Materials and Treatments

The maize inbred lines were derived from the hybrid 19NL, which was provided
by Heilongjiang Academy of Agricultural Sciences. The maize hybrid 19NL is a highly
suitable cultivar for the spring season in northeastern China. Field experiments were
conducted at open field stations during the spring maize growing season (March–June 2019)
in Heilongjiang (Harbin, China). In April 2019, approximately 6000 inbred lines of 19NL
were planted in rows, with 40 cm between the rows and each row containing 20 seedlings.
However, in the late spring of May 2019, due to climate change, the Heilongjiang region of
Harbin was affected by a cold spell of below 10 ◦C for more than three days. We observed
that the cold spell impacted the seedlings differently, with survival rates varying from
one inbred line to another. This indicated that their response to varying degrees of cold
stress was different, regardless of being from the same germplasm. When seedlings had
six fully expanded leaves (40 days old), all inbred lines were sampled, and 46 inbred lines
with contrasting cold tolerance were selected and classified into cold-tolerant (24 lines) and
cold-sensitive (22 lines) lines based on the survival rates of the seedlings, as well as a visual
observation of the phenotypic changes of the leaves. The top fully expanding leaves of
the 24 cold-resistant and 22 cold-sensitive inbred lines were harvested, frozen into liquid
nitrogen, and later stored at −80 ◦C for further use.

To validate the expression of our cold-responsive DEGs, we planted B73 and CIMBL116
maize inbred lines, which have previously been reported as being cold-sensitive and -
tolerant lines, respectively [25,26]. The seeds from these two maize inbred lines were
provided by the Chinese Academy of Agricultural Sciences’ crop science institute). Ten
seeds from each inbred line (B73 and CIMBL116) were surface sterilized with 75% (v/v)
ethanol for three minutes before being rinsed three times with distilled water. Seeds were
then placed between two layers of damp paper at 25 ◦C and left to germinate in the dark
for 3 days. Uniformly germinated seeds with 2–3 cm coleoptiles were selected and sown
in pots filled with peat, vermiculite, and perlite (10:1:1 by vol.). The seedlings were then
grown in a growth chamber with a controlled temperature of 25/20 ◦C (day/night), 450 L
mol m−2 s−1 light density, and a 12/12 h (light/dark) photoperiod until the third leaves
were fully developed. The seedlings from the two inbred lines were divided into two
groups, with the first receiving a cold stress treatment of 4 ◦C for 2 h followed by 25 ◦C
for 2 days. The other group, which served as a control, was kept in the growth chamber
under the same conditions as described above. The control and cold treatment samples
were harvested at the same time after 2 days and immediately frozen in liquid nitrogen
before being stored at −80 ◦C for total RNA isolation.

2.2. RNA Extraction, Library Construction, and Illumina Sequencing

TRIzol reagent (Invitrogen, CA, USA) was used to isolate total RNA from 24 tolerant
and 22 sensitive leaf samples as per the manufacturer’s standard. The samples were treated
with RNase-free DNaseI (Takara, Kusatsu, Japan) to remove the genomic DNA. The Nan-
oDrop 1000 (NanoDrop Technologies, Wilmington, DE, USA) and Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA) were used to assess RNA concentration
and integrity, respectively. The cDNA libraries were constructed and sequenced using
the Illumina HiSeq™ 2500 platform to generate 150 bp paired-end reads. Moreover, the
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above procedure was also employed to extract RNA from B73 and CIMBL116 at control
and treatment levels for the purpose of qRT-PCR.

2.3. Reads Processing, Mapping, and Gene Expression Quantification

We used FastQC (V0.11.3) to evaluate the quality of raw reads, while Trimmomatic
(V0.32) was utilized to eliminate low-quality and adapter-containing reads [27]. The Phred
quality scores, including Q20 (99% base call accuracy), Q30 (99.9% base call accuracy), and
the GC content of the clean data, were calculated. Consequently, high-quality clean data
were used in all the subsequent analyses. The maize reference genome (B73_v4) was down-
loaded from the maize database (http://www.maizegdb.org/genome/genome_assembly/
Zm-B73-REFERENCE-GRAMENE-4.0, accessed on 15 November 2019). All the clean
reads obtained from the 46 samples were aligned to the maize B73_v4 reference genome
using HISAT2 (V2.0.5) [28] with default parameters. The aligned reads were assembled
into transcripts, and the transcripts from all samples were merged using Cufflinks [29].
The assembled transcripts were compared to the reference annotation by Cuffcompare.
The HTSeq tool [30] was used to count the number of fragments mapped to each gene, and
the transcripts per million (TPM) for each unigene as the expression level was calculated.
Principal component analysis (PCA) of gene expression levels was performed to calculate
the distance between samples using the clustering method. Differential expression analysis
was performed using the DESeq2 R package to identify DEGs in general for the whole
transcriptomes of the tolerant and sensitive samples. To estimate expression level, the DE-
Seq2 program was used to normalize the number of counts of each sample gene using the
base means. The difference was calculated, and the statistical significance was determined
using the negative binomial distribution test [29,31]. Genes with p-value ≤ 0.05 and an
absolute value of log2 fold change ≥1 or ≤−1 between tolerant and sensitive samples were
considered differentially expressed.

2.4. Functional Annotation of the DEGs

For functional annotation, the 2237 transcripts that qualified to be our DEGs were
annotated against the maize genome (AGPv4, B73 RefGen_v4) (http://ensembl.gramene.
org/Zea_mays/Info/Index, accessed on 17 November 2019). In total, 1656 (74%) DEGs
were annotated, and 581 DEGs were unannotated. To elucidate the function of the 581
unannotated genes, we applied several previously published procedures to identify high
confidence lncRNAs [32]. Briefly, (i) unannotated DEG lengths were confirmed to be longer
than 200 nucleotides for further analysis; (ii) DEGs that encode open reading frames (ORFs)
of 120 or fewer amino acids were retained as lncRNA candidates; (iii) DEGs with similarity
to known proteins based on BlastX against the SWISS-PROT database were filtered out; (iv)
all the 581 unannotated DEGs were further evaluated using Coding Potential Calculator
(CPC) (http://cpc.gao-lab.org/, accessed on 20 March 2020) [33], which assesses the coding
probability of transcripts; (v) a total of 337 high confidence drought-responsive lncRNAs
were obtained by comparing the output of the two procedures.

2.5. Gene Ontology (GO) Enrichment and KEGG Pathway Enrichment Analyses

The GO enrichment analysis of DEGs was conducted by agriGOv2 (http://systemsbiology.
cau.edu.cn/agriGOv2/, accessed on 12 December 2019) [34]. Significant enriched GO terms
were determined by the p-value≤ 0.05 with the Fisher’s exact test and the Bonferroni multi-test
adjustment. Redundant GO terms were removed using the web tool Revigo [35]. Significantly
enriched GO terms were assigned to the GO categories of biological process (BP), molecular
function (MF), and cellular component (CC). The KEGG (http://www.Genome.jp/kegg/,
accessed on 15 December 2019) database [36] was used to analyze the functional involvement
of DEGs in various metabolic pathways. Furthermore, the statistical enrichment of DEGs in
KEGG pathways was tested using the KOBAS 3.0 webserver (http://kobas.cbi.pku.edu.cn/
waitkobas.php, accessed on 15 December 2019) [37], while the criteria for substantially enriched
KEGG pathways was a p-value ≤ 0.05. A co-expression network was constructed using the
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R package based on a weighted gene co-expression network analysis (WGCNA) to identify
significant hub genes associated with cold tolerance in maize.

2.6. Validation of Cold-Responsive DEGs by Quantitative Real-Time PCR (qRT-PCR)

To validate the reliability and repeatability of the RNA-Seq data, six DEGs were
randomly selected for verification by qRT-PCR. The gene-specific primers (Table S1) were
designed using Primer Premier 5.0 software (Premier Biosoft International, Palo Alto, CA,
USA). The qRT-PCR was conducted in triplicate using 2× ChamQ SYBR qPCR Master
Mix Kit (Low ROX Premixed) (Vazyme Biotechnology Co., Nanjing, China) on an Applied
Biosystems QuantStudio® 6 Flex (Thermo Lifetech, Waltham, MA, USA). The reaction
system utilized was as previously described by Zhang et al. [38]. The internal reference
β-actin was utilized to normalize the expression data. The relative expression levels of the
six DEGs were calculated according to the 2−∆∆CT (cycle threshold) method [39].

3. Results
3.1. Phenotypic Analysis of Maize Population under Cold Stress Conditions

Forty-six inbred lines cultivated in Heilongjiang Province, China, were selected and
evaluated for cold tolerance based on their seedling survival rate and physiological re-
sponse (visual observations of the leaves). From the results, 24 inbred line seedlings
displayed little phenotypic changes, maintained fully expanded green leaves, had intact
plant architecture, strong vigor, and high survival rates (average of 0.8) (Table S2). These
inbred lines were therefore classified as cold tolerant and were labeled with an extension
of −1 (Figure 1 and Figure S1A). The remaining 22 inbred line seedlings showed visible
phenotypic damage, including shriveled, curled, and yellowish spots on the leaves, and
low survival rates (average of 0.3) (Table S2). These seedlings were classified as cold
sensitive and were labeled with an extension of −2 (Figure 1 and Figure S1B). Collectively,
the susceptible lines were more severely damaged by cold stress than the tolerant lines, as
evidenced by the shriveled, curled, and yellowish patches on their leaves, as well as low
seedling survival rates of about 0.3 on average.

Figure 1. Maize seedling performance under cold stress. The performances were based on seedling survival rates and
visual observations of the seedling leaves. The white and black dotted lines represent the cold-tolerant and cold-sensitive
lines, respectively. The majority of the tolerant lines maintained a strong vigor with higher survival rates, while most of the
sensitive line died, and their leaves had yellowish spots.
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3.2. RNA-Seq Analysis and Alignment of Unique Reads to the Maize Reference Genome

The RNA for the RNA-seq analysis was extracted from the top fully expanding leaves
of six-leaf-stage maize seedlings of the 24 tolerant and 22 sensitive maize inbred lines
mentioned in Section 2.1 above. The cDNA libraries developed from the RNA described
above were constructed and used for Illumina Genome Analyzer (HiSeq™ 2500) deep
sequencing. The resulting raw data were deposited into the Genome Sequence Archive
under accession number CRA003678 and are publicly accessible at https://bigd.big.ac.
cn/gsa, accessed on 5 January 2021). After the filtration of low-quality sequences and
adaptor sequences, the 24 tolerant and the 22 sensitive libraries produced 1.13 and 1.12
billion paired-end reads, respectively (Table S3). A total of 2.247 billion paired-end reads
with a length of 2 × 150 base pairs (bp) and an average of 48.84 million clean reads per
library were obtained (Table S3). The Q20 percentages (sequencing error rates lower than
1%) were more than 95.8%, while the Q30 base percentage, which is an indicator of the
overall reproducibility and quality of the assay, was greater than 90%. Moreover, the GC
content of each library was 52.6% on average (Table S3). About 1.8 billion clean reads (82%)
were mapped to the maize B73_v4 reference genome using HISAT2. Multiple mapped
clean reads in each library were excluded from further analysis, and only uniquely mapped
clean reads were used for subsequent analysis.

3.3. Identification, Annotation, and Differential Analysis of DEGs

The transcription level was calculated via HTSeq-count as transcript counts, and a
total of 53,037 transcripts were obtained and normalized with DESeq2. The expression
patterns of these transcripts were investigated in both 24 tolerant and 22 sensitive samples.
A definite expression pattern of a single transcript was established after a group comparison
analysis (24 tolerant versus 22 sensitive samples), and its base mean, log2 fold change,
p-value, and padj values were acquired. From this information, a gene was considered
differentially expressed if the p-value was ≤0.05 and the log2 fold change value was ≥1
or ≤−1 between the 24 tolerant and the 22 sensitive samples. A total of 2237 DEGs were
detected in all 46 samples. A principal component analysis (PCA) plot was generated based
on the gene expression levels of the 46 samples, and the PC1 and PC2 explained 22% of the
total variance (Figure 2). The PCA revealed that the correlation of the 46 samples was based
on their response to cold stress. Both the tolerant and sensitive samples clustered together,
implying a differential response to cold stress. A heatmap of the 2237 DEGs revealed two
distinctive clusters, with 1064 DEGs possessing a positive log2 fold change enriched in the
tolerant samples, and 1173 DEGs with a negative log2 fold change were enriched in the
sensitive samples (Figure 3). Collectively, cold stress upregulated 1064 DEGs in the tolerant
lines, while it downregulated them in the sensitive lines. Similarly, cold stress upregulated
1173 DEGs in the sensitive lines, while downregulating them in the tolerant lines.
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Figure 2. Principal component analysis (PCA) of pairwise genetic distance. The grouping of
the 46 maize inbred line populations is indicated using blue (tolerant) and orange (sensitive).
The proportion of variance captured is given as a percentage for both the first and second prin-
cipal components (PC1 and PC2).

Figure 3. Heatmap showing the clustering analysis of 2237 common cold-responsive genes. The
x-axis represents different maize samples. The purple color denotes the cold-tolerant lines while the
pink color represents the cold-sensitive lines. The red and blue color scale represents high and low
expressions, respectively.
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The annotation of the 2237 DEGs with the maize reference genome B73 RefGen_v4
model resulted in 1656 (74.0%) annotated and 581 (26%) unannotated DEGs. The differential
analysis of the 1656 annotated DEGs was carried out based on the two categories of cold-
tolerant and cold-sensitive lines. Resultantly, 779 and 877 DEGs were significantly enhanced
in the tolerant and sensitive lines, respectively. Further analysis of the 1656, 779, and 877
DEGs was carried out to establish the pathways involved in the cold stress response among
the 46 samples.

For the 581 unannotated DEGs, their sequences (≥200 bp) were uploaded to the CPC
website for classification as protein-coding or non-coding RNAs. A total of 271 DEGs were
classified as protein-coding, while 310 were classified as long non-coding RNAs (lncRNAs)
(Figure 4). Moreover, the 581 unannotated DEGs were scanned for the open reading frame
(ORF). A total of 402 DEGs with an ORF greater than 120 amino acids (aa) were discarded.
The remaining 179 DEGs (ORF length ≤ 120 aa) were aligned to the SWISS-PROT database
for the identification of homologous proteins. A total of 56 DEGs were discarded after
being homologous to known proteins (E-value ≤ 0.001), while the remaining 123 DEGs
were classified as lncRNAs (Figure 4). In total, 337 putative cold-responsive lncRNAs
(Figure 4) were identified from the 581 unannotated DEGs, implying the role of lncRNAs
in the cold stress response. We analyzed the top-most 20 DEGs regulated by cold stress in
both tolerant and sensitive lines and half were unannotated (Table 1). However, most of
the annotated DEGs remain uncharacterized, which implies more research is required to
unravel the molecular mechanism of cold tolerance.

Figure 4. Analysis of 581 unannotated cold-responsive DEGs. CPC generated 271 coding and 310 long non-coding RNAs.
The ORF method generated 123 long non-coding RNAs. In total, 337 putative long non-coding RNAs were generated by the
two methods.
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Table 1. Transcription factor gene families identified from 2237 DEGs in maize under cold stress.

TF Family DEGs in the
Tolerant Line

DEGs in the
Sensitive Line Total

B3 0 2 2
GRF 1 0 1
ERF 3 25 28
DBB 1 0 1
Dof 1 0 1
HSF 0 3 3
LBD 2 1 3
LFY 1 0 1
MYB 7 12 19
NAC 2 11 13
RAV 0 1 1
SBP 1 0 1

WOX 0 1 1
TCP 0 1 1

E2F/DP 1 0 1
GATA 1 0 1
GRAS 2 2 4
bZIP 1 2 3
C2H2 1 7 8
bHLH 8 5 13

Nin-like 1 0 1
NF-YC 0 1 1
ZF-HD 1 0 1
G2-like 1 1 2
CO-like 1 0 1
HD-ZIP 2 2 4
WRKY 2 19 21
TALE 1 0 1

Trihelix 1 1 2
MIKC_MADS 3 0 3
MYB_related 1 3 4

Total 47 100 147

3.4. Gene Ontology (GO) Analysis of DEGs

To identify the DEGs’ significantly enriched GO terms, the functions of the 1656, 779,
and 877 (46 inbred lines, 24 cold-tolerant lines, and 22 cold-sensitive lines, respectively)
DEGs were analyzed using AgrigoV2 software. All DEGs were classified into three main
GO categories: cellular components, molecular functions, and biological processes. The GO
terms related to the response to cold (GO: 0009409), homeostatic process (GO: 0042592),
response to temperature stimulus (GO: 0009266), regulation of biological quality (GO:
0065008), response to abiotic stimulus (GO: 0009628), multicellular organismal process (GO:
0032501), response to stress (GO: 0006950), G-protein-coupled receptor protein signaling
pathway (GO: 0007186), transcription (GO: 0006350), and cell surface receptor-linked
signaling pathway (GO: 0007166) were among the most common significantly enriched
terms in the biological process (BP) category of all the three groups of DEGs named above
(Figure 5). Within the molecular function (MF) category, catalytic activity (GO: 0003824),
protein tyrosine kinase activity (GO: 0004713), G-protein-coupled receptor activity (GO:
0004930), water binding (GO: 0050824), and transcription regulator activity (GO: 0030528)
were the most significantly enriched in all the three groups of DEGs (Figure 5). In the
cellular component category (CC), integral to membrane (GO: 0016021) and intrinsic to
membrane (GO: 0031224) were the common significantly enriched categories (Figure 5).
The GO enrichment analysis of the tolerant and sensitive lines (Figure 6) showed that the
GO term of metal ion transport (GO: 0030001) was significantly enriched in the tolerant
lines (Figure 6A), while the GO terms of apoptosis (GO: 0006915), proteolysis (GO: 0006508),

139



Genes 2021, 12, 1638

cell death (GO: 0008219), death (GO: 0016265), and programmed cell death (GO: 0012501)
were significantly enriched in the sensitive lines (Figure 6B).

Figure 5. Gene Ontology (GO) enrichment analysis of the 1656 common cold-responsive genes. The GO terms shown here
are the top-most biological process (BP), molecular function (MF), and cellular component (CC) categories.

Figure 6. Gene Ontology (GO) enrichment analysis. (A) The 779 DEGs highly enriched in the tolerant lines. (B) The 877
DEGs highly enriched in the sensitive lines. The GO terms shown here are the top-most biological process (BP), molecular
function (MF), and cellular component (CC) categories.
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3.5. KEGG Pathway Analysis of DEGs

To further explore the biological pathways of the 1656, 779, and 877 DEGs involved in
maize response to cold stress, we assessed the number of DEGs in each KEGG pathway. For
the 1656 DEGs, the KEGG pathways of lipid metabolism (linoleic acid and arachidonic acid),
biosynthesis of other secondary metabolites (isoquinoline alkaloid, betalain, and phenyl-
propanoid biosynthesis), signal transduction (MAPK signaling pathway-plant), amino
acid metabolism (alanine, aspartate, glutamate, glycine, serine, threonine, and phenylala-
nine metabolism), membrane transport (ABC transporters), terpenoids and polyketide
metabolism (carotenoid biosynthesis), and metabolism of other amino acids (glutathione
metabolism) were significantly enriched (Figure 7). For the 779 DEGs obtained from the
cold-tolerant lines, lipid metabolism (linoleic acid, α-linolenic, ether lipid, arachidonic
acid, and glycerophospholipid metabolism), replication and repair (base excision repair),
biosynthesis of other secondary metabolites (monobactam and phenylpropanoid biosyn-
thesis), membrane transport (ABC transporters), metabolism of terpenoids and polyketides
(carotenoid biosynthesis), and metabolism of other amino acids (glutathione metabolism)
were the most significantly enriched pathways (Figure 8A). Within the 887 DEGs from the
cold-sensitive lines, the KEGG pathways of biosynthesis of other secondary metabolites
(isoquinoline alkaloid biosynthesis), signal transduction (MAPK signaling pathway-plant),
transport and catabolism (peroxisome), translation (ribosome), and carbon metabolism
were significantly expressed (Figure 8B).

Figure 7. KEGG pathway enrichment analysis of the 1656 common cold-responsive genes.
The experimental comparisons were based on the hypergeometric test, while the significance of
the enrichment of the KEGG pathway was based on q value, q < 0.05. The color gradient represents
the size of the q value; the color ranges from green to red, and the closer to green, the smaller the q
value and the higher the significant degree of enrichment of the corresponding KEGG pathway. The
“rich factor” represents the percentage of DEGs to total genes in a given pathway.
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Figure 8. KEGG pathway enrichment analysis. (A) The 779 DEGs highly enriched in the tolerant lines. (B) The 877 DEGs
highly enriched in the sensitive lines. The experimental comparisons were based on the hypergeometric test, while the
significance of the enrichment of the KEGG pathway was based on q value, q < 0.05. The color gradient represents the
size of the q value; the color ranges from green to red, and the closer to green, the smaller the q value and the higher the
significant degree of enrichment of the corresponding KEGG pathway. The “rich factor” represents the percentage of DEGs
to total genes in a given pathway.

3.6. Dynamic Expression of Signaling and Transcription Factors Genes in Response to Cold Stress

Our GO analysis highlighted a significant number of GO terms related to signaling,
such as G-protein-linked receptor protein signaling pathway, cell surface receptor-linked
signaling pathway, and protein amino acid phosphorylation (Figures 5 and 6). However,
KEGG pathway analysis highlighted the MAPK signaling pathway-plant as one of the
most significant pathways (Figure 8B). Stress sensing and signal transduction form crucial
adaptive mechanisms in the tolerance of abiotic stresses. Cold stress causes a change in
membrane fluidity and cytoskeleton rearrangement, thereby producing signals perceived
in the cell membrane by either G-protein-coupled receptors (GPCRs) or osmotic sensors.
In this study, 27 DEGs (11 enhanced and 16 suppressed) encoding GPCR were regulated
by cold stress (Table S4). Activation of the sensors leads to the generation of reactive
oxygen species (ROS), plant hormonal signaling, and cell wall integrity sensing (CWI) [40].
A substantial number of protein kinases, including 21 (11 enhanced and 10 suppressed)
leucine-rich repeat protein kinase family proteins, 12 (6 enhanced and 6 suppressed) protein
kinase superfamily proteins, 9 (2 enhanced and 7 suppressed) mitogen-activated protein
kinases, 7 (2 enhanced and 5 suppressed) S-locus lectin protein kinase family proteins,
and 5 wall-associated kinases (WAKs), were regulated by cold stress (Table S4). The
high expression of protein kinase suggests that cold stress is primarily regulated at the
protein level.

Transcription factors play a vital role in regulating gene expression in response to
abiotic stress conditions, such as cold stress. These TFs are DNA-binding proteins that
interact with cis-acting elements of genes to activate or inhibit gene transcription, hence
regulating plant growth and development and response to the external environment. In the
present study, we analyzed for putative TFs in the 1656 common cold-responsive genes
based on the 3308 maize TFs and 56 families available in the PlantTFDB 4.0 [41]. Resultantly,
147 TFs, which fell into 32 families, were enriched from our 1656 DEGs (Table 2). ERF
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(18.37%), WRKY (14.29%), MYB (12.93%), NAC (8.84%), bHLH (8.84%), C2H2 (5.44%)
and GRAS (2.72%) were the most abundant TF families (Table 2; Figure 9). However, the
expression levels of the TF families MYB, ERF, NAC, WRKY, bHLH, and C2H2 were higher
in the sensitive lines than those in the tolerant lines (Figure 9). On the contrary, the TF
families MIKC_MADS, CO-like, DBB, Dof, E2F/DP, GATA, GRF, LFY, SBP, Nin-like, TALE,
and ZF-HD were only induced in the tolerant lines.

Table 2. List of top 20 most regulated DEGs by cold stress.

Locus ID Gene ID log2 Fold
Change (T/S) p_Value Chr Start End Annotation

XLOC_000983 Zm00001d027606 23.73473512 6.81 × 10−31 Chr1 8,915,719 8,918,057 transmembrane
protein

XLOC_056725 - −23.7343301 9.38 × 10−29 Chr7 170,162,017 170,164,579 -
XLOC_046285 Zm00001d017622 −2.670016539 9.74 × 10−25 Chr5 201,997,628 201,998,691 OSJNBa0088A01
XLOC_018249 - 24.01063195 1.05 × 10−24 Chr2 137,103,173 137,104,433 -
XLOC_058213 Zm00001d021006 −1.554984072 3.70 × 10−22 Chr7 140,181,294 140,183,018 MTD1
XLOC_034912 - 23.0239833 5.49 × 10−21 Chr4 176,582,912 176,584,805 -

XLOC_056365 Zm00001d021394 22.79156651 7.11 × 10−21 Chr7 150,891,109 150,895,395 hypothetical
protein

XLOC_067464 - 20.05873411 6.49 × 10−20 Chr9 20,669,455 20,671,879 -
XLOC_049980 - 24.72008389 2.60 × 10−17 Chr6 114,599,197 114,601,220 -
XLOC_018351 - 24.4739764 5.35 × 10−17 Chr2 150,920,460 150,923,282 -
XLOC_055724 - 22.96632545 9.06 × 10−17 Chr7 95,897,276 95,897,694 -

XLOC_018159 Zm00001d004620 22.6740887 1.68 × 10−16 Chr2 122,442,335 122,447,585 uncharacterized
protein

XLOC_004771 - −23.94951263 2.29 × 10−16 Chr1 1,487,983 1,491,882 -

XLOC_007853 Zm00001d033411 −23.88106934 2.77 × 10−16 Chr1 262,279,726 262,300,105 hypothetical
protein

XLOC_005508 Zm00001d028673 23.87942745 2.96 × 10−16 Chr1 42,581,898 42,586,482 small nuclear
protein G

XLOC_036989 - −23.84216727 3.11 × 10−16 Chr4 108,230,941 108,236,238 -

XLOC_014865 Zm00001d025968 23.6089741 6.37 × 10−16 Chr1 134,994,735 134,998,645 hypothetical
protein

XLOC_018011 Zm00001d004338 23.58304546 6.85 × 10−16 Chr2 104,459,685 104,460,441 hypothetical
protein

XLOC_046112 Zm00001d017287 −4.317481518 2.92 × 10−13 Chr5 191,750,113 191,750,625 uncharacterized
protein

XLOC_027574 Zm00001d043525 −1.350259753 4.09 × 10−13 Chr3 202,741,852 202,743,157 oxidative stress 3

Comparison of DEGs between tolerant (T) and sensitive (S) inbred lines after cold stress. The p-value is less than 0.05.

Figure 9. Area map of the various transcription factor families regulated by cold stress. The x-axis represents the TF families,
while the number of genes per family is represented by the y-axis. The blue and orange colors indicate the TFs regulated in
the tolerant and sensitive lines, respectively.
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Additionally, GO terms, such as regulation of transcription, transcription, and tran-
scription factor activity, which are related to the regulation of gene expression at the
transcription level, were well represented in our GO analysis (Figures 5 and 6). The TF
families bHLH, ERF, bZIP, and WRKY were highly regulated by cold stress in the tolerant
and sensitive lines (Table S5). As observed above, DEGs encoding the TF families LFY,
MIKC_MADS, GRAS, GATA, GRF, E2F/DP, TALE, and Dof were significantly induced by
cold stress only in the tolerant lines (Table S5). In-depth research is required to uncover the
roles of these TFs in the response of maize to cold stress at the seedling stage. Contrary,
DEGs encoding the TF families AP2, B3, HSF, and RAV were all repressed by cold stress
in the tolerant lines (Table S5). The tolerant lines were, to a lesser extent, affected by cold
stress, which might be why fewer TFs were expressed. Otherwise, our results highlight the
critical roles of TFs in the regulation of cold stress response in maize seedlings.

3.7. DEGs Related to “Response to Cold”

The GO terms of “response to cold” and “response to temperature stimulus” were
well represented in our GO analysis (Figures 5 and 6). These GO terms contain crucial
cold-related genes, which play significant roles in the cold regulation mechanism and may
contribute to the cold tolerance of maize seedlings. The expression patterns of DEGs in
these GO terms (upregulated or downregulated) may shed light on the difference between
the cold response of tolerant and sensitive inbred lines. Signal transduction-related proteins,
such as transmembrane proteins, serine/threonine protein kinases, leucine-rich repeat
receptor-like proteins, and receptor-like kinases, were regulated by cold stress (Table S6).
This highlights the critical roles of the signal transduction network in the activation of
various cold-responsive genes. The involvement of TFs in regulating cold stress was
highlighted by the significant expression of C2H2, ERF, HD-ZIP, MYB, ERF, MYB, and NAC
(Table S6). Antioxidant-related enzymes, such as glutathione peroxidase, thioredoxin, and
peroxidase, were regulated by cold stress, suggesting the involvement of detoxification
proteins in maize response to cold stress. Carotenoid related genes, such as β-carotene
isomerase and β-carotene 3-hydroxylase, further highlighted the role of ABA as a key
regulator of cold stress (Table S6). Otherwise, transporter and cell surface proteoglycan-
related genes were also observed in this study (Table S6).

3.8. Expression Analysis of Genes Involved in Metabolism, Transport and Functional Impacts
of Co-Expressed Gene Hubs

Our KEGG analysis highlighted significant regulation of multiple metabolism path-
ways, including lipid, carotenoid, ABC transport, and amino acid pathways, during cold
stress conditions (Figures 7 and 8). Cold stress activated the phenylpropanoid biosynthetic
pathway, an essential way to accumulate various phenolic compounds during cold stress
conditions. In total, 14 DEGs encoding this pathway were regulated by cold stress, and 11
of which showed high expression levels in the tolerant lines (Table S7). Moreover, there
were six DEGs encoding the metabolism of alanine, aspartate, and glutamate, including
β-alanine aminotransferase and glutamate decarboxylase, which are vital genes in osmotic
adjustment (Table S7).

Lipid metabolism is a dynamic and complicated process involving lipid biosynthesis,
transport, accumulation, turnover, and excretion, regulating the growth and tolerance of
plants to different environmental stresses. In this study, 26 lipid metabolism-encoding
genes were regulated by cold stress, with all of them except one being enhanced in the
tolerant lines (Table S7). Among them were allene oxide synthase (AOS), an essential
gene in the biosynthesis of jasmonic acid (JA), secretory phospholipase A2 (PLA2), α/β-
Hydrolases, and phospholipase C (PLC), which are critical components of the signaling
cascade, and 3-ketoacyl-CoA synthase (KCS) genes, which are related to the biosynthesis
of cuticular wax (Table S7). Moreover, six and eight DEGs encoding ABC transporters
and carotenoid biosynthesis, respectively, were regulated by cold stress. ABC transporters
are associated with phytohormone homeostasis, while carotenoid genes are vital for the
biosynthesis of ABA, an essential hormone in cold tolerance. Otherwise, cold stress also
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regulated glutathione- and peroxisome-related genes, which mediate the harmful effects of
ROS. Detailed information about the metabolism genes can be found in Table S7.

WGCNA has been used to dissect the abiotic stress response in plants, thereby high-
lighting the power of the co-expression networks to provide deep insights into these
complex processes. In this study, WGCNA identified multiple significant functional gene
hubs related to the cold stress response. A total of 116 critical DEGs that were enriched
by GO and KEGG into signaling, TFs, response to cold, and metabolism were defined
as hub genes, highlighting the importance of their regulatory impacts on the cold stress
response (Figure S2, Table S8). Thus, WGCNA elucidated the higher order relationships
between genes based on their co-expression relationships and permitted a robust view of
transcriptome organization in the response of cold stress. Collectively, the combination
of transcriptome analysis with WGCNA represents an opportunity to achieve a higher
resolution analysis that can better predict the most important functional genes that might
provide a more robust bio-signature for cold tolerance in maize, thus providing more
suitable biomarker candidates for future studies.

3.9. Validation of DEGs by Quantitative Real-Time PCR (qRT-PCR)

To confirm the reliability and validity of the RNA-seq results in maize seedlings, six
genes were randomly selected to perform qRT-PCR. Of these, XLOC_018851, Zm00001d002748,
and Zm00001d027330 all had a positive log2 fold change between tolerant and sensitive lines,
suggesting that their expression was enhanced by cold stress treatment in tolerant lines and
declined in sensitive lines. In contrast, XLOC_058556, Zm00001d024324, and Zm00001d024522
portrayed a negative log2 fold change between tolerant and sensitive lines, indicating that cold
stress treatment increased their expression in sensitive lines but decreased their expression in
tolerant lines. As a result, the fold change ratio used in this paper emphasizes the expression
pattern in cold-tolerant lines, while the inverse of that ratio reflects the expression pattern in
sensitive lines. We planted B73 and CIMBL116 maize inbred lines, which have previously
been reported as cold-sensitive and -tolerant lines, respectively, to validate the expression
pattern of these DEGs (Section 2.1 above). These two inbred lines were planted in a cold
environment as well as without cold treatment (control), allowing us to compare the expression
patterns of our six DEGs before (control) and after cold treatment. Resultantly, cold stress
increased the expression of XLOC 018851, Zm00001d027330, and Zm00001d002748 in the tolerant
line (CIMBL116), while it decreased the expression of XLOC 058556, Zm00001d024324, and
Zm00001d024522 (Figure S3). A reverse expression pattern was observed in the sensitive line
(B73) (Figure S3). Thus, the expression trend of our DEGs shown by our RNA-Seq results was
in agreement with that shown by the qRT-PCR analyses.

Furthermore, the fold change ratio of the six DEGs between the control and the cold-
treated samples was calculated and compared to the fold change obtained from RNA-Seq.
As a result, the cold-sensitive line’s RNA-Seq and qRT-PCR results showed an inverse
expression pattern (Figure 10A) because the fold change ratio highlighted in this study
emphasizes the expression pattern in cold-tolerant lines. However, if you take the inverse
of that fold change ratio, which will highlight the expression pattern in cold-sensitive lines,
then the RNA-Seq and qRT-PCR of the sensitive line will have a similar expression pattern
to that of the tolerant line (Figure 10B). For example, cold stress enhanced the fold change of
XLOC_018851, Zm00001d002748, and Zm00001d027330 and declined that of XLOC_058556,
Zm00001d024324, and Zm00001d024522 in the tolerant lines (Figure 10B). However, cold
stress inversely regulated the fold change of the above-named DEGs in the sensitive lines
(Figure 10A). These results validate the authenticity of the DEGs obtained in this study, as
the relative fold change in qRT-PCR matched the RNA-Seq results, implying that transcript
identification and abundance estimation were remarkably precise. Furthermore, the DEGs
identified in this study are universal in maize seedlings of various genetic backgrounds in
response to cold stress, according to the qRT-PCR results.
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Figure 10. Validation of RNA-Seq results by qRT-PCR. Each log2 fold change calculated from qRT-
PCR was compared with the log2 fold change of the RNA-Seq data. (A) The inverse expression
patterns of the RNA-Seq and qRT-PCR results from the cold-sensitive line (B73) is because the
fold change ratio highlighted in this study emphasizes the expression pattern in cold-tolerant lines.
However, if you take the inverse of that fold change ratio, which will highlight the expression pattern
in cold-sensitive lines, then the RNA-Seq and qRT-PCR expression trends would be identical. (B) The
cold-tolerant line’s (CIMBL116) RNA-Seq and qRT-PCR results show a similar expression trend.
Orange and blue bars represent RNA-Seq and qRT-PCR data, respectively.

4. Discussion

Maize has surpassed rice and wheat as the world’s most significant cereal crop. How-
ever, cold stress affects maize at any stage of development, including the germination,
vegetative, and reproductive stages. Screening for cold-tolerant maize cultivars, such as
rice, is difficult due to the lack of linkage between cold resistance and developmental peri-
ods [42]. Furthermore, cold tolerance is a quantitative trait influenced by the interactions
of numerous genes as well as the environment. Nevertheless, RNA-seq research, which
evaluates the main genes and regulatory pathways at the transcriptome level, has been
widely used to investigate the molecular basis of maize response to abiotic stress [43,44].
To gain a deeper understanding of maize’s cold stress tolerance mechanisms and to de-
velop cold-tolerant maize cultivars, we conducted a comparative transcriptome analysis
of 24 cold-tolerant and 22 cold-sensitive maize inbred lines to uncover the common cold-
responsive DEGs and pathways. To the best of our knowledge, this is among the first
studies to profile a broad set of maize inbred lines at the seedling stage with varying levels
of resistance to cold stress in the field. Previous research has usually profiled two sam-
ples with differing tolerances to specific environmental stress [45]. As a result, our study
provides valuable insight into the in-depth characterization of the molecular responses
of maize seedlings to cold stress, because, to date, there remains a scarcity of data on the
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expression patterns of critical genes and pathways across a gradient of various genotypes
with varied responses to specific stress conditions.

Plants perceive abiotic stress via cell wall receptors, which activate internal signaling
components through several mechanisms. The cyclic nucleotide–gated channel (CNGC)
and glutamate receptors (GLRs) are the primary cell membrane cold receptors reported
in plants [46]. These receptors mediate membrane Ca2+ fluxes and produce several en-
dogenous signals responsible for cold tolerance [46]. Multiple G-protein-coupled receptors
were shown to be strongly regulated by cold stress in our study (Table S4). The regula-
tion of these receptors may have caused Ca2+ fluxes across membranes and generated
multiple signals important for maize’s cold stress response. A G-protein subunit γ gene
(Zm00001d032072) and a trihelix GT-2 (Zm00001d027335) were both upregulated in the tol-
erant lines (Table S4), indicating their role in cold tolerance. In a previous study, transgenic
cucumber plants overexpressing CsGG3.2 had increased CBF gene expression and were
more tolerant to chilling stress [47]. COLD1 provided chilling tolerance in rice by encoding
a signal regulator for guanine nucleotide-binding proteins (G-proteins) on the plasma mem-
brane [48]. A GT2 family (AtGT2L) gene in Arabidopsis has been reported to interact with
calcium/calmodulin, allowing plants to withstand cold and salt stress [49]. Two soybean
GT2 genes provided abiotic stress resistance to transgenic Arabidopsis plants [50]. Thus, in
this study, increased GPCR protein expression may have increased cytosolic calcium levels
in the tolerant lines, activating a quick and diverse signaling mechanism responsible for
cold acclimation.

Cold stress perceived by membrane sensors triggers an influx of Ca2+ into the cyto-
plasm, which then generates Ca2+ signatures that induce the activation of downstream
genes, such as CBF/COR genes, in the cold signaling pathway [15]. Proteins with an
EF-hand domain, such as CaMs, CMLs, CBLs, and CDPKs, act as Ca2+ sensors in response
to cold stress [51–53]. Following the binding of Ca2+, these proteins interact with other
proteins, thereby regulating downstream activities of multiple genes, which provides cold
tolerance. In this study, CaMs, CMLs, CBLs, CDPKs, 21 leucine-rich repeat receptor-like ki-
nase proteins (LRR-RLKs), 8 lectin receptor-like kinases (LecRLKs), 12 protein kinases (PKs),
and 5 WAKs were regulated by cold stress (Table S4). In Camellia japonica, protein phospho-
rylation by CDPKs and CIPKs improve cold tolerance [54], whereas in plants, WAKs play
an important function in abiotic stress tolerance [55]. Interestingly, TMK1 (Zm00001d033777,
Zm00001d007313), CBL10 (Zm00001d023353, Zm00001d010459), RKL1 (Zm00001d048054),
NIK3 (Zm00001d018635), and PSKR (Zm00001d018635) displayed a high expression pattern
in the tolerant lines. In a previous study on Arabidopsis, CBL10 mediated salt tolerance [56],
while RKL1 regulated cold and salicylic acid stresses [57]. Recent research has highlighted
the key roles of CBL10 in plant abiotic stress tolerance through the regulation of Na+ and
Ca2+ homeostasis [58], whereas under cold stress, TMK1 significantly regulated plant
development [59]. MAPKs, including MAPKK and MAPKKK, are key players in cold
tolerance [48], where they phosphorylate other kinases and/or various TFs. In this study,
14 DEGs encoding MAPKs were regulated by cold stress (Table S4). Multiple MAPKs have
been implicated in improving cold tolerance in rice and Chinese jujube, according to previ-
ous research [60,61]. In this study, RBOH (Zm00001d009248), MAP3 (Zm00001d001978), and
MKK3 (Zm00001d013510 and Zm00001d028026) had higher expression levels in the tolerant
lines (Table S4). In a previous study, two strawberry RBOHs were reported to enhance
cold stress tolerance and defense responses [62]. MKK3 was substantially expressed in
tolerant lines during a comparative transcriptome investigation of two cotton cultivars
with differing responses to cold [63]. The transgenic tobacco over-expressing MAP3K gene
demonstrated improved tolerance to a variety of environmental stresses, including cold
stress [64]. PP2C adversely controls stress-induced MAPK and SnRK2 protein kinases [4,65].
A previous study on maize has shown that stress-induced proline accumulation and toler-
ance to hyperosmotic stress were negatively controlled by maize PP2C [66]. This might
explain why five PP2C-encoding genes were suppressed by cold stress in the tolerant
lines (Table S4). Heptahelical protein 2 (HHP2) (Zm00001d046852), a FASCICLIN-like
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arabinogalactan (FLA) (Zm00001d016059, Zm00001d052819, and Zm00001d006009), and a
membrane-associated kinase (Zm00001d044176) were enhanced in tolerant lines (Table S6).
A previous study on Arabidopsis reported that the HHP2-MYB module is involved in inte-
grating cold and abscisic acid signaling to activate the CBF–COR pathway [67]. Cold stress
activated a membrane-associated kinase in rice, and FLAs were found to improve banana
resistance to low temperatures by activating a cold signal pathway [68,69]. Collectively, the
increased expression of Ca2+ signaling protein transcripts in maize tolerant lines activated
a complex signaling cascade that regulated various downstream cold tolerance responsive
genes. These genes will have significant implications for future research into maize cold
tolerance at the seedling stage.

Transcription factors are key regulators of cold stress as they control multiple downstream
stress-responsive genes [70]. In this study, 147 TFs belonging to 32 TF families, including
AP2/ERF (27), MYB (19), bHLH (13), WRKY (21), C2H2 (8), and NAC (13), were largely
regulated by cold stress (Table 2, Figure 5). Similar to our findings, in previous studies, compar-
ative transcriptome analysis of rice, Chinese jujube, and peanut under cold stress conditions
identified the above TF families to be the most regulated gene members [60,61,71,72]. These
TF genes in their respective families are divided into diverse subgroups based on their spe-
cific motif structures, showing that they may perform their specific biological activities under
cold stress. Moreover, individual TFs from these families have previously been reported to
play a crucial function in controlling plant cold tolerance. In this study, four ERFs, namely
ERF38 (Zm00001d002748), ERF022 (Zm00001d048991), DREB26 (Zm00001d018191), and ERF
(Zm00001d029669), had higher expression in the tolerant lines (Table S5). They all encode for
DREB elements, which enhance cold tolerance by activating CORs. ERF38, ERF022, and DREB26
effectively regulate COR genes and sugar and proline accumulation in Arabidopsis, resulting in
abiotic stress tolerance [73,74]. Thus, these genes may have impacted maize cold tolerance by
modulating COR genes and osmotic regulators. WRKYs are yet another important class of plant
TFs with diverse roles in plant response to cold stress. In this study, 18 WRKY genes were regu-
lated by cold stress (Table S5), with WRKY70 (Zm00001d023332) and WRKY53 (Zm00001d023336)
genes showing higher expression in the tolerant lines. In previous studies, the expression of
WRKY70 and TcWRKY53 was induced by cold stress in wheat and Thlaspi caerulescens, respec-
tively [75,76]. Moreover, peanut cold stress tolerance was regulated by WRKY70 and WRKY53
via the plant–pathogen interaction pathway [72]. Moreover, MYB4 (Zm00001d041853), bHLH57
(Zm00001d027419), PIF4 (Zm00001d013130), PTF1 (Zm00001d045046), AGL22 (Zm00001d018142),
GRF6 (Zm00001d000238), ATHB4 (Zm00001d002754), Scl7 (Zm00001d033834), BTB/POZ (Zm0000
1d023313, Zm00001d030864), and C2H2 (Zm00001d024883) were all enhanced in the tolerant lines
in this study (Tables S5 and S6). SIPIF4 and ZmPTF1 have been attributed to cold and drought
stress tolerance in tomatoes and maize, respectively, via the modulation of ABA synthesis and
signaling pathways [77,78]. In Arabidopsis thaliana, rice MYB4 was induced by cold stress, which
in return transactivated the expression of COR genes, such as RD29A, COR15a, and PAL2 [79].
The over-expression of finger millet bHLH57 caused salinity and drought stress in tobacco [80],
while SlGRF6 was significantly regulated by cold stress in Solanum Lycopersicum [81]. C2H2
zinc finger proteins targeted C-repeat/DRE-binding factor genes (CBFs) to provide cold re-
sistance in plants [82], while BTB/POZ significantly accumulated in resistant cotton cultivars
during chilling stress conditions [83]. Thus, all these differentially expressed TFs identified in
tolerant lines in response to cold stress could represent a useful genetic resource for breeding
cold-tolerant crops. Nevertheless, many cold stress-regulating TFs are yet to be identified along
with known TFs whose functions are not yet known (Table S5). Understanding the role of the
above-mentioned cold-regulating TFs at the molecular level will be pivotal in improving maize
performance under cold stress conditions.

Abscisic acid is an essential plant hormone that regulates cold stress via interactions
between ABA-dependent and ABA-independent pathways [84]. Moreover, exogenous
ABA treatment at normal temperature improves freezing tolerance [85]. In this study,
carotenoid biosynthesis genes, such as ZEP (Zm00001d025968), NCED (Zm00001d042076
and Zm00001d018819), β-carotene isomerase (Zm00001d007549 and Zm00001d007560), β-
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carotene 3-hydroxylase (Zm00001d048469), and ABA 8′-hydroxylase (Zm00001d051554
and Zm00001d050021) were all enhanced by cold stress in the tolerant lines except NCED
(Tables S6 and S7). In Arabidopsis, ABA regulates cold tolerance by improving the levels
of ABA 8′-hydroxylase [86]. However, Alfalfa-related ZEP is regulated in response to
drought, cold, and heat [87]. Moreover, β-carotene hydroxylase regulates the biosynthesis
of a carotenoid precursor of abscisic acid called zeaxanthin. A previous report highlighted
that a β-carotene hydroxylase gene caused drought and oxidative stress in rice by elevating
the synthesis of ABA and xanthophylls [88]. Higher ABA levels induced cold tolerance in
herbaceous plants [89]. The elevated expression of ABA-related genes was correlated to cold
adaptation in a comparative transcriptome investigation of tea and tobacco plants [90,91].
Therefore, elevated carotenoid biosynthesis genes triggered ABA accumulation, and the
transcriptional regulation of ABA-related gene expression is one factor that contributed to
cold stress tolerance in maize. Otherwise, the suppression of NCED genes in the tolerant
lines reflects the complexity of cold tolerance in plants.

Cold stress triggers rapid and intermittent ROS production that can damage plant
cellular components and structures, but ROS also act as signaling molecules for abiotic
stress tolerance [92]. Nevertheless, plants deploy a cascade of antioxidant machinery
consisting of enzymatic and non-enzymatic defense systems to diminish the deleterious
effects of ROS on plant cells [93]. The antioxidant enzymes include SOD, CAT, APX,
GPX, GST, and GPX, which can trap and scavenge free radicals [94]. In this study, antiox-
idant genes, such as SOD (Zm00001d014632), GST (Zm00001d029699, Zm00001d043787,
and Zm00001d018809), GPX (Zm00001d029089), PRX (Zm00001d008266, Zm00001d028348,
Zm00001d031635, Zm00001d032406 and Zm00001d041827), and APX (Zm00001d024253),
were all enhanced by cold stress in the tolerant lines (Table S7). The activities of SOD
and GST were reported to reduce cold injury in cold acclimatized wheat [95], while the
over-expression of GST in transgenic rice enhanced growth and development at a low tem-
perature [96]. In cassava, chilling and oxidative stress was correlated with increased levels
of SOD and APX genes [97]. PRXs play a role in phytoalexin-mediated plant defense and
ROS metabolism [98]. Thioredoxin (TRX), however, functions as a redox transmitter [99].
Thus, the enhanced expression of TRX (Zm00001d011352 and Zm00001d007800) genes in
the tolerant lines might be crucial in cold acclimation through redox regulation. A previous
study reported that soybean TRX genes (Sb03g004670 and Sb06g029490) were significantly
regulated in the cold acclimation of different accessions [100]. These findings confirm that
ROS-mediated signaling could activate antioxidant enzymes, which might be responsible
for imparting cold stress tolerance in maize seedlings.

The phenylpropanoid pathway and its branches of secondary metabolites are activated
under cold stress, leading to the accumulation of various phenolic compounds for protec-
tion and mechanical support [101]. In this study, 14 phenylpropanoid genes, including CCR
(Zm00001d019669, Zm00001d008435), PAL (Zm00001d033286), trans-cinnamate 4-monooxygenase
(Zm00001d016471 and Zm00001d032468), and β-glucosidase (Zm00001d028199), and 5 PRXs
were significantly enhanced in the tolerant lines (Table S7). Elevated PAL expression stimu-
lates the biosynthesis of phenolic compounds, such as suberin and lignin, which reinforce the
cell wall and prevent cell collapse during cold stress. Similarly, enhanced expression of the
CCR gene has previously been correlated with lignin biosynthesis under abiotic stress [102].
Trans-cinnamate 4-monooxygenase is positioned at the turning point of phenylalanine, lignin
biosynthesis, and flavonoid metabolism, making it one of the key enzymes in the synthesis
of lignin and flavonoids [103]. Moreover, PRXs in the presence of H2O2 catalyze the oxida-
tive polymerization of phenols, such as lignin precursors, which improve cell wall rigidity
by boosting the cross-linking of cell wall components [104]. This increased suberin or lignin
biosynthesis increases the thickness of the cell wall, preventing chilling injury and cell collapse
during cold stress [105,106]. The magnitude of lignification in plants is significantly associated
with their potential for cold tolerance. Previous studies have shown that β-glucosidase acti-
vates several processes, including lignin precursors [107], the release of phytohormones from
inactive glycosides, and the activation of several defense compounds essential for abiotic stress
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tolerance [108]. However, Nicotiana benthamiana plants over-expressing CsBGlu12 displayed
abiotic stress tolerance via the accumulation of antioxidant flavanols that played a crucial
role in scavenging ROS [109]. Collectively, the upregulation of various transcripts encoding
phenylpropanoid pathway genes in the present study indicates enhanced lignification-mediated
cold acclimatization in maize seedlings.

A high accumulation of osmoprotectants, such as amino acids, polyamines, quaternary
ammonium compounds, and sugars, mediates diverse functions in plant defense mecha-
nisms under varying environmental conditions [110]. Herein, genes encoding β-alanine
aminotransferase (Zm00001d038453 and Zm00001d038460) and glutamate decarboxylase
(GAD) (Zm00001d031749) were enhanced by cold stress in the tolerant lines (Table S7).
The enzyme β-alanine aminotransferase catalyzes the biosynthesis of pyruvate and β-
alanine, with the latter product being converted to an essential osmoprotective compound
(β-alanine betaine) involved in plant abiotic stress tolerance [111,112]. However, GAD
catalyzes the decarboxylation of L-glutamate to form γ-aminobutyric acid (GABA), which
accumulates at high concentrations under abiotic stress [113]. Glutamate decarboxylation
and GABA metabolism have been reported to play a crucial role in the cold acclimation
of wheat and barley [114]. Thus, GABA played a vital role in the cold acclimation of the
tolerant lines. Simultaneously, the enhanced expression of β-alanine aminotransferase
facilitated a β-alanine-based osmoprotectant in maize during cold stress.

During cold stress, plants adjust their lipid content to retain membrane stability and
integrity. Cold tolerance in peanuts was previously found to be associated with changes in
membrane modifications, such as lipid metabolism and lipid signaling [115]. In the present
study, 26 lipid metabolism genes were regulated by cold stress (Table S7). Among them, PLC
(Zm00001d040205), PLA2s (Zm00001d013461, Zm00001d029136), SAD (Zm00001d024273), AOS
(Zm00001d028282), α/β-hydrolase (Zm00001d010840 and Zm00001d012147), KCS (Zm00001d
046444 and Zm00001d032728), nsLTP (Zm00001d027332), and seven GDSL-like lipases were
all enhanced by cold stress in the tolerant lines (Tables S6 and S7). AOS is a critical gene
in the synthesis of jasmonic acid (JA), which affects the expression of cold-responsive genes
and governs plant defense responses to various abiotic stressors [116]. In Arabidopsis, JA was
found to provide cold acclimation [117]. PLC participates in signaling pathways that lead to
the activation of the cold response through the CBF pathway [118]. The cold acclimation of
spinach (Spinacia oleracea) leaves was found to be associated with the positive roles of PLA2 [119].
Higher expression of a SAD gene is linked to the total amount of unsaturated fatty acids (UFAs),
which has been correlated to cold tolerance in tobacco plants [120]. On component change
and permeability, the KCS gene catalyzes the biosynthesis of cuticular wax, which acts as a
protective barrier against abiotic stresses [121]. GDSL lipases regulate plants’ development and
stress response. A previous study by Kong et al. [122] highlighted an essential role of a pepper
GDSL lipase gene in regulating abiotic stress tolerance. During cold stress, nsLTPs reduce lipid
fluidity and membrane solute permeability, thereby reducing solute diffusion rates across the
membrane and preventing osmotic membrane rupture upon thawing [123]. A previous maize
study revealed that ZmLTPs have a role in response to cold stress [124]. Overall, our findings
highlight the putative association of multiple lipid metabolic components and nsLTP proteins
in maize cold tolerance.

Membrane transport systems help maintain cellular homeostasis in environmental
stressful situations by redistributing different molecules, such as phytohormones, car-
bohydrates, and amino acids [125]. These unique roles of plant membrane transport
systems may be leveraged to enhance productivity under unfavorable stress conditions
as their impact on total plant physiology [126]. The increased expression of numerous
transporters and channel protein genes has been reported in the Arabidopsis thaliana re-
sponse to various abiotic stresses [127] and rice under water stress [128]. In the present
study, ABCB1 (Zm00001d024600, Zm00001d025703, Zm00001d026041, Zm00001d045279,
and Zm00001d049565), MATE efflux (Zm00001d031730 and Zm00001d032971), and polyol
transporter (Zm00001d048774, Zm00001d029645) genes were enhanced by cold stress in
the tolerant lines (Tables S6 and S7). Plant ABCB transporters transport molecules, such
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as plant hormones, lipids, metabolites, contaminants, and defense molecules, which play
key roles in abiotic stress tolerance. Various environmental stresses were reported to en-
hance the expression of distinct ABCB transporters in maize [129]. Polyols play a crucial
function in the symplastic and apoplastic transfer of carbon and energy in plants’ response
to salt and drought [130]. Transgenic Arabidopsis overexpressing the cotton MATE gene
enhanced antioxidant enzyme production and abscisic acid translocation in response to
cold, drought, and salt stress [131]. Therefore, the upregulation of various transporters
might be associated with cold stress tolerance, the transport of plant secondary metabolites,
hormones, and general growth and development in maize.

Network analysis reveals the regulatory impacts of a group of genes on target genes,
revealing unique regulatory linkages that add to our understanding of abiotic stress re-
sponse. The network analysis in this study had 116 nodes and 1907 connections, with 724
activation (positive) and 1183 repression (negative) connections (Figure S2, Table S8). Some
of the highly connected positive regulators were found among the 116 nodes, including
TFs (bHLH, MYB4, MYB8, GATA4, TALE, and WRKY53) and signaling (respiratory burst
oxidase, GPCR, BAM2, RKL1, NIK3, SRF7, SRF8, and PK), antioxidant (peroxiredoxin 6,
peroxidase, thioredoxin), and metabolism/biosynthesis regulators (Table S8). The cold
induction of TFs regulates a set of other downstream genes. The upregulation of MYB4
(Zm00001d041853) in the cold-tolerant line upregulated 11 DEGs related to signaling, amino
acid phosphorylation, TFs, and metabolism (Table S8). In a previous study on Arabidopsis
thaliana, the over-expression of OsMYB4 increased cold and chilling tolerance by increasing
the expression of COR genes, such as RD29A, COR15a, and PAL2 [79]. In this study, the
upregulation of the WRKY53 (Zm00001d023336) gene in the tolerant line increased the
expression of 10 additional DEGs involved in signaling, amino acid phosphorylation, and
transcription factors (Table S8). In a previous study, WRKY53 was highly increased in
Arabidopsis thaliana under cold stress, where it interacted with hub genes, such as mitogen-
activated protein kinase 3 (MPK3), WRKY33, and WRKY40, all of which are implicated
in plant defense [72]. As a result, WRKY53 could have influenced maize cold tolerance
via the plant–pathogen interaction route. Differential expression levels of the 116 DEGs
that make up the nodes in our cold studies show that various genes respond to cold stress
in different ways and have varied biological functions. These DEGs could be intriguing
candidates to investigate during maize seedling cold stress responses. Further research in
this regard can look into the molecular specifics of any potential role of these DEGs in the
adaptation of maize seedlings to cold stress.

Non-coding RNAs (ncRNAs), such as lncRNAs, have been discovered to regulate
plant response to abiotic and biotic stress by controlling the expression of functional
genes [132]. A previous study on cassava reported 318 lncRNAs responsive to cold and
drought stress [133], while the expression of 2088 lncRNAs in grapevine (Vitis vinifera L.)
was induced by cold stress [134]. In this study, the expression of 337 putative lncRNAs
was regulated by cold stress (Figure 4). Thus, these lncRNAs might have modulated
multiple biological processes involved in cold acclimation in maize by influencing gene
expression at the transcriptional, post-transcriptional, and epigenetic levels. Otherwise,
there is considerable interest in lncRNAs among molecular biologists, plant breeders,
and geneticists, and our research may have identified crucial candidates that can aid in
the development of cold-tolerant cultivars. However, more research is needed to fully
understand the link between these lncRNAs and cold stress.

We developed a molecular model for cold stress tolerance in maize seedlings, as
shown in Figure 11, based on our main findings of the critical cold-responsive DEGs and
their associated pathways, as well as the numerous published citations in the present study.
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Figure 11. The schematic molecular model describing the signaling pathways involved in the
acquisition of cold tolerance in maize seedlings. The model was constructed based on the main
cold response components identified in this report, as well as plant abiotic stress pathway schemes
previously described. The downward pointing arrows represent the sequence of events in cold
tolerance in maize, from stress signal perception to acclimation mechanisms. Abbreviation key:
GPCR, G-protein-coupled receptor; GLR, glutamate receptor; ROS, reactive oxygen species; ABA,
abscisic acid; JA, jasmonic acid; CDPKs, calcium-dependent protein kinases; MAPK, mitogen-
activated protein kinase; PPs, protein phosphatase; WAKs, wall-associated kinases; PKs, protein
kinases; PRX, peroxidases; PAL, phenylalanine ammonia lyase; KCS, ketoacyl-CoA synthase; GAD,
glutamate decarboxylase; SOD, superoxide dismutase; APX, ascorbate peroxidase; TRX, thioredoxin;
GST, glutathione transferase; GPX, glutathione peroxidase; ZEP, zeaxanthin epoxidase.

5. Conclusions

In this study, we comprehensively compared the leaf transcriptome and phenotypic
response of the maize population (24 cold-tolerant and 22 cold-sensitive lines) in response
to cold stress at the seedling stage. Resultantly, the tolerant lines maintained a strong vigor
with higher survival rates, while the majority of the sensitive line seedlings died and had
yellow spots on the leaves. Using the RNA-seq-based approach, 2237 (1656 annotated
and 581 unannotated) DEGs were identified between the tolerant and sensitive samples.
Moreover, cold stress significantly enhanced 779 and 887 DEGs in the tolerant and sensitive
lines, respectively. Functional annotation was carried out on the three categories (1656,
779, and 887) of DEGs. In the tolerant lines, genes associated with GPCR, Ca2+ signaling,
protein kinases, and ROS may have played a significant role in rapid sensing and signaling,
whereas genes associated with hormones, such as ABA and JA, may have played a role in
signaling and cross-talk between diverse stimuli. The activation of TFs and their binding
to promoter sites of certain genes results in activation of stress-responsive genes. The
upregulation of several antioxidants, transport, and osmoprotectants suggested protection
of the cellular machinery, whereas genes associated with the phenylpropanoid biosynthesis
pathway might be involved in providing mechanical support and protection against cold
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stress. Moreover, genes involved in lipid metabolism may play a critical role in cold stress
resistance via membrane modification. Thus, the networks involved in the function of the
genes and regulators of the above-named pathways are critical in the cold acclimation of
maize at the seedling stage. Moreover, genes related to ribosome, proteolysis, peroxisome,
and carbon metabolism were significantly enriched in the sensitive lines. The unannotated
DEGs were more inclined in the functions of long non-coding RNAs. Our findings indicate
the involvement of plant signaling, transcription factors, and protective mechanisms in
the molecular mechanisms underlying cold acclimation in maize at the seedling stage.
Otherwise, the essential genes and metabolic pathways identified in this study may serve
as valuable genetic resources or selection targets for the genetic engineering of cold-tolerant
maize cultivars.
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PAL phenylalanine ammonia lyase
KCS ketoacyl-CoA synthase
GAD glutamate decarboxylase
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PK Protein kinase
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CDPK Calcium dependent protein kinase
CaMs Calmodulin
CBLs Calcineurin B-like
CMLs CaM-related proteins
MAPK Mitogen-activated protein kinase
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ity at early growth as a possible mechanism of maize adaptation to cold springs. J. Exp. Bot. 2019, 70, 2887–2904. [CrossRef]
[PubMed]

27. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.
[CrossRef]

28. Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12,
357–360. [CrossRef] [PubMed]

29. Roberts, A.; Pimentel, H.; Trapnell, C.; Pachter, L. Identification of novel transcripts in annotated genomes using RNA-Seq.
Bioinformatics 2011, 27, 2325–2329. [CrossRef]

30. Anders, S.; Pyl, P.T.; Huber, W. HTSeq—A Python framework to work with high-throughput sequencing data. Bioinformatics 2015,
31, 166–169. [CrossRef] [PubMed]

31. Anders, S.; Huber, W. Differential expression analysis for sequence count data. Nat. Preced. 2010. [CrossRef]
32. Li, L.; Eichten, S.R.; Shimizu, R.; Petsch, K.; Yeh, C.T.; Wu, W.; Chettoor, A.M.; Givan, S.A.; Cole, R.A.; Fowler, J.E. Genome-wide

discovery and characterization of maize long non-coding RNAs. Genome Biol. 2014, 15, R40. [CrossRef] [PubMed]
33. Kong, L.; Zhang, Y.; Ye, Z.Q.; Liu, X.Q.; Zhao, S.Q.; Wei, L.; Gao, G. CPC: Assess the protein-coding potential of transcripts using

sequence features and support vector machine. Nucleic Acids Res. 2007, 35, W345–W349. [CrossRef]
34. Tian, T.; Liu, Y.; Yan, H.; You, Q.; Yi, X.; Du, Z.; Xu, W.; Su, Z. agriGO v2. 0: A GO analysis toolkit for the agricultural community,

2017 update. Nucleic Acids Res. 2017, 45, W122–W129. [CrossRef]
35. Supek, F.; Bošnjak, M.; Škunca, N.; Šmuc, T. REVIGO summarizes and visualizes long lists of gene ontology terms. PLoS ONE

2011, 6, e21800. [CrossRef] [PubMed]
36. Kanehisa, M.; Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 28, 27–30. [CrossRef] [PubMed]
37. Xie, C.; Mao, X.; Huang, J.; Ding, Y.; Wu, J.; Dong, S.; Kong, L.; Gao, G.; Li, C.Y.; Wei, L. KOBAS 2.0: A web server for annotation

and identification of enriched pathways and diseases. Nucleic Acids Res. 2011, 39, W316–W322. [CrossRef] [PubMed]
38. Zhang, Y.; Zhu, L.; Xue, J.; Yang, J.; Hu, H.; Cui, J.; Xu, J. Selection and Verification of Appropriate Reference Genes for Expression

Normalization in Cryptomeria fortunei Under Abiotic Stress and Hormone Treatments. Genes 2021, 12, 791. [CrossRef] [PubMed]
39. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−∆∆CT method.

Methods 2001, 25, 402–408. [CrossRef] [PubMed]
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Abstract: Exploring the molecular foundation of the gene-regulatory systems underlying agronomic
parameters or/and plant responses to both abiotic and biotic stresses is crucial for crop improvement.
Thus, transcription factors, which alone or in combination directly regulated the targeted gene
expression levels, are appropriate players for enlightening agronomic parameters through genetic
engineering. In this regard, homeodomain leucine zipper (HD-ZIP) genes family concerned with
enlightening plant growth and tolerance to environmental stresses are considered key players for crop
improvement. This gene family containing HD and LZ domain belongs to the homeobox superfamily.
It is further classified into four subfamilies, namely HD-ZIP I, HD-ZIP II, HD-ZIP III, and HD-ZIP
IV. The first HD domain-containing gene was discovered in maize cells almost three decades ago.
Since then, with advanced technologies, these genes were functionally characterized for their distinct
roles in overall plant growth and development under adverse environmental conditions. This review
summarized the different functions of HD-ZIP genes in plant growth and physiological-related
activities from germination to fruit development. Additionally, the HD-ZIP genes also respond
to various abiotic and biotic environmental stimuli by regulating defense response of plants. This
review, therefore, highlighted the various significant aspects of this important gene family based on
the recent findings. The practical application of HD-ZIP biomolecules in developing bioengineered
plants will not only mitigate the negative effects of environmental stresses but also increase the
overall production of crop plants.

Keywords: abiotic stress; biotic stress; crop improvement; HD-ZIP; plant development

1. Introduction

The genes containing the homeobox domain were discovered for the first time in
Drosophila. This was due to the homeotic mutation, which transformed one part into
another part in the Drosophila body [1]. Homeobox domain genes are mainly involved in
controlling the growth and developmental processes such as transition through phases
in an organism by encoding a certain transcription factor [2]. The additional presence
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of homeodomain (HD), which comprises 60 amino acid sequences and later makes a
three-helix tertiary structure, supports the promoter regions to interact with specific target
genes [3]. In plants, the first HD-containing gene was reported in maize (Zea mays), where
a Knotted1 gene was observed to control the leaf differentiation mechanism. Due to this
phenotypic characteristic, the name Knotted1 was given to this gene and perhaps the first
HD family gene from plant genomes [4]. Following that, a series of discoveries reported a
large set of genes-possessing HD domain and different other additional domains in a single
copy of a gene [5]. These different homeobox gene families exhibit structure and functional
similarities [2]. The functional importance of HD-ZIP genes has been documented in a
wide range of plant species. For instance, HD-ZIP genes are involved in regulating plant
architecture, organogenesis, and reproductive processes [6–8]. The aided importance of
HD-ZIP genes in curbing environmental stresses is also well highlighted. For instance, most
of the HD-ZIP genes in transgenic research showed pronounced effects against drought and
salinity [9,10]. Apart from that, these genes respond to various other adverse conditions,
including heat, heavy metals, and biotic stresses [11,12]. Therefore, the present review
documented several aspects of the homeodomain leucine zipper (HD-ZIP) gene family,
such as structural characteristics, interaction with other gene families, and potential in
regulating plant growth, development, and responses to environmental cues.

2. Structural Characteristics of HD-ZIP Gene Family

The HD-ZIP gene family is composed of two functional domains, i.e., HD and leucine
zipper (LZ). Based on their sequence conservation and functional properties, HD-ZIP
is further divided into four subfamilies (HD-Zip I, HD-Zip II, HD-Zip III, and HD-Zip
IV) [13,14]. The subfamily I and II genes encode a small transcription factor (TF) with a
similar structure. Both the subfamily I and II consist of a highly conserved HD domain and
a contrasting less conserved LZ domain [15,16]. Both class I and class II shared structure
similarities; however, some elements are still varied, which differentiate between them.
Such as, the HD region of class II contains two introns and three exons and encodes alpha-
helixes 2 and 3, whereas, genes in class I comprised one intron at the LZ domain region or
alpha-helix 1 [15]. Moreover, an additional Cys, Pro, Ser, Cys, and Glu (CPSCE) motif on the
C-terminal differentiates class I from II (Figure 1). The extra motif facilitates the formation
of multimeric proteins responsible for the Cys-Cys inter-molecular bond [17]. Further,
the class I and II genes showed differences for their specific target sites. For example, the
pseudopalindromic sequences CAATNATTG have different central nucleotides A/T and
C/G in class I and II genes, respectively. According to an earlier study [18], this class-based
target specificity is caused by various amino acids. The amino acids at the alpha-helix 3
(ranging between 46 and 56 nucleotides) are different for class I (ala and trip) and II (Glu
and Thr). The changes in these amino acids coupled with Arg55 play a pivotal role during
their interaction with DNA molecules [18]. The genes from class I and class II both interact
with DNA only in the form of dimers. The strength of the interaction between HD-ZIP
proteins and DNA molecules largely depends on the loop region between the first and the
second α-helixes and the structure of the N-terminal [19,20].

Likewise, class III and IV genes comprised an additional steroidogenic acute regulatory
protein-related lipid transfer (START) domain and a conserved SAD (START-associated
domain along with HD and LZ domains). The class III family genes also contain an addi-
tional highly conserved methionine-glutamic-lysine-histidine-leucine-alanine (MEKHLA)
domain. The MEKHLA domain is unique to class III subfamily genes in plants HD-ZIP
gene family [2,21]. The class III MEKHLA domain shares a high similarity with the PAS
domain. However, studies are limited over the potential role of the MEKHLA domain in
plants [22] besides their involvement in embryo patterning and transportation of auxin [23].
The START domain (~200 amino acid residues) is involved in lipid and sterol transport in
animals; however, no study reported their interaction with DNA molecules [24]. On the
other hand, no clear evidence of the function of START domain in the plant genome was
found. However, the protein-containing START domain could be regulated in plants by

162



Genes 2021, 12, 1256

lipid/sterol-associated proteins (Figure 1). This regulation could be the outcome of the
direct interaction of START domain-containing proteins with lipid/sterol proteins or by
third mediator protein [25]. A study supported this notion by reporting that an HD-ZIP
class IV gene regulates the phospholipid signaling in arabidopsis roots [26]. Another report
concluded that the START domain is essential for the proper functioning of HD-ZIP genes
in the cotton plant [27]. The research body is limited regarding class III and IV genes
interaction with DNA molecules due to their polymorphic nature. The common distinctive
feature of these genes is due to the presence of TAAA sequence in their target sites [2].
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3. Role of HD-ZIP Genes Family in Plant Growth and Regulation

Numerous HD-ZIP I genes that have evolutionary resemblance generally show the
same expression pattern in various plant tissues. For instance, ATHB1 plays a crucial role
in the developmental processes of tobacco (Nicotiana tabacum) leaf cells [21]. The transgenic
plant overexpressing ATHB23 or ATHB3, ATHB13, and ATHB20 fine-tuned the cotyledon
and leaf development processes significantly [15,22]. The ectopic expression of the tomato
(Solanum lycopersicum) LeHB-1 gene disrupts the normal flowering process in the transgenic
plant [23]. The study also reported that the transgenic plants also resulted in multiple
flower production, an abnormal transformation of sepals into carpel and regulates the floral
morphogenesis, and triggered the fruit ripening process [23]. Similarly, the grape (Vitis)
VvHB58 controls the fruit size, reduced the number of seeds, and hindered the pericarp
expansion in the tomato fruit by modulating the multiple-hormones pathway [24].

Additionally, this HD-ZIP I TF regulates the growth and development of plants under
various adverse conditions. For example, the HDZI-4 promoter drives DREB/CBF expres-
sion under severe drought conditions, which mitigates the negative effects of drought stress
and restricts the declination in yield and other growth attributes in wheat and barley [25].
Recently, Ma et al. [26] addressed the crucial role of ATHB13 in floral induction. Flower in-
duction at an appropriate time is crucial for seed setting, survival, and germination [27,28].
The citrus PtHB13 is homologous to Arabidopsis ATHB13. The ectopic expression of PtHB13
in Arabidopsis inhibited the floral induction process and could regulate the flowering-
related genes [26]. Majority of the reports available on HD-ZIP I TFs suggested that they
are mostly induced under abiotic stresses and thus crucial for maintaining plant growth
under unfavorable environments.

There are nine genes in the Arabidopsis HD-ZIP II subfamily. The main role of this class
in plant development is their shade-avoiding mechanism during the photosynthetic pro-
cess [29–31]. For example, one member of class II subfamily ATHB2, when overexpressed in
Arabidopsis, unfolded its role in plant development under illumination conditions [32]. On
the other hand, microarray analysis revealed that HAT2, a member of the class II HD-ZIP
gene family, was significantly influenced by the auxin during the seedlings stage [33]. To
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confirm that, Arabidopsis plants overexpressing the HAT2 gene produced epinastic cotyle-
dons, long hypocotyls, long petioles, and small leaves. All these traits resembled to the
mutants, generating auxin in high quantity [33,34]. Fruit ripening is an important qualita-
tive factor that defines the fate market value of postharvest produces. Ethylene is generally
considered a potent regulator of the fruit ripening process. In this regard, the overexpres-
sion of PpHB.G7, a class II HD-ZIP family gene in peach (Prunus persica), mediates the
ripening process by altering the expression and production of ethylene biosynthesis genes
and ethylene, respectively [35]. In a recent study, the rice (Oryza sativa) sgd2 gene was found
responsible for small grain size and dwarf plant phenotype. The study further showed
that the sgd2 gene is a transcriptional suppresser of GA biosynthetic genes, particularly
suppressing the generation of endogenous GA1 [36]. The majority of the class II HD-ZIP
genes that are differentially expressed in various plant tissues confer their importance in
regulating plant developmental activities.

Arabidopsis genome contains five members of the class III HD-ZIP gene family. Numer-
ous mutants of these genes have been reported previously. Most of the class III genes are
responsible for sustaining the normal organ polarity and shoot apical meristem (SAM) [37].
Single loss of HD-ZIP III protein function does not display any obvious phenotypic changes.
However, a double or triple mutant of class III genes such as phb-6/phv-5/rev-9 lacked SAM
along with single abaxialized cotyledon, suggesting their overlapping nature [38]. Addi-
tionally, overexpression of Arabidopsis ATHB8 hastened the xylem formation because of the
ectopic production of procambial cells [39]. In contrast, loss of function of ATHB8 failed to
show any physiological and morphological changes [39]. The ATHB15 gained the icu4-1
function allele, resulting in an abnormal arrangement of root meristem and more number of
lateral roots production than the wild type (WT) [40]. Taken together, the aforementioned
statements elucidated the crucial role of class III genes in root formation and vascular
development. Another study [41] supported the notion by reporting the role of class
III gene in nodule formation, root development, and vascular activities regulation. The
results highlighted that GmHD-ZIP III 2 demonstrated strong interaction with GmZPR3d,
ensuing in the ectopic formation of secondary root xylem and also a dominant expression
of soybean (Glycine max) vessel-specific genes [41].

The class IV HD-ZIP gene family has been previously characterized in various plants
such as Arabidopsis, maize, and rice. These genes generally show a dominant expression
trend in the outer layer of SAM and the epidermal cells [42,43]. Additionally, these
genes are mainly involved in the developmental processes of stomata, trichome and
epidermis, cuticle, and root hairs [2]. In line with that, two functionally redundant class IV
genes, ARABIDOPSIS THALIANA MERISTEM LAYER1 (ATML1) and PROTODERMAL
FACTOR2 (PDF2) in Arabidopsis, were reported for their crucial role in regulating the
epidermis and embryo development and also in the patterning of floral identity [44,45]. The
TRICHOMELESS1 (GL2) gene in Arabidopsis, a member of the class IV gene family, has been
recognized for fine-tuning the trichome and root hair development [46]. Anthocyanins are
potent regulators of leaf pigments and mainly responsible for protecting chloroplast against
deleterious environmental effects [47]. The Arabidopsis ANTHOCYANINLESS2 (AtANL2)
controls the deposition of anthocyanins, root growth and ectopic root hairs development,
and also epidermal cells proliferation [48,49]. Improved root growth is significant in
providing support to the plant in water-scarce conditions. The class IV gene ATHDG11
led to the overall improvement root system in the overexpressed Arabidopsis transgenic
plants [50,51]. Apart from Arabidopsis, the function of class IV HD-ZIP genes have been
in other economically important crops such as rice and maize. The maize ZmOCL1 and
ZmOCL4 have been reported to regulate cuticle deposition, kernel development, and
trichome formation [42,52]. In rice, the Roc4 gene, a member of the class IV HD-ZIP gene
family, manipulates flowering time by regulating the expression of Ghd7 gene. The results
revealed that the overexpressed Roc4 rice transgenic plants showed repressed expression
of Ghd7 under long days and thus hastened the flower induction processes [53]. Altogether,
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the aforementioned evidence highlighted that the class IV HD-ZIP gene family has an
imposing role in plant growth and developmental activities.

4. The Crucial Role of HD-ZIP Gene Family in Regulating Abiotic Stress
4.1. Role of HD-ZIP I Subfamily in Abiotic Stress Control

Plants adopt various mechanisms to cope with numerous abiotic stresses [54,55]. The
HD-ZIP class I genes are generally known for assisting with abiotic stress responses and
tolerance, particularly drought, salinity, and cold stress. Thus, in the subsequent sections,
we have explained the vital role of HD-ZIP genes-regulating stress-responsive mechanisms
under numerous abiotic and biotic cues. Apart from the textual explanation, a large amount
of literature has been tabulated and presented in Table 1.

4.1.1. Drought Stress

Drought is a major stress suffered by plants. It impairs plant physiological and
biochemical functions and is considered a major threat to food security in the current
time [56,57]. The AtHB7 and AtHB12, two paralogous genes, induced significantly under
ABA and water stress conditions by regulating stomata closure [58,59]. The Oshox4 inter-
acted with DELLA-like genes and further regulated the gibberellic acid (GA)-signaling
pathway that confers drought stress tolerance in rice [60]. Additionally, the rice Oshox22
showed dominant transcriptional activities under the prolonged drought stress [16]. The
sunflower (Helianthus annuus) Hah-4 gene was overexpressed in the maize plants to eluci-
date its role in mitigating the drought stress. The study revealed the crucial role of Hah-4
gene in increasing the resistance of maize plants against drought stress without hindering
the agronomic traits and colonization of root Arbuscular mycorrhizal fungi activity [61].
The accumulation of ABA in the leaf is significant and plays a key role in maintaining
normal plant growth under drought stress [62]. The Nicotiana attenuata class I HD-ZIP gene
NaHD20, when overexpressed, facilitates the ABA accumulation in leaf under water-scarce
conditions, which also triggered the expression level of dehydration responsive genes such
as NaOSM [62]. On the contrary, the NaHDZ20 gene-silenced plants displayed increased
susceptibility to drought stress. The reduction in the NaHDZ20-silenced plants’ drought
tolerance could be attributed to the suppressed expression level of dehydration responsive
genes [62]. The wheat (Triticum aestivum) gene TaHDZ5-6A was overexpressed in Arabidop-
sis. The transgenic Arabidopsis plants generated high proline contents, better water holding
capacity, and a good survival rate under drought stress than the wild-type plants [9]. This
growing evidence confirmed the role of HD-ZIP I subfamily genes in maintaining plant
growth under water deficit conditions.

4.1.2. Salinity Stress

Around 40 million hectares of world irrigated arable land are affected by salinity,
which causes massive economic losses to the countries with the worst sodic soil [63]. Salt
stress or salinity affects the plants when the soil NaCl content is more than the required
amount [64,65]. The HD-ZIP I subfamily genes have been reported for their mitigatory role
against salt stress in plants [59]. For example, the AtHB1 induced strongly under salinity
stress in Arabidopsis [15]. Similarly, the rice OsHOX22 gene restored resistance significantly
against prolonged NaCl stress by mediating the ABA signaling machinery [66]. Two genes
from Craterostigma plantagineum (CpHB6 and CpHB7) simultaneously curb the drought
and salinity stress by showing an induced expression trend in roots and leaves [67]. The
GhHB1 gene has been functionally characterized in cotton (Gossypium hirsutum) plants.
A remarkable increase in the expression activity of GhHB1 gene was observed under 1%
NaCl stress [68]. The results further revealed that the transgenic cotton plants showed
enhanced resistance to salinity stress by modulating the root developmental processes [68].
The maize ZmHDZ10 was overexpressed in rice. The transgenic rice plants hastened
their resistance against salinity by triggering the production of proline while alleviated the
malondialdehyde (MDA) activities in comparison to that of wild type [69]. In a recent study,
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the JcHDZ07 gene was isolated from physic nut (Jatropha curcas) and overexpressed in the
Arabidopsis. The transgenic Arabidopsis plants showed increased sensitivity to salinity stress
by exhibiting higher electrolyte leakage activities, lower proline content, and hindered
antioxidant activities [70]. Taken together, these results suggested the important regulatory
role of the HD-ZIP I subfamily in plants against salinity stress.

4.1.3. Low-Temperature Stress

Low-temperature stress alters the photosynthetic, ions transport, and metabolic ac-
tivities by directly targeting the cell fluidity [71–73]. Plants use different mechanisms and
signaling pathways to deal with low-temperature stress. In this regard, HD-ZIP I subfam-
ily genes have been characterized in various plants and yielded significant results. For
example, the wheat TaHDZipI-2 was overexpressed in barley resulted in the acclimatization
of barley plants to cold conditions. The overexpressed transgenic plants also exhibited
better flowering under low temperatures than the wild type [74]. Similarly, the TaHDZipI-5
showed upregulated expression trends in flowers and grains. Further, under low tempera-
ture, TaHDZipI-5 indicated its role in cold tolerance during the reproductive stage [75]. To
confirm that, transgenic wheat plants overexpressing the TaHDZipI-5 restore the normal
flowering activities under cold stress; however, compromised agronomic and yield-related
traits were observed [75]. Overexpression of the AtHB13 gene confers cold stress tolerance
by maintaining cellular stability in Arabidopsis plants [59]. The expression level of several
glucanase, anti-freezing proteins (AFP), pathogenesis-related proteins, glucanase, and
chitinase enhanced significantly in the HaHB1 sunflower and soybean transgenic plants
showed improved resistance to cold stress [76]. Therefore, it is confirmed that the HD-ZIP
I subfamily genes facilitate the resistance mechanism against cold stress by triggering the
expression of the cell membrane-related proteins and AFP (Figure 2).
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Figure 2. Role of HD-ZIP I subfamily in regulating low-temperature stress. The cold stress induces
AtHB13 and HaHB1 gene, which further activates the transcription of chitinases, glucanase, and
PR2 genes. These genes help stabilize the water transport and inhibit it from freezing inside cell
membrane.

4.1.4. Heavy Metal Stress

The increasing soil pollution with heavy metals, such as cadmium, chromium, iron,
lead, nickel, selenium, etc., causes toxic reactions that hamper the physiological and
morphological activities of plants [77–79]. Recent studies have reported the involvement of
HD-ZIP I genes in regulating heavy metals stress. In Citrus sinensis, for example, the cDNA-
AFLP methodology revealed that two genes from HD-ZIP I subfamily (TDF #170-1 and
170-1k) enhanced significantly under manganese (Mn) toxicity, suggesting their possible
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role in Mn stress tolerance [80]. Based on this, it could be of high interest to elucidate the
role of these genes under various important toxic heavy metals.

4.1.5. Heat Stress

The rise in global temperature is becoming increasingly challenging to crop scientists
as heat stress causes early maturity of the plants and subsequent manifold reduction in
overall yield [55,81,82]. Expression-based analysis in cucumber (Cucumis sativus) suggested
that two members (CsHDZ02 (Csa1G045550) and CsHDZ33 (Csa6G499720)) of HD-ZIP sub-
family I showed induced expression pattern under heat stress [83]. The sunflower HaHB4
gene has been functionally characterized in soybean plants under field conditions [11]. The
transgenic soybean plants overexpressing HaHB4 genes exhibited better tolerance capacity
to heat stress by triggering the transcriptional activity of heat shock proteins (AT-HSC70-1,
AT-HSFB2A, and Hsp81.4) [11]. On the other hand, HaHB4 transgenic plants recorded
better yield by reducing heat stress damage during seed setting in soybean pods [11]. The
perennial ryegrass (Lolium perenne) is generally regarded as heat-sensitive because of its
temperate growth nature [84]. Perennial ryegrass is mostly grown for turf or forage pur-
poses; however, increasing temperature due to global warming hampered its production
manifold [84]. The HD-ZIP I subfamily gene LpHOX21 possessed upregulated expression
in the heat-tolerant cultivar of perennial ryegrass, which suggested its possible involvement
in enhancing resistance to heat stress [84]. Although the HD-ZIP subfamily I genes are
well characterized under other abiotic stresses, still, relatively less research is available
regarding their role in mitigating heat stress.

4.1.6. Flooding Stress

Flooding stress refers to the plant’s submergence, which creates an anaerobic condition
in the surroundings and affects plant productivity [85,86]. The HD-ZIP I subfamily gene
HaHB11 was overexpressed in the Arabidopsis and exposed to flooding stress [87]. The
transgenic Arabidopsis plants carrying gain of function HaHB11 gene induced the tolerance
to flood stress and increased the biomass and yielded more seeds than control [87]. Flooding
is becoming a serious threat due to climate change, and therefore the HD-ZIP TFs could be
utilized to generate flooding resistance cultivars.

4.1.7. Nutrient Stress

Excess or deficiency of plant nutrients in the soil is generally regarded as nutrient
stress. The transition heavy metals such as manganese, zinc, copper, and iron are essential
micronutrients for regulating the plant’s growth and developmental activities [88,89]. Iron
in a relatively small amount is considered an important nutrient and involves key regula-
tory processes (chlorophyll biosynthesis and photosynthesis) of plant development [90].
Higher plants solubilize the ferric iron in the rhizosphere region, facilitating the uptake of
iron efficiently [91]. The HD-ZIP I subfamily member gene AtHB1 was previously reported
for its involvement in iron homeostasis [92]. The lack of function athb1 gene showed strong
tolerance to iron deficiency by upregulating the expression of Iron-Regulated Transporter1
(IRT1) and exhibited higher chlorophyll contents than the control [92]. In contrast to that,
the overexpression of AtHB1 genes suppressed the transcription activity of IRT1 genes,
which hampered the plant’s iron regulation, indicating a crucial role of the AtHB1 gene
in iron homeostasis [92]. This suggested the importance of HD-ZIP I subfamily genes in
maintaining the uptake and translocation of iron and other essential nutrients and could
be used as a genetic tool to improve crop productivity and nutrient efficiency.

4.2. Role of HD-ZIP II Subfamily in Abiotic Stress Control
4.2.1. Drought Stress

The HD-ZIP II subfamily is renowned for providing resistance against important
abiotic stresses such as drought, cold, and salinity stress. The SiHDZ13 and SiHDZ42
showed upregulated transcriptional activity under prolonged drought stress in the sesame
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(Sesamum indicum) plant [93]. In another study, the expression of wheat Tahdz4-A strongly
increased under drought stress, conferring its responsive nature to this important abiotic
stress [94]. Similarly, in Arabidopsis, increased mRNA level of HAT2 and HAT22 genes
was observed under water deficit conditions [95]. Eucalyptus is an industrial plant and
generally used for paper and timber production [96]. However, its production has been
affected and reduced significantly by water scarcity [97]. The gain of function EcHB1
gene significantly boosted the photosynthetic capacity, which increased the number of
chloroplast unit per leaf area under drought stress in transgenic eucalyptus plants [98].
Numerous expression studies suggested the importance of HD-ZIP II subfamily genes in
regulating drought stress. However, the smaller number of functional studies encourages
future research over HD-ZIP II subfamily genes in various important plants.

4.2.2. Light Stress

The vast number of HD-ZIP II subfamily genes across different plant species has
been reported to respond to light stress, and shade avoidance in particular [99]. The
AtHB2/HAT4 is strongly induced under the dark condition in the etiolated seedlings [100].
To confirm their function, transgenic lines overexpressing AtHB2/HAT4 produced longer
hypocotyls [101]. This indicated that AtHB2/HAT4 is responsible for controlling the growth
of seedlings in fluctuating light conditions. Additionally, the AtHB2 (protein) directly
interacts with PIF proteins because the expression was completely lost in pif4, pif5, and
pifq [102–104]. The ectopic overexpression of various HD-ZIP II subfamily members could
phenocopies the positive shade avoidance effects over other organs such as flowers [31].
Light stress is controlled by multiple pathways and, therefore, further studies are required
to unfold the potent role of HD-ZIP II subfamily genes in plants.

4.2.3. Salinity Stress

The HD-ZIP II subfamily has been examined extensively in different plants under
salinity stress. However, functional characterization of these genes under NaCl stress is far
little compared with subfamily I genes. The tea (Camellia sinensis) CsHDZ15 and CsHDZ16
increased significantly throughout the stress period, suggesting that they are involved in
responding to salinity stress [105]. The StHOX17, StHOX20, and StHOX27 genes possessed
dominant expression under the saline condition in potato (Solanum tuberosum) plants [106].
Additionally, the Capsicum annum (CaHB1) showed an enhanced expression trend under
various stresses, including salt. To verify its role, the CaHB1 gene was overexpressed in
tomato plants. The transgenic tomato plants displayed improved resistance against NaCl
stress. Moreover, the transgenic tomato plants developed better agronomic traits than the
wild type [10]. These results imply the beneficial roles of HD-ZIP II subfamily genes in
mitigating the salinity stress and could be useful in future crop-breeding programs.

4.3. Role of HD-ZIP III Subfamily in Abiotic Stress Control
4.3.1. Drought Stress

The members of HD-ZIP III subfamily are mainly involved in the leaf-rolling mech-
anism of plants. Leaf rolling is an important factor that provides assistance to plants
under water deficit conditions. The HD-ZIP III subfamily genes are the major target genes
of miRNA165/166. In line with that, rice miRNA166 loss-of-function mutant (STTM166)
developed rolled leaf phenotype because of damaged sclenrenchymatous cells along with
abnormal bulliform cells [107]. The molecular dissection of the STTM166 mutant revealed
that the OsHB4 gene is targeting the miRNA166, a member of the class III HD-ZIP gene
family [107]. The miRNA166 STTM166 mutant lines showed enhanced resistance to drought
stress. To validate that, OsHB4 overexpressed transgenic rice plants influenced the ex-
pression of polysaccharide synthesis genes, which facilitates the cell wall and vascular
developmental activities and also imposed the rolled leaf phenotype conferred tolerance
to drought stress [107]. In another study, the Arabidopsis miRNA160/166 double mutant
displayed enhanced resistance under water-scarce conditions by influencing the expression
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of auxin-related genes and exhibiting rolled leaf phenotype [108]. Based on the above-
mentioned shortcomings, it can be concluded that the HD-ZIP III subfamily genes also
possessed drought stress-responsive factors and, therefore, can be considered to character-
ize in different plants apart from model species.

4.3.2. Salinity Stress

Studies based on expression analysis suggested that HD-ZIP III subfamily genes are
responsive to salinity stress. For example, the wheat HD-ZIP III genes Tahdz1 and Tahdz23
both induced under NaCl stress [94]. The MtHDZ5, MtHDZ13, and MtHDZ22 showed
differential expression under 180 mM and 200 mM NaCl stress in 2-week old seedlings of
Medicago truncatula [109]. However, research is required to elucidate the functional role of
these genes under saline conditions in numerous plant species.

4.3.3. Heavy Metal Stress

Heavy metal toxicity is consistently hampering plant productivity due to the increas-
ing environmental pollution. They generally compromised plants’ physiological and
molecular pathways and caused irreparable damage [78,79]. Among them, cadmium (Cd)
is a highly toxic metal that has been reported for causing yield losses in various plant
species [78,110–112]. The application of Cd induced the expression of rice OsHB4, whereas
the miRNA166 was deduced under Cd treatment [12]. This suggested the possible involve-
ment of this gene in regulating Cd stress in rice. To confirm this, an overexpression assay
was performed for miRNA166. The overexpression of miRNA significantly reduced the
transcriptional activity of OsHB4 in root and leaf tissue. On the other hand, the miRNA166
was strongly induced in both the root and leaf and hindered the Cd translocation from root
to stem [12]. Additionally, the accumulation of Cd in the rice grain was also arrested in
the miRNA166 overexpressed transgenic lines. On the contrary bases, the overexpression
of OsHB4 made the root and leaf more sensitive to Cd toxicity, whereas RNAi silencing
of OsHB4 made the transgenic plants tolerant to Cd stress [12]. These evidences clearly
suggest that the induced expression of OsHB4 increased the rice plant’s sensitivity to Cd
stress. Furthermore, the majority of the HD-ZIP III subfamily genes showed pronounced
expression during root development-related activities [113,114]. Therefore, this could be
vital in providing stress response to heavy metals.

4.4. Role of HD-ZIP IV Subfamily in Abiotic Stress Control
4.4.1. Drought Stress

The HD-ZIP IV subfamily genes have been recently characterized in many plants to
induce drought stress tolerance in plants. The gain of function OsHDG11 gene (a member
of HD-ZIP IV) enhanced the overall yield and drought stress tolerance mechanism in rice
plants. The transgenic rice plants overexpressing OsHDG11 significantly influenced the
root system, improved water holding capacity, triggered the proline content, and enhanced
endogenous ABA production [51]. Similar results were found when the AtEDT1/HDG11
gene was overexpressed in Chinese kale; however, altered endogenous ABA imposed
stomatal closure [115]. Lignification in the plant is associated with an array of abiotic stress
tolerance. The Oryza sativa transcription factor I-like (OsTFIL) gene has been reported for
its beneficial role in providing tolerance against drought stress in rice. The transgenic
rice plants carrying OsTFIL gene showed enhanced lignin accumulation in shoot tissue
than the RNAi or WT plants [116]. Additionally, the high transcriptional activity of lignin
biosynthesis genes also facilitates stomatal closure under drought stress [116]. This HDG11
gene was further reported in cotton to induce water use efficiency (WUE) and improved
stress tolerance [117]. A recent study investigated the genetic pathway of the HDG11 gene
on how it facilitates the WUE and tolerance of a plant to water stress conditions. The
study unfolded that the genetic pathway consists of EDT1/HDG11, ERECTA, and E2Fa loci.
Initially, ERECTA become transcriptionally activated by binding with HD element in its
promoter region. ERECTA then modulates the transcription of cell-cycle pathway genes,
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which further helps in the transition of mitosis into endocycle. This mechanism positively
affected the leaf cell size by triggering the ploidy level, which in turn altered the stomatal
density [118]. The reduced density of stomata modulates the WUE system of plants and
thus provides resistance against drought stress. Other members of this subfamily also
showed a response to drought stress, such as that in Nicotiana tabacum. The NtHD-ZIP IV
4 and NtHD-ZIP IV 10 displayed a dominant expression trend under prolonged drought
stress conditions [119].

4.4.2. Salt Stress

Cotton crop, although known as a moderate salt-tolerant crop, is still affected by salin-
ity [63]. Salt stress causes a substantial delay in flowering, which implies less fruiting and
decreased cotton ball weight [63,120]. The effect of salt stress is more pronounced during
the germination and seedling stage of cotton [63,120]. The HD-ZIP IV gene AtEDT1/HDG11
restored the cotton plant resistance to salt stress by the induction of proline and soluble
sugar contents along with an improved antioxidant enzymes system [117]. Remarkably,
the transgenic cotton plants showed no compromised agronomic traits and thus yielded
more numbers of cotton balls per plant than the wild type [117]. Exogenous application of
jasmonic acid (JA) on plants ameliorates the deleterious effects of many abiotic stresses,
including salt stress [121,122]. The EDT1/HDG11 gene was overexpressed in Arabidopsis,
which hastened the transcriptional level of numerous JA biosynthetic genes and influenced
the formation of lateral root significantly by activating the auxin signaling pathway [123].
The endogenous JA level was also high in the roots of transgenic plants [123]. The above
statement suggested that the EDT1/HDG11 transgenic plants could be resistant to multiple
environmental stresses, including salt stress.

4.4.3. Osmotic Stress

Osmotic stress dysfunction affects plants’ normal physiological processes by disturb-
ing the transport of ion and water [124]. The cotton GaHDG11 gene was overexpressed
in the Arabidopsis plant. The transgenic Arabidopsis plants showed better performance
under osmotic stress because of the high generation of osmoprotectants such as proline,
enhanced antioxidant activities, and elongated roots [125]. The elongation of primary
roots supports the plant by lowering the rate of water loss [125]. Due to these noticeable
functional characteristics, more research is required to functionally elucidate the role of
HD-ZIP IV subfamily genes under osmotic stress.

Table 1. The HD-ZIP family genes and their potential role in providing resistance against abiotic stresses.

Stress Control Plant Species Gene Functions References

Subfamily I

Drought

Arabidopsis thaliana AtHB7 Overexpression of AtHB7 regualte the expression of
drought stress-specific genes. [126]

Arabidopsis thaliana AtHB13 The AtHB13 work upstream of the JUB1 gene to
confer drought stress. [127]

Arabidopsis thaliana HaHB11 The HaHB11 transgenic plants closed their stomata
faster and lost less water than controls. [128]

Alfalfa HaHB11 Longer roots and rolled leaves in HaHB11
transgenic alfalfa plant. [128]

Arabidopsis thaliana AtHB12 Nullify the negative effects of ABA signaling genes
(PYL5 and PYL8). [129]

Oryza sativa OsHOX4 The OsHOX4 modulate GA signaling by interacting
with DELLA-like genes and GA oxidase genes. [60]

Oryza Sativa OsHOX22 Higher expression of OsHOX22 gene under
drought stress. [16]

Nicotiana attenuate NaHD20 Augmented ABA accumualtion in leaf. [62]
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Table 1. Cont.

Stress Control Plant Species Gene Functions References

Triticum aestivum TaHDZ5-6A
TaHDZ5-6A transgenic plants displayed enhanced
drought tolerance by lowering the water loss rates,
higher survival rates, and higher proline contents.

[9]

Salinity

Arabidopsis thaliana HaHB11 Higher expression of salt stress-related genes. [128]
Alfalfa HaHB11 Strong root activities. [128]

Oryza sativa OSHOX22 Regualted ABA signaling. [66]

Physic nut JcHDZ07 Overexpression of JcHDZ07-induced sensitivity to
salinity stress. [70]

Zea mays ZmHDZ10
Lower relative electrolyte leakage (REL), lowee

MDA and increased proline content in
overxpressed ZmHDZ10 transgenic plant.

[69]

Heat stress
Soybean HaHB4

HaHB4 transgenic plant possesses larger xylem
area, and increased water use efficiency under high

temperature stress.
[11]

Perennial ryegrass LpHOX21 Higher expression of LpHOX21 gene was recorded
in heat-tolerant cultivar. [84]

Heavy metal
(manganese) Citrus sinensis TDF #170-1,

170-1k
Induced expression of these genes were observed

under heavy metal stress. [80]

Cold stress

Triticum aestivum TaHDZipI-2 Frost toelrance-related genes were upregualted in
TaHDZip1-2 overxpressed plants. [74]

Triticum aestivum TaHDZipI-5 Induction in lipid biosynthesis genes induced cold
tolerance. [75]

Arabidopsis thaliana AtHB13 Higher antioxidant activities of AtHB13 transgenic
plants. [59]

Arabidopsis thaliana AtHB1/HaHB1 Induction of pathogenesis-related and glucanase
proteins. [76]

Flooding stress Arabidopsis thaliana HaHB11 Modulation of genes genes involved in glycolisis
and fermentative pathways. [87]

Nutrient stress
(iron deficiency) Arabidopsis thaliana AtHB1 Overexpression of AtHB1 regualtes iron

homeostasis. [92]

Subfamily II

Drought

Sesame SiHDZ13,
SiHDZ42 Higher expression under drought stress. [93]

Triticum aestivum Tahdz4-A Upregualted mRNA level under drought stress. [94]
Eucalyptus EcHB1 Increased the leaf photosynthesis. [98]

Arabidopsis thaliana HAT2, HAT22 High response to hormonal treatment. [95]

Salinity

Camellia sinensis CsHDZ15,
CsHDZ16 Augmented expression under salinity stress. [105]

Solanum tuberosum
StHOX17,
StHOX20,
StHOX27

Higher expression under salinity stress. [106]

Capsicum annum CaHB1 Upregulation of multiple genes involved in plant
osmotic stress resistance. [10]

Light stress Arabidopsis thaliana AtHB2/HAT4 Stimualted expression of phytochrome genes in
overexpressed AtHAT4 gene transgenic plant. [100,130]

Subfamily III

Drought Oryza sativa OsHB4 LeafrRolling and altering stem xylem development. [107]

Salinity

Triticum aestivum Tahdz1, Tahdz23 Induced mRNA level under salinity stress. [94]

Medicago truncatula
MtHDZ5,

MtHDZ13,
MtHDZ22

Higher expression under salinity stress. [109]

Cadmium stress Oryza sativa OsHB4 Silencing of OsHB4 gene reduced Cd accumulation
in the leaves and grains. [12]
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Table 1. Cont.

Stress Control Plant Species Gene Functions References

Subfamily IV

Drought

Oryza sativa OsHDG11
Transgenic rice plants had higher levels of abscisic
acid, proline, soluble sugar, and reactive oxygen

species-scavenging enzyme activities under stress.
[51]

Chinese kale AtEDT1/HDG11 Induced stomatal closure. [115]

Gossypium
herbaceum HDG11

Augmeneted proline content, soluble sugar content,
and activities of reactive oxygen

species-scavenging enzymes.
[117]

Nicotiana tobaccum NtHD-ZIP IV 4,
NtHD-ZIP IV 10 Higher expression under drought stress. [119]

Nicotiana tobaccum NtHDG2 Induced flavonoid biosynthesis. [131]
Oryza sativa OsTFIL Promotes lignin biosynthesis and stomatal closure. [116]

Salinity

Gossypium
herbaceum AtEDT1/HDG11 Better proline content, soluble sugar content. [117]

Arabidopsis thaliana EDT1/HDG11
Promotes lateral root formation in Arabidopsis

mutant edt1 by upregulating jasmonate
biosynthesis.

[123]

Nicotiana tobaccum NtHDG2 Higher antioxidant activities. [131]

Osmotic Arabidopsis thaliana GaHDG11 Upregualted expression level was observed under
osmotic stress. [125]

5. Role of HD-ZIP Gene Family in Regulating Biotic Stress

Climate change made not only abiotic stresses but also biotic stresses more challenging
for plant scientists. Often, fluctuations in temperature or water stress directly trigger biotic
stressors’ negative response and do irreversible damage to the plants [132,133]. The positive
roles of HD-ZIP genes in mitigating abiotic stresses have been discussed above. Besides,
the HD-ZIP genes could play a powerful role in amending the deleterious effects of biotic
stresses (Table 2). In this context, these myriad biomolecules could be utilized to curb the
simultaneous stresses (biotic and abiotic). Below, we discussed the roles of HD-ZIP genes
in arming the plants against biotic stresses.

5.1. HD-ZIP I: Role in Coping Biotic Stress

Biotic stresses generally affect the plant morphologically and physiologically, which
can be challenging to control at times [134–136]. For example, the powdery disease infecting
numerous crops worldwide cost millions of dollar to the economy [137]. The HD-ZIP I
subfamily member AtHB13 increased Arabidopsis plants’ resistance to powdery mildew
fungi by regulating the expression of many stress-specific TFs. In contrast, the silencing of
AtHB13 increased the sensitivity of Arabidopsis to powdery mildew disease [138]. These
results supported the notion that AtHB13 might be involved in providing resistance against
simultaneous abiotic and biotic stresses [138]. The HAHB4 expression is strongly induced
under the herbivores attack or jasmonic acid (JA) treatment. The induced expression
produced green leaf volatiles and trypsin protease inhibitors (TPI). The overexpression of
HAHB4 in Zea mays and Arabidopsis triggered the transcript level of stress-related genes such
as lipoxygenase and TPI. The lipoxygenase and TPI genes in plants provide a protective
response to Spodoptera littoralis or Spodoptera frugiperda larvae [139]. Additionally, the
transgenic plants overexpressing HAHB4 generated a higher amount of JA, JA-isoleucine,
and ethylene (ET), which lead us to assume that this gene could enhance the resistance
against biotic stress casual agents [139]. The Verticillium dahlia is a fungal pathogen that is
responsible for vascular wilt disease in a plethora of plant species, including cotton. JA
has been previously reported for enhancing the resistance of cotton plants to Verticillium
dahlia [140]. In line with that, the overexpression of the GhHB12 gene suppressed the
transcriptional activities of JA biosynthesis and responsive genes (GhJAZ2, GhPR3). It
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thus made the cotton plant more susceptible to Verticillium dahlia fungus [141]. Minimal
research is available on the role of HD-ZIP I subfamily genes in mitigating biotic stresses
in comparison to abiotic stresses. However, it could be of great interest to functionally
characterize these genes under various biotic stresses.

5.2. HD-ZIP II: Role in Coping Biotic Stress

The HD-ZIP II subfamily members are investigated under various biotic stress and
showed differential expression patterns in several plant species. The Phytophthora infestans
(P. infestans) is a bacterial pathogen, which causes the late blight disease particularly in
potato and tomato, and becomes a major challenge for many crop producers around the
world [142,143]. The potato StHOX28 and StHOX30 exhibited high expression under the P.
infestans stress. This suggested their responsive behavior toward biotic stresses [106]. The
Phytophthora capsici (P. capsici) is a multi-host fungus pathogen with more drastic effects on
Solanaceae (pepper and tomato) and Cucurbitaceae (cucumber and pumpkin) [144,145].
The overexpression of Capsicum annuum HD-ZIP II gene CaHB1 in tomato increased the
thickness of cell wall and cuticle layer, enhanced expression of defense genes (SlPR1,
SlGluA, SlChi3, and SlPR23), and larger cell size than the control plants conferred tolerance
to P. capsici [10]. Therefore, HD-ZIP II subfamily genes could be considered for potential
crop improvement in the future.

5.3. HD-ZIP III: Role in Coping Biotic Stress

Expression analysis-based studies revealed that the HD-ZIP III genes of potato
StHOX7, StHOX16, StHOX26, and StHOX38 showed upregulated expression trend under
P. infestans stress [106]. The Arabidopsis AtHB8 genes induced significantly at 5 and 7 days
post-inoculation (dpi) of root-knot nematode (RKN) Meloidogyne incognita [146]. The AtHB8
plays an important role in the root developmental activities and, therefore, could be a
potential candidate gene in providing a gateway to RKN to form gall around the root [146].
The PHB and PHV genes of the Arabidopsis class III family are responsible for the upward
curled leaf phenotype. Similar characteristics were shown by the plants when treated with
Tomato yellow leaf curl China virus (TYLCCNV) [147]. The results were confirmed in βC1
(pathogenesis protein) overexpressing transgenic plants, which showed an increase in the
mRNA level of PHB and PHV genes while suppressed the expression of miRNA166 [147].
Therefore, it can be suggested that PHB and PHV play a crucial role in regulating the
response of plants to TYLCCNV. However, no conclusive evidence is available to confirm
the role of PHB, PHV, and other members of HD-ZIP III genes under TYLCCNV or other
biotic stress casual agents.

5.4. HD-ZIP IV: Role in Coping Biotic Stress

The cuticle layer in plants provides support against many abiotic stresses. Several
reports also highlighted that these cuticle layer films around plant cells serve as the first line
of defense against pathogen attack [148–150]. The activation of the HD-ZIP IV gene AaHD8
strongly induced the expression of cuticle development-related genes and significantly
affected cuticle formation processes in the Artemisia annua plant [151]. The study also
revealed that AaHD8 interacts with the AaMIXTA1 gene (regulator of cuticle formation),
modulating the AaHD1 transcription and regulating a network of other cuticle develop-
mental genes [151]. The phenols present inside a trichome generally provide a chemical
barrier to the invading pathogen and protect the plant from drastic damage, particularly
from chewing pests, such as herbivores [152]. The HD-ZIP IV gene AaHD8 and CmGL were
reported for their potent role in trichome formation and development in Artemisia annua
and melon plants, respectively [151,153]. The ZmOCL1 (member of HD-ZIP IV) gene was
overexpressed in Zea mays. The transgenic maize plants showed induction in the expres-
sion of LIPID TRANSFER PROTEIN TYPE 2 (nsLTPII), CARBOXYLESTERASE (AtCXE-18),
and PHOSPHATIDYL INOSITOL TRASNPORT PROTEIN (SEC14) [42]. Among them,
the LTPII is crucial in the transportation of cuticle lipids across the cell wall [154]. These
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LTP genes were also reported to increase resistance against a plethora of biotic stresses.
These proteins belong to the plant defensins family and exhibit remarkable antifungal
and antibacterial ability [155,156]. These genes are generally expressed in the outer layer
or epidermis [156,157], the same as the HD-ZIP IV subfamily genes. The durum wheat
TdGL7 gene under wounding stress elevated significantly in the grain tissue, similarly
to the defensins genes [158]. This provides potential grounds for the biotechnological
manipulation of the TdGL7 gene in wheat to protect the grain from chewing insects or
fungi [158]. Therefore, it can be assumed that the HD-ZIP IV subfamily genes could be
indirectly involved in regulating biotic stresses (Figure 3). Moreover, the potato StHOX21
and StHOX42 increased manifold under P. infestans stress [106]. However, no functional
study is available to confirm the direct involvement of HD-ZIP IV subfamily genes in
increasing tolerance against biotic factors.

Table 2. List of functionally characterized HD-ZIP family genes under biotic stress.

Subfamilies Plant Gene Pathogen Functions Reference

Subfamily I

Arabidopsis thaliana AtHB13

Powdery mildew
(Odium neolycopersici),

downy mildew
(Hyaloperonospora

arabidopsidis)

Overexpression of
AtHB13 stimualted the
expression of various
defense related genes.

[138]

Zea mays HaHB4 Spodoptera littoralis
Modulate signals from
the jasmonic acid and
ethylene pathways.

[139]

Gossypium
hirsutum GhHB12 Verticillium dahliae

Increased susceptibility
of the cotton plant via

suppression of the
jasmonic acid

(JA)-response genes
GhJAZ2 and GhPR3.

[141]

Subfamily II

Solanum tuberosum StHOX28,
StHOX30 Phytophthora infestans

Induced expression
pattern under Phytophora

infestans.
[106]

Capsicum annuum CaHB1 Phytophthora capsici

Overexpression of
CaHB1 in tomato

resulted in a thicker cell
wall.

[10]

Subfamily III

Solanum tuberosum
StHOX7, StHOX16,

StHOX26,
StHOX38

Phytophthora infestans
Induced expression

pattern under Phytophora
infestans.

[106]

Arabidopsis thaliana AtHB8 Meloidogyne incognita

The promoters of
procambial marker gene
ATHB8 were activated in

M. incognita-induced
galls.

[146]

Arabidopsis thaliana PHB, PHV TYLCCNV Suppress selective
jasmonic acid responses. [147]

Subfamily IV

Zea mays ZmOCL1 Pseudomonas syringae

Overexpression of
ZmOCL1 induced

antifungal activity of a
lipid transfer proteins.

[42,159,160]

Solanum tuberosum StHOX21,
StHOX42 Phytophthora infestans

Induced expression
pattern under Phytophora

infestans.
[106]
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The HD-ZIP IV genes participate in the activation of cuticle formation and defensins genes. The 
induction/suppression of lipid transport and metabolism genes largely depends on the HD-ZIP IV 
genes. The majorities of these genes reside in the epidermis and work synergistically in responding 
to pathogens. 

Table 2. List of functionally characterized HD-ZIP family genes under biotic stress. 

Subfamilies Plant Gene Pathogen Functions Reference 

Subfamily I 

Arabidopsis 
thaliana  AtHB13 

Powdery mildew (Odium 
neolycopersici), downy 

mildew (Hyaloperonospora 
arabidopsidis) 

Overexpression of AtHB13 stimualted the 
expression of various defense related 

genes. 
[138] 

Zea mays  HaHB4 Spodoptera littoralis Modulate signals from the jasmonic acid 
and ethylene pathways. 

[139] 

Gossypium 
hirsutum  GhHB12 Verticillium dahliae 

Increased susceptibility of the cotton plant 
via suppression of the jasmonic acid (JA)-

response genes GhJAZ2 and GhPR3. 
[141] 

Subfamily II Solanum 
tuberosum 

StHOX28, 
StHOX30 

Phytophthora infestans Induced expression pattern under 
Phytophora infestans. 

[106] 

Figure 3. Indirect involvement of HD-ZIP IV subfamily in enhancing the resistance to biotic stress.
The HD-ZIP IV genes participate in the activation of cuticle formation and defensins genes. The
induction/suppression of lipid transport and metabolism genes largely depends on the HD-ZIP IV
genes. The majorities of these genes reside in the epidermis and work synergistically in responding
to pathogens.

6. Conclusions and Future Perspective

The HD-ZIP is an important gene family involved in the diverse roles of plant growth
and developmental activities. Apart from their role in plant growth, several studies proved
the potential of HD-ZIP genes in enhancing plant tolerance to various abiotic and biotic
stresses. For example, the HD-ZIP I subfamily genes are involved in responding to drought
and salinity stress in particular, whereas significant results were achieved in transgenic
plants against various biotic stresses. The HD-ZIP II subfamily genes protect the plants
from the deleterious effects of a shade. A member gene of HD-ZIP II subfamily CaHB1
was also reported for providing resistance against P. capsici and salt stress. The HD-ZIP
III subfamily genes are characterized mainly under drought stress; meanwhile, another
study [12] showed that the silencing of the OsHB4 gene induced the plant immunity against
Cd stress. Additionally, the HD-ZIP IV subfamily genes are mainly expressed in the outer
cell membrane and provide the first line of defense against different environmental stresses.

Further investigations are still required to characterize the function of these important
TFs under numerous abiotic (heat, heavy metals, flooding, and nutrient imbalance) and
biotic (powdery mildew) stresses. Expression-based studies suggested their responsive role
against heat and powdery mildew stress [87]. Moreover, another study [96] highlighted the
crucial role of the AtHB1 gene in iron homeostasis. Therefore, it could be of great importance
to examine the role of other members under nutrient starvation and homeostasis. Heavy
metals such as Cd are increasing in the soil due to the massive industrial waste and
mineralization of rocks. The uptakes of these heavy metals by major food crops are harmful
not only to plant but also to human health. The HD-ZIP III subfamily gene OsHB4, when
silenced, significantly reduced the Cd accumulation in rice grain. Therefore, it can be used

175



Genes 2021, 12, 1256

as a potential biomarker to curb the toxic effects of Cd on plants and humans. Altogether,
the genetic manipulation of HD-ZIP genes could be a handful strategy to maximize the
crop yield under the looming threat of climate change using state-of-the-art genome-editing
tools like the CRISPR/Cas system.
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Abstract: To assess the effect of triacontanol (TRIA) on rice plants grown under normal or drought
conditions, rice seeds were presoaked in TRIA (35 ppm) for two hours. After 20 days of sowing,
rice seedlings developed from TRIA-treated or untreated seeds were subjected to drought stress.
After 10 days of plant exposure to drought stress, data of major growth attributes and the content
of photosynthetic pigments were recorded. Moreover, the effect of drought stress on stomatal
conductance and the photochemical efficiency of PSII (Fv/Fm) were followed. The data obtained
indicated that the species of rice (Oryza sativa L.) cultivar Giza 177 under investigation was sensitive
to drought stress where there were significant decreases in the fresh and dry weights of shoots and
roots and in stomatal conductance, as well as in the content of chlorophyll a, chlorophyll b, and
carotenoids. Seed priming with TRIA enhanced both growth and acquired plant tolerance to drought
stress. Thus, TRIA via the enhancement of stomatal conductance through the regulation of stomatal
closure, the rate of water loss, ABA metabolism, the accumulation of osmolytes, and the regulation
of aquaporins genes improved the water status of plants grown under water scarcity. Moreover,
TRIA via increasing the content of free amino acids and sugars under drought stress may increase
the chance of plant tissues to retain more water under scarcity conditions.

Keywords: triacontanol; drought; rice; aquaporins; PIP1,1, PIP1,2, PIP2,4 and PIP2,5 genes

1. Introduction

Drought is one of the major environmental constrictions limiting plant development
and productivity [1]. Drought menaces about 70% of arable land worldwide. Consequently,
the major crops will exhibit over 65% reduction in their yield by 2050 because of drought
all over the world [2,3]. Rice is one of the major staple food crops for most of world
population, and belongs to semi-aquatic plants, so it requires a high soil moisture level [4].
Thus, rice plants are susceptible to water scarcity, which induces a variety of morphological,
molecular, and physiological changes [5]. It was reported that major growth attributes of
important crops are severely affected by drought stress [6]. It was also reported that drought
stress disturbs the leaf water potential, transpiration rate, and stomatal conductance [7].
Moreover, drought induces oxidative stress that destroys various macromolecules as
proteins, lipids, and nucleic acids concomitant with cell membranes damage [8]. It was
recorded that seedling growth, dry weight, and vegetative growth were reduced under
drought stress in various important crops including pea (Pisum sativum L.), alfalfa (Medicago
sativa L.), and rice (Oryza sativa L.) [6,9,10].

Plants can tolerate drought stress by developing different structural, biochemical, and
molecular strategies including accumulation of certain osmolytes and proteins [11]. Indeed,
drought stress accelerates abscisic acid (ABA) biosynthesis, which plays a crucial role in
stomatal conductance [12,13]. In this connection, the accumulation of root ABA under
drought stress was reported in many plants such as rice, beans, and potato [14–16].
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Furthermore, plants can cope with drought stress by stimulating the expression of
various genes as genes of some protective proteins, water channel proteins (aquaporins),
enzymes catalyzing osmolyte biosynthesis, proteases, and detoxification enzymes. Simi-
larly, genes encode various proteins such as kinases, transcription factors, phosphatases,
and enzymes that regulate certain pathways including ABA biosynthesis and phospholipid
metabolism were also regulated under drought condition [11,17]. Aquaporins (AQPs) are
a class of intrinsic proteins that play an important role in regulating the transmembrane
transport of water [18,19] and small molecules like glycerol, urea, and CO2 [20,21]. Many
types of AQPs are known in plants for their importance in stabilizing cell membrane home-
ostasis and keeping movement of water through the plant body under drought conditions.
Plasma membrane intrinsic proteins (PIP) belong to one of the subfamilies of AQPs, and
PIPs are further subdivided into two phylogenetic subgroups: PIP1s and PIP2s [22].

Triacontanol (TRIA), the material used as a seed primer in the present work, is a satu-
rated primary alcohol classified as a plant growth regulator (PGR) that stimulates many
physiological and biochemical processes in crop plants [23,24]. Triacontanol at relatively
low concentrations enhances the growth of most crops such as rice (O. sativa L.) and maize
(Zea mays L.) [25,26]. Currently, TRIA has been used to improve plant tolerance against
abiotic stresses such as chilling, drought, and heavy metal and salt stresses [25,27,28].
Notably, under abiotic stresses, exogenously applied TRIA stimulates growth, increases
the content of photosynthetic pigments, and increases compatible osmolyte accumula-
tion [29,30]. Additionally, it enhances enzymatic and non-enzymatic antioxidant defense
systems [27,30–33]. TRIA can also mitigate stress hazards via the regulation of the ex-
pression of some genes [28,32]. The present work investigates the efficiency of TRIA in
enhancing drought tolerance of rice plants.

2. Materials and Methods
2.1. Materials and Growth Conditions

Grains of rice (O. sativa L.) cultivar Giza 177 were obtained from the Agriculture
Research Center, Rice Research Institute in Giza, Egypt. Triacontanol (TRIA) was obtained
from Sigma-Aldrich (Lot 637238, St. Louis, MO, USA). This research was conducted at
Faculty of Science, Ain Shams University, Egypt using two controlled growth chambers,
model V3-DM, Vision scientific company, Korea. The grains were surface sterilized by im-
mersion in 1% (w/v) sodium hypochlorite solution for 5 min, then washed three times with
sterile distilled water prior to an experimental procedure to prevent fungal contamination.

2.2. Imposition of Treatments

The sterilized grains were divided into two groups, which were soaked either in water
or TRIA (35 ppm) for 2 h. The experiment was conducted in a naturally lit greenhouse
(day/night temperatures about 27/32 ± 2 ◦C and a 14 h photoperiod) of the Botany
Department, Faculty of Science, Ain Shams University. This experiment was carried out in
a complete randomized design with three replicates. The sterilized rice grains of the two
groups were sown in plastic pots (25 × 25 cm2) filled with homogenous soil (50 pots for
each group). The physical and chemical analysis of soil are given in Table 1.

Table 1. Some physical and chemical properties of soil.

pH Electrical Conductivity (EC)
(dS m−1)

Clay
(%)

Silt
(%)

Sand
(%) Texture

8.2 2.8 53.3 31.4 15.3 Clayey

The irrigation of all pots was carried out using the same volume of water based on the
maximum water-holding capacity of the soil used in the present work. After 15 days of
sowing, thinning was done so that 10 uniform seedlings were left in each pot. After 20 days
of sowing, drought stress was imposed on half of each group by withholding irrigation.
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After 10 days of rice seedling exposure to drought stress, the experiment was terminated
as severe growth retardation was observed, compared with the control or with seedlings
developed from pre-soaked grains in TRIA. Both shoots and roots were collected directly
frozen in liquid nitrogen and then stored at −80 ◦C for biochemical analyses.

2.3. Methods
2.3.1. Measurement of Number of Stomata

Direct microscopic measurements of number of stomata were carried out following
the method described by [34]. Leaf epidermal strips were obtained from a fully expanded
leaf and immediately immersed in absolute alcohol for fixation and preservation. The
epidermal strip was prepared on a slide and then covered with a cover slip. The total
number of stomata as well as number of open stomata per µm2 on the upper and lower
epidermis were counted using an eye-piece graticule, which is calibrated by using stage
micrometer scale.

2.3.2. Chlorophyll Fluorescence Measurements

The chlorophyll a fluorescence measurement was assessed in leaves in the morning
hours. The intact flag leaves were dark adapted for 30 min using light-withholding clips.
Leaf chlorophyll fluorescence was measured simultaneously using a pulse amplitude mod-
ulation portable fluorometer (Handy PEA, Hansatech, Norfolk, UK). After the adaptation
of leaves to darkness, a single, strong, 1 s light pulse (3500 µmol m2 s) was applied. Three
replicates were used for each treatment. The fast fluorescence kinetics (F0 to Fm) value was
recorded during 10 µs to 1 s [35]. The maximum quantum efficiency of PSII photochemistry
(Fv/Fm) was calculated according to the equation:

Fv/Fm = (Fm − F0)/Fm

where F0 means fluorescence intensity at 50 µs, Fm represents maximal fluorescence
intensity, and Fv represents variable fluorescence.

2.3.3. Measurement of Photosynthetic Pigments

The photosynthetic pigments chlorophyll (Chl) a, Chl b, and carotenoids were ex-
tracted and determined according to the method of [36]. Fresh leaves (1 g) were homog-
enized in 85% aqueous acetone for 5 min. Then, the homogenate was centrifuged, and
the supernatant was made up to 100 mL with 85% acetone. The extinction was measured
against a blank of pure 85% aqueous acetone at three different wave lengths (452.5, 644,
and 663 nm) by using spectrophotometer (Spectronic 601, Milton Roy Company, Ivyland,
PA, USA)

2.3.4. Measurement of Total Soluble Sugars

Total soluble sugars were analyzed by reacting 0.1 mL of the ethanolic extract with
3 mL of freshly prepared anthrone reagent (150 mg anthrone + 100 mL 72% H2SO4) in
boiling water bath for 10 min. After cooling, the absorbance was measured at 620 nm by
using a spectrophotometer [37].

2.3.5. Measurement of Free Amino Acids

Free amino acids were determined according to [38] by grinding the plant tissue (0.5 g)
in water; then, 0.1 mL of the water extract was added to 1.5 mL (ethanol/acetone) of a
1:1 (v/v) mixture of 0.1 mL phosphate buffer (pH 6.5) and 2 mL ninhydrin reagent (0.5%
in n-butanol). Then, the mixture was placed in a boiling water bath for 20 min, and then
cooled immediately in ice water, and methanol was added to 10 mL. The absorbance was
measured directly at 580 nm by using spectrophotometer.
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2.3.6. Determination of Free Proline

The total free proline was assessed by the method described by [39] using ninhydrin
reagent. The plant tissue (0.5 g) was grinded in 6 mL of 3% (w/v) sulfosalicylic acid solution.
Then, the filtrate (2 mL) was reacted with 2 mL ninhydrin reagent and 2 mL glacial acetic
acid, and the mixture was kept in boiling water bath for 1 h. Then, the mixture was cooled
in ice and was separated using a separating funnel. The absorbance of the upper phase
was read at 520 nm by using spectrophotometer.

2.3.7. Determination of Electrolyte Leakage (EL)

The stress injury was measured by electrolyte leakage as described by [40]. Leaf
samples (0.5 g) were incubated with 20 mL of deionized water for 24 h at 25 ◦C. Then, the
electrical conductivity of the solution (L1) was quantified using a conductivity meter (HI
8733, Hanna Instruments, Woonsocket, RI, USA). Samples were then autoclaved at 120 ◦C
for 20 min and then the final conductivity (L2) was assessed after equilibration at 25 ◦C.
The EL was determined according to the following equation:

EL% = (L1/L2) × 100

2.3.8. Lipid Peroxidation

Lipid peroxidation was determined by measuring the amount of malondialdehyde
(MDA) produced by the thiobarbituric acid reaction as described by [41]. The plant tissue
(0.5 g) was grinded in water then the crude extract was mixed with the same volume of
a 0.5% (w/v) thiobarbituric acid solution containing 20% (w/v) trichloroacetic acid. The
mixture was heated at 95 ◦C for 30 min and then quickly cooled in an ice-bath. The mixture
was centrifuged at 3000× g for 5 min and the absorbance of the supernatant was measured
at 532 and 600 nm by using a spectrophotometer.

2.3.9. Relative Water Content (RWC)

The relative water content was measured following the method described by [42].
Leaf discs from the fully expanded and uniform leaves were taken. The fresh mass (FM)
of leaf discs was measured, and then samples were placed in a Petri dish with distilled
water for 4 h. The water saturated mass (WSM) was then measured, and the leaf samples
were placed in an oven at 80 ◦C for 48 h to determine the dry mass (DM). Leaf RWC was
calculated as:

RWC [%] = [(FM − DM)/(WSM − DM] × 100

2.3.10. Extraction, Separation, and Determination of Abscisic Acid (ABA)

The method of hormones extraction was essentially similar to that adopted by [43].
The frozen tissue was homogenized in cold 85% ethanol by an electric automixer and then
extracted by an electric stirrer with 85% ethanol at about 0 ◦C. The solvent was changed
three times. After filtration, the three extracts were combined together and concentrated
under a vacuum at 20–25 ◦C to a few mL. The concentrated aqueous phase was adjusted
to pH 8.8 by using 1% NaOH. The alkaline aqueous phase was shaken three times with
equal quantities of ethyl acetate using a separating funnel. The combined ethyl acetate
fraction was evaporated to dryness and held for further purification. The aqueous fraction
was acidified to pH 2.8 with 1% HCI and shaken three times with equal volumes of ethyl
acetate. The remaining aqueous phase was discarded. The combined acidic ethyl acetate
phase was reduced to a certain volume to determine the abscisic acid (ABA) by using
gas chromatography (GC). The dried basic ethyl acetate fraction was dissolved in 80%
methanol.

2.3.11. Quantitative Real-Time PCR (qRT-PCR) Analysis

The total RNA was extracted from rice tissue (100 mg) of all treatments with 30%
PEG6000 using the RNeasy Plant Mini Kit (Qiagen, Amsterdam, The Netherlands). The
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total RNA (1 µg) from each sample was transformed into cDNA by the reverse transcription
using the c.DNA Kit (TaKaRa) according to the manufacturer’s instructions. The qRT-PCR
was conducted on an ABI 7500 system (Applied Biosystems, New York, NY, USA) using
a TransStart™ Green qRT-PCR Super Mix Kit (TransGen, Beijing, China). OsActin rRNA
was used as a reference gene to standardize the relative transcriptional abundance and to
minimize different copy numbers of cDNA templates [44]. All data were calculated from
three replicates based on the 2−∆∆Ct method [45]. The primers of the PIP1,1, PIP1,2, PIP2,4,
and PIP2,5 genes (Table 2) used in the qRT-PCR excluded the highly conserved protein
domain and had high efficiency and specificity.

Table 2. The primers used for real-time PCR analysis.

Primer Name Primer Sequence 5′-3′ Gene Accession Number

PIP1,1 F′ TGCGCAGCCGACGACATG
AK061769PIP1,1 R CATACAGTGACTGAGTACTGGATTAC

PIP1,2 F CTGTCAAGATGCCAATCCAGAG
AK098849PIP1,2 R GAACCGAACTCCAATAGGAGGA

PIP2,4 F GAGCTCGTCTGGTGATATCC
AK072632PIP2,4 R CATGAAGACAACAGAGGGACAG

PIP2,5 F GCTTAAGCCGCAATCAAATGTGC
AK107700PIP2,5 R CGATCGAACAATGTCACACTTGC

OsActin F CTGGGTTCGCCGGAGATGAT
XM_015774830.2OsActin R TGAGATCACGCCCAGCAAGG

2.4. Statistical Analysis

The experimental data presented in this work were statistically analyzed by the
one-way analysis of variance (ANOVA) using SPSS v20.0 (SPSS Inc., Chicago, IL, USA)
analyzing software. Statistical significances of the means were compared with Duncan’s
test at p ≤ 0.05 levels and the standard error (SE) of the means are shown in tables and
figures as mean ± SE, with the number of degrees of freedom (n) = 3.

3. Results

TRIA treatment of unstressed rice seedlings led to significant increases in the fresh
and dry weights of shoots and roots as compared with the unstressed control (Figure 1a,b).
Meanwhile, the imposition of drought stress induced a significant decrease in the fresh
and dry weights of both shoots and roots as compared with the unstressed control, while
stressed plants treated with TRIA showed an increase in the fresh and dry weights as
compared with the stressed control (Figure 1a,b).

Moreover, the results obtained showed that the relative water content was decreased
in the leaves of rice seedlings exposed to drought. On the other hand, the pretreatment
with TRIA significantly increased the relative water content of stressed leaves (Figure 1c).

Likewise, drought stress induced a significant decrease in the leaf content of Chl a,
Chl b, and carotenoids (Table 3). Notably, TRIA pretreatment induced a significant increase
in Chl a, Chl b, and the contents of leaves of drought-stressed seedlings, compared with
the untreated stressed controls (Table 3). TRIA increased the photosynthetic pigments
concomitant with increments in the Fv/Fm values of the leaves of stressed rice seedlings
(Table 3).
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Figure 1. Effect of TRIA (35 ppm) treatment on (a) fresh weight, (b) dry weight, and (c) relative water
content of drought-stressed rice seedlings. Each value is the mean of three replicates ± SE. Columns
with different letters are significantly different at p ≤ 0.05.
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Table 3. Effects of TRIA (35 ppm) on photosynthetic pigment contents (µg/g FW) and the maximal
photochemical efficiency of the primary photochemistry (Fv/Fm) of the leaves of rice seedlings
exposed to drought stress. Data are means of three replicates ± SE.

Treatments Chl (a) Chl (b) Carotenoid Fv/Fm

Control 0.59 ± 0.0058 b 0.26 ± 0.013 c 0.39 ± 0.00 b 0.78 ± 0.012 c
Control-TRIA 0.79 ± 0.023 a 0.31 ± 0.0135 b 2.4 ± 0.205 a 0.93 ± 0.09 a

Drought 0.29 ± 0.012 d 0.25 ± 0.015 c 0.24 ± 0.012 b 0.04 ± 00.00 d
Drought-TRIA 0.52 ± 0.015 c 0.39 ± 0.006 a 0.5 ± 0.006 b 0.7 ± 0.006 b

Columns with different letters are significantly different at p ≤ 0.05.

Moreover, in this study, drought obviously induced a significant decrease in percent-
age of open stomata (Figure 2) as compared with the unstressed control. The pretreatment
of rice with TRIA significantly reduced the percentage of stomatal openings on both the
upper and lower surface of rice leaves by 26% and 23.9%, respectively, as compared with
the stressed control.
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Figure 2. Effect of TRIA (35 ppm) treatment on percentage of stomatal openings on both the upper
and lower surface of leaves of drought-stressed rice. Each value is the mean of three replicates ± SE.
Columns with different letters are significantly different at p ≤ 0.05.

The current data also revealed that exposure to drought stress significantly increased
and decreased the ABA content of the roots and shoots, respectively (Figure 3a). In
addition, proline and amino acids showed a significant increase in both the shoots and
roots of drought-stressed seedlings as compared with the unstressed control (Figure 3b,c).

Meanwhile, the total soluble sugars recorded a non-significant decrease and a signifi-
cant increase in the shoots and roots of drought-stressed seedlings, respectively (Figure 3d).
On the other hand, TRIA treatment of drought-stressed rice seedlings led to a significant
increase in ABA, proline, amino acids, and total soluble sugar contents in both the shoots
and roots (Figure 3a–d).

Furthermore, drought stress induced a significant increase in the lipid peroxida-
tion product, concomitant with a significant increase in the electrolyte leakage value
(Figure 4a,b), respectively, as compared with those of the unstressed plants. The pre-
treatment with TRIA significantly reduced the lipid peroxidation product and electrolyte
leakage of drought-stressed rice seedlings (Figure 4a,b).
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Figure 3. Effects of TRIA (35 ppm) treatment on (a) abscisic acid, (b) free proline, (c) free amino acids, and (d) total soluble
sugars of drought-stressed rice seedlings. Each value is the mean of three replicates ± SE. Columns with different letters are
significantly different at p ≤ 0.05.

Notably, the RT-PCR analysis showed that drought downregulated PIP1,1, PIP1,2,
PIP2,4, and PIP2,5 expressions (Figure 5a–d). Meanwhile, TRIA pretreatment stimulated
the overexpression of PIP1,1, PIP1,2, PIP2,4, and PIP2,5 of drought-stressed rice shoots
and roots (Figure 5a–d) as compared with the stressed, untreated plants. The maximum
expressions of PIP1,1, PIP2,4, and PIP2,5 were observed in TRIA-primed stressed leaves;
however, the greatest expression of PIP1,2, was assayed in TRIA-primed stressed roots.
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Figure 4. Effects of TRIA (35 ppm) treatment on (a) malondialdehyde (MDA) content and (b) the percentage of electrolytes
leakage (EL) of drought-stressed rice seedlings. Each value is the mean of three replicates ± SE. Columns with different
letters are significantly different at p ≤ 0.05.
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4. Discussion

Drought stress adversely affects plant growth and development. On the other hand,
the ability to survive the drought state is a result of adaptations that prevent or decrease cel-
lular destruction that occurs with the scarcity of water. The results presented in Figure 1a,b
showed a significant decrease in both the fresh and dry weighs of shoots and roots of
rice exposed to drought conditions. Such an effect was concomitant with a significant
decrease in the relative water content (RWC) of rice leaves (Figure 1c), which may reduce
the cell turgor pressure and, thus, cause growth retardation [46,47]. The drop in RWC of
drought-stressed seedlings may be attributed to a decline in water uptake by roots, which
was recorded by [48]. Moreover, drought adversely affects the photosynthetic process, as it
caused a decline in the photosynthetic pigments content in our study (Table 3). This effect
may be attributed to destruction or photooxidation of chlorophyll and/or inhibition of Chl
synthesis, or to an increase in the activity of chlorophyllase [48,49].

Triacontanol (TRIA) is a promising plant growth regulator, as it plays an active role
in the upregulation of major physiological activities required in different stages of plant
growth [50,51]. In the present study, the priming of rice grains with TRIA (35 ppm)
increased the fresh and dry weights of the shoots and roots of rice grown under well-
watered conditions (Figure 1a,b) compared with plants exposed to drought stress. Similarly,
TRIA enhanced the growth of several crops like ginger [23], tomato [52], rice [53], and
viviparous [54]. The significant promoting effects of TRIA on the fresh and dry weights of
TRIA-treated rice seedlings concomitant with increases in the chlorophyll a, chlorophyll b,
and carotenoid contents of leaves (Table 3) demonstrated the motivating effect of TRIA on
the photosynthetic efficiency, which, sequentially, improved the assimilation rate and the
accumulation of photosynthates. In this regard, it has been reported by many researchers
that TRIA stimulated photosynthesis in several crops such as Papaver somniferum L. [55],
Vigna radiata L. [56], and Lablab purpureus L. [57]. Given this connection, it was reported
that TRIA may enhance the photosynthetic process via increasing the rate of chlorophyll
synthesis, as well as the number and size of chloroplasts [58–60]. Moreover, Fv/Fm
values were markedly increased in TRIA-treated rice seedlings (Table 3), and thereby, may
contribute to improving the photosynthetic efficiency of PSII and to lessening the degree of
photoinhibition [59,61]. In addition, TRIA may increase photosynthesis via enhancing the
activity of the Rubisco enzyme, photosynthetic pigments, and the upregulation of many
photosynthetic genes [23,62].

Now it has been well documented that TRIA functions as a signaling molecule and
accelerates plant tolerance against various abiotic stresses [25,63]. TRIA clearly improved
seedling growth, as measured by both the fresh and dry weights of rice seedlings exposed
to drought stress as compared with the stressed control ones (Figure 1a,b). Similar results
were obtained by [64,65] on drought-stressed V. radiata L and rice seedlings, respectively.
The increments in the previous parameters may be attributed to the significant increase
obtained in the RWC (Figure 1c) and the significant decrease obtained in the percentage of
stomatal opening (Figure 2), which may have played a crucial role in controlling water loss.
The stomatal closure is an important strategy to avoid water loss and help plants tolerate
drought conditions [7,66]. TRIA as a constituent of wax in the cuticle of plants [67] might
have a role in controlling the rate of water loss and might have counteracted the drought-
induced disturbance in the leaf water potential. Moreover, TRIA treatment increased the
abscisic acid content (ABA) of the shoots and roots of drought-stressed rice seedlings as
compared with the control (Figure 3a). ABA is among the hormones that affect the water
status of plants via regulation of the stomatal function [68,69].

In addition, the results obtained suggested that TRIA priming helped plants to im-
prove the water status under drought stress through osmotic adjustment, as attained by
the accumulation of some osmolytes, including proline, free amino acids, and total sol-
uble sugars (Figure 3b–d). The accumulation of proline, total soluble sugars, and free
amino acids helps in reducing the cell osmotic potential, thereby diminishing water loss
under water scarcity [70]. In the present investigation, the priming of rice grains with
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TRIA stimulated the accumulation of high levels of proline under stressed conditions
(Figure 3b). Proline is a significant indicator for finding out how tolerant plants are under
water-restrictive conditions [71]. Proline protects plants from the hazards of dehydration
stress via maintaining osmotic adjustment, maintains membrane integrity, and enhances
the antioxidant defense system [72,73]. Proline accumulation in TRIA-treated seedlings
exposed to either drought or salt stress has been reported by [31,74].

In the present work, rice exposure to drought stress led to oxidative imbalance as
indicated from the marked increase in the percentage of electrolyte leakage (EL) and malon-
dialdehyde (MDA) content (Figure 4), as well as the significant decrease in photosynthetic
pigments, which may be a result of its photo-oxidation and degradation under the effect of
accumulated free radicals, induced by oxidative stress [75]. In response to TRIA priming,
the reverse was true.

Hence, it was reported that a major requirement for plants to tolerate drought stress
is the ability to withstand and/or counteract the oxidative imbalance associated with the
decrease in available water. TRIA, in this regard, played a crucial role in lessening the
hazards of oxidative stress via increasing the content of free amino acids in stressed plants,
which among other effects, could mitigate oxidative stress via reducing reactive oxygen
species [76]. The increase in total soluble sugars and free amino acids may be attributed to
the acceleration of the photosynthesis process via increasing the photosynthetic pigment
contents. In this context, the current study showed that TRIA increased the Chl a and Chl
b contents compared with the stressed plants. Such an effect of TRIA may be attributed to
its role in protecting the chlorophyll from oxidation by increasing the carotenoid content
in TRIA-treated plants (Table 3). Carotenoids act as an important antioxidant protecting
pigments from the oxidation induced by the stressful condition [77]. Chlorophyll fluores-
cence is a good indicator of stress tolerance [78], and in the current study, TRIA treatment
showed an increment in Fv/Fm values under drought stress conditions, which refers to a
higher photochemical efficiency of PSII [59]. It was reported that TRIA has also increased
the Fv/Fm values under various abiotic stresses, such as salt and chilling stresses [29,30].

Predicted functions of sugars and amino acids, particularly of those which are hy-
drophilic, for the improvement of the water status of plants subjected to drought stress
include the following: water replacement molecules, when acting as protectants, and stabi-
lizing subcellular structures in drought conditions [79]. Moreover, some of these amino
acids and sugars, which have polar groups within their structures, may coat intracellular
macromolecules with a cohesive water layer providing preferential hydration to these
molecules and, hence, more retention of water under its scarcity [80].

The alleviation of oxidative stress by TRIA in drought-stressed plants could be
achieved via reducing membrane injury [81]. Likewise, the present study showed that
TRIA notably decreased EL in association with a decrease in the lipid peroxidation product
MDA content as compared with drought-stressed plants (Figure 4a,b). In this context, TRIA
has been observed to reduce membrane permeability and MDA contents in maize seedlings
under salinity stress [32]. Such an effect of TRIA may be attributed to the activation of some
antioxidant enzymes that contribute to buffering the excess reactive oxygen species (ROS),
which results in alleviating the stress damage effects on plants. It was reported in many
studies that TRIA stimulated the activity of some antioxidant enzymes under drought and
salinity stresses [31,65,82].

Aquaporins (AQPs) play a crucial role in regulation of water transport through plants;
hence, they take part in drought stress tolerance. Plasma membrane intrinsic proteins
(PIP) belong to one of the subfamilies of AQPs, and PIPs are further subdivided into two
phylogenetic subgroups: PIP1s and PIP2s. In the current study, the increase in water
content in TRIA-treated plants was accompanied with the upregulation of PIP1,1, PIP1,2,
PIP2,4, and PIP2,5 genes (Figure 5a–d) in both the shoots and roots of plants, either
under normal or drought conditions. In this context, it was reported that TRIA can
alleviate the toxic effects of stress by regulating the gene expression [28,32]. Generally,
the downregulation of specific PIP isoforms leads to a decrease in water permeability of
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protoplasts, and consequently increases susceptibility to drought and osmotic stress [83,84].
Hence, PIP isoform overexpression participates in the increments of root osmotic hydraulic
conductivity [85,86]. Moreover, the overexpression of PIPs genes in TRIA-treated plants
may be attributed to the accumulation of ABA [87,88]. It was reported in many studies
that the application of exogenous ABA increased PIP gene expression under normal water
supply [89–91]. In addition, the accumulation of ABA under drought stress plays a crucial
role in regulating AQP gene expression [87,88].

5. Conclusions

The current results provide molecular and physiological evidence supporting the
vital roles of triacontanol in improving the water status in drought-stressed rice seedlings,
which may play a beneficial role in horticultural crop management to tolerate climatic
fluctuations. The obtained results showed that TRIA alleviated the adverse effects caused
by drought stress through molecular and physiological strategies, which contribute to
improving the water status. Moreover, TRIA via increasing the content of free amino acids
and soluble sugars under drought stress may increase the efficiency of stressed plants to
retain water under its scarcity. Such an effect of TRIA was evident by the increase in the
RWC and decrease in the MDA content and EL. In addition, TRIA highly induced the
expression of aquaporin-related genes (PIP1,1, PIP1,2, PIP2,4, and PIP2,5) that might be
involved in the regulation of water transport.
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Abstract: HEAT SHOCK FACTOR A2 (HSFA2) is a regulator of multiple environmental stress re-
sponses required for stress acclimation. We analyzed HSFA2 co-regulated genes and identified
43 genes strongly co-regulated with HSFA2 during multiple stresses. Motif enrichment analysis
revealed an over-representation of the site II element (SIIE) in the promoters of these genes. In a
yeast 1-hybrid screen with the SIIE, we identified the closely related R2R3-MYB transcription factors
TT2 and MYB5. We found overexpression of MYB5 or TT2 rendered plants heat stress tolerant.
In contrast, tt2, myb5, and tt2/myb5 loss of function mutants showed heat stress hypersensitivity.
Transient expression assays confirmed that MYB5 and TT2 can regulate the HSFA2 promoter together
with the other members of the MBW complex, TT8 and TRANSPARENT TESTA GLABRA 1 (TTG1)
and that the SIIE was involved in this regulation. Transcriptomic analysis revealed that TT2/MYB5
target promoters were enriched in SIIE. Overall, we report a new function of TT2 and MYB5 in stress
resistance and a role in SIIE-mediated HSFA2 regulation.

Keywords: environmental stress; seed development; site II element; HSFA2; TT2/ MYB5-MBW complex

1. Introduction

Heat shock factors (HSFs) represent a widely conserved class of transcription factors
involved in stress response and development [1,2]. Although they were first discovered in
the context of the heat shock response, most biotic and abiotic stress responses require the
concerted action of HSFs to regulate stress response and acclimation [3,4]. Elucidating the
molecular mechanisms responsible for the regulation of HSFs is critical to enhance stress
tolerance of plants.

Plant genomes contain a large number of HSFs; 21 in Arabidopsis, 25 in rice or 38 in
soybean, compared to a single HSF1 in Saccharomyces cerevisiae and seven in humans [5].
HSFs are grouped into three classes depending on the presence of specific protein do-
mains/motifs. A class HSFs positively regulate gene expression as they exhibit the tran-
scription activator motif AHA (aromatic and large hydrophobic residues in an acidic con-
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text), whereas B and C class HSFs are considered to function as transcriptional inhibitors
or co-activators.

In Arabidopsis thaliana, HSFA2 seems to be of particular importance [3]. Whereas
the master regulators of the HSF pathway, the 4 HSFA1s are specifically modulated by
different environmental cues, HSFA2 is induced systemically. HSFA2 overexpression (OE)
is sufficient to rescue most of the hsfa1s quadruple mutant defects [6,7]. Accordingly, HSFA2
OE leads to resistance against multiple environmental stresses [8–10].

Among Arabidopsis A-class HSFs, HSFA1d and HSFA1e have been found to regulate
HSFA2. However, HSFA2 is still highly induced in response to heat and/or high light stress
in the double hsfa1d/hsfa1e mutant [11]. Consequently, at least one other positive regulator
of HSFA2 expression must exist.

In this study, we compared genes co-regulated with HSFA2 under different stress
conditions to define a cluster of HSFA2 coregulated genes. We identified 43 genes strongly
coregulated with AtHSFA2 during cold, salt, heat, and hypoxia stress. Promoter analysis
revealed the site II element (SIIE) to be enriched in the promoters of these genes. A yeast
one hybrid (Y1H) screen, using HSFA2 promoter as a bait, led to the identification of two
close paralogs, the R2R3-MYB transcription factors TRANSPARENT TESTA 2 (TT2) and
MYB5 as putative SIIE-binding proteins (SIIEBP).

TT2 was identified as a seed coat-specific factor responsible for proanthocyanidin (PA)
accumulation, giving Arabidopsis seeds their characteristic brown color [12]. The function
of TT2 in PA accumulation requires its interaction with a bHLH (TT8) and a WDR protein
(TRANSPARENT TESTA GLABRA1 [TTG1]) to form an MBW (MYB/bHLH/WDR) com-
plex that regulates several late anthocyanin/PA biosynthetic genes (LBGs). Multiple MBW
complexes exist, with TT2 or the closely related MYB5 protein that differentially regulate
LBGs including BANYULS (BAN) [12–17]. Even though MYB5 and TT2 are acting in similar
protein complexes, they are spatially separated and not functionally redundant. Myb5-1
mutants do not exhibit the transparent testa phenotype and most notably are defective in
seed coat mucilage [18]. In MBW complexes, TT2 and MYB5 have been shown to inter-
act with MYB core [C/T]NGTTR and/or and AC-rich elements, [A/C]CC[A/T]A[A/C],
whereas bHLH partners bind E-box motifs (CANNTG/CACGTG) [17].

While TT2 was previously described as a seed-specific factor, we found TT2 along
with its targets is induced in vegetative organs by heat stress. We show that TT2/MYB5-
mediated HFSA2 regulation involves the SIIE cis-element, in yeast and in planta. We
also showed that TT2/MYB5-mediated HFSA2 expression is significantly enhanced in the
presence of TT8 and TTG1, two other members of the MBW complex. Consistent with
this result, Arabidopsis plants overexpressing TT2 and, to a lesser extent MYB5, exhibit
enhanced resistance to heat stress and tt2, myb5, tt8 and tt2/myb5 loss of function mutants
are more sensitive to heat stress. Gene expression analyses further confirm that TT2 and
MYB5 upregulate genes related to multiple stress responses. Promoter enrichment analysis
of differentially regulated gene networks revealed two different modes of transcriptional
regulation, one depending on the AC-rich element and the E-box (secondary metabolic
process related genes), and the other involving the SIIE, the E-box, and the HSE (genes
involved in stress response). Overall, we report a new function of TT2 and MYB5 in
stress response.

2. Materials and Methods
2.1. Plant Material

Experiments were performed on Arabidopsis thaliana accession Columbia 0, unless
specified otherwise. Plants were grown in growth chamber with a 100 µmol.m−2.s−1

light intensity with 8 h to 16 h of illumination per day for short and long day photope-
riods, respectively. T-DNA insertion mutants tt8-6 (N2105594), tt2-5 (N2105593), tt2-1
(NW83), and myb5-1 (N2106725) were obtained from the NASC. The tt2/myb5 double mu-
tant was obtained from a cross between tt2-1 and myb5-1 and a homozygote individual
was backcrossed three times in Col 0. Sequence data from this article can be found in The
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Arabidopsis Information Resource under the following accession numbers: AT2G26150
(HSFA2), AT3G35550 (TT2), AT3G13540 (MYB5), AT5G24520 (TTG1), AT4G09820 (TT8),
AT1G61720 (BAN), AT4G22880 (LDOX), AT5G42800 (DFR), AT1G56650 (PAP1).

2.2. Bio-Informatic Analyses

Genevestigator software was used for publicly available microarray data analyses [19].
Coregulated genes were determined using the coregulations tool with a 0.8 Pearson’s
coregulation coefficient cutoff. Genes’ descriptions and promoter sequence consensus were
the ones of TAIR10 (www.tair.com, accessed on February 2016). Promoter motif enrichment
was analyzed using the MEME suite V4.12.0 [20]. MEME was used for de novo motif
prediction and AME was used for detecting the enrichment of known motif.

2.3. Yeast One Hybrid

The REGIA collection was used for the screening, as previously described [21]. Site II
element was de novo synthesized with cohesive ends corresponding to HindIII recognition
site (Eurofins, Hamburg, Germany). Vector was digested accordingly and the following
sequences were inserted in the bait vector by ligation: forward 5’ agc ttT CGT TAG AAA
TAT ATT TAA GTA AAG TAT ATT ATG ATA TAT Ac 3’ and reverse 5’ tcg agT ATA TAT
CAT AAT ATA CTT TAC TTA AAT ATA TTT CTA ACG Aa 3’. Cohesive ends are in lower
case characters. The identity of the prey was confirmed by PCR followed by SANGER
sequencing using target specific primers (Supplementary Table S1).

2.4. Plant Transformation

Coding sequences were amplified using the primers in Supplementary Table S10
(lower case indicates attB recombination sites). Amplified fragments were cloned into
pDNR207 using the Gateway BP Clonase II enzyme mix (Thermo Fisher scientific n◦11789020,
Waltham, MA, USA) and then into a modified pGREENII0229 containing a gateway cassette
using the Gateway LR Clonase II Enzyme mix (Thermo Fisher Scientific n◦11791100,
Waltham, MA, USA). Vectors were then transformed into Agrobacterium tumefaciens pMP90.
Plant transformations were performed following the floral dip method.

2.5. Transient Protoplast Transformation and Flow Cytometry

TT2 and MYB5 coding sequences were amplified and cloned in pDNR207 entry vector
with the BP clonase II mix (Thermo Fisher Scientific n◦11789020). They were subsequently
cloned in pBluescript-derived, Physcomitrella patens expression vectors [22], using the Gate-
way LR clonase II enzyme mix (Thermo Fisher Scientific n◦11791100). The HSFA2 promoter
was amplified from Col 0 genomic DNA and cloned in pDNR207 entry vector with the BP
clonase II mix (Thermo Fisher Scientific n◦11789020). The promoter was then introduced
into the destination GFP expression vector with the Gateway LR clonase II enzyme mix
(Thermo Fisher Scientific n◦11791100). The mutated HSFA2 promoter was synthesized by
Eurofins genomics. WT promoter containing vector and the mutated promoter were di-
gested by AscI and EcoRV and the mutated promoter was introduced in the GFP expression
vector by ligation. Protoplast were prepared as previously described [22], and transformed
with 5 µg of each intended plasmid. Protoplast fluorescence was determined 48 h after
transformation using flow cytometry. Protoplast suspensions were filtered through a 30-µm
mesh. Flow cytometry was performed on a Partec CyFlow®Space instrument (Sysmex
France, 93420 Villepinte, France), with a 488 nm solid sapphire 20 mW laser for excita-
tion and using a FloMax®data acquisition and analysis software (Sysmex France, 93420
Villepinte, France). Green fluorescence was detected with a FITC 527nm/30nm band-pass
filter (FL1 channel). Red chlorophyll-based fluorescence from living protoplasts was de-
tected with a 610nm/30nm band-pass filter in the FL2 channel. The side light scatter (SSC)
detector high voltage was set to 161.5 V. The photomultiplier tube voltages were adjusted
to 275 V for FL1 and 475 V for FL2 (logarithmic amplification mode, four decades range,
speed 4). For each sample, the GFP fluorescence per population of cells was calculated
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as the product of the average fluorescence intensity by the number of cells in the positive
gate, normalized by the total number of living protoplasts in the transformation. The gate
was drawn along a line of maximum GFP intensities for positive samples, when compared
with protoplasts that were only transfected with pBAN:GFP as negative controls.

2.6. Heat Stress Resistance Assays

Seeds were gas-phased sterilized from 4 to 8 h. They were placed in an open tube
inside a hermetic box containing a beaker with 50 mL of 9.6% bleach topped with a basket
containing 3 mL of 37% HCl (Sigma-Aldrich, 258148, St. Louis, MO, USA). The box was
sealed and shacked, and the HCl was poured into the bleach. After 4 to 8 h of sterilization,
the seeds were sowed in 90 mm petri dishes on half strength Murashige and Skoog (MS)
basal salt mixture (Sigma-Aldrich, M5524, St. Louis, MO, USA). The seeds were stratified
at 4 ◦C for 48 h and seedlings were grown for 6 days in short day conditions before
applying stress. Heat challenge consisted of 80 min at 44 ◦C. Plants were put back to
control conditions immediately after stress and allowed to recover in control conditions for
10 days before survival rate was determined. Plants were considered dead if completely
bleached, collapsed, or presenting a translucent, necrotic aspect.

2.7. RNA Extraction and Q-PCR

In vitro grown plantlets were used in all Q-PCR experiments. Plants were gathered
and RNA was extracted with the Qiagen RNeasy plant mini kit (Qiagen, cat 74903, Hilden,
Germany). The “user-developed protocol” for plant tissue was used without modifications.
1 µg of total RNAs were reverse transcribed using the Superscript II kit (Invitrogen, 18064,
Carlsbad, CA, USA), according to the manufacturer’s instructions. mRNAs were quantified
by Q-PCR using the MESA GREEN qPCR MasterMix (Eurogentec, RT-SY2X-03+WOU,
Liege, Belgium). Actin and 26S proteasome mRNA were both used as reference genes in
all experiments. Runs were performed on the CFX384 Touch™ Real-Time PCR Detection
System and relative mRNA levels were analysed using the software Bio-Rad CFX manager
(http://www.bio-rad.com, accessed on February 2016). Primers used for Q-PCR are
presented in Supplementary Table S2.

2.8. RNA-Sequencing Transcriptomic Analysis

Libraries were built from 2 µg of total RNA with the NEBNext®Ultra™ Directional
RNA Library Prep Kit for Illumina (ref#E7420S) and sequenced on the Illumina NextSeq 500.
Reads mapping and statistical analysis was performed with CLC Genomics Workbench
10 RNA-seq analysis suite. Gene ontology analyses were performed with AgriGO (http:
//bioinfo.cau.edu.cn/agriGO, accessed on August 2017). Gene regulatory network were
modeled with Genemania (https://genemania.org/, accessed on August 2017). De novo
motif discovery and motif enrichment analyses were performed with the MEME suite
V4.12.0.

3. Results
3.1. Promoters of HSFA2 Coregulated Genes Are Enriched in the Site II Element Motif

To gain insight into the regulation of HSFA2, we used publicly available gene ex-
pression data (www.genevestigator.com, accessed on October 2015 [19]) and searched for
HSFA2 co-regulated genes. Genes showing a Pearson correlation coefficient above 0.8 were
extracted. As expected, HSFA2 was part of expression clusters strongly correlated during
heat treatment (101 genes), cold stress (75 genes), hypoxia (178 genes), and salt stress
(67 genes). One of the clusters, consisting of 43 genes, is systematically co-regulated with
HSFA2 and therefore called “HSFA2 common stress cluster” (Figure 1a, Supplementary
Table S3). The HSFA2 common stress cluster is enriched in gene ontology terms “response
to stress” and “protein folding” (PantherTM V12) and comprises several known HSFA2
targets (Figure 1b, Supplementary Table S1).
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Search for cis-elements in the promoters of the HSFA2 common stress cluster, using
the MEME suite software [20] revealed two significantly over-represented motifs, the
Heat Shock Element and the Site II element, hereafter called HSE and SIIE, respectively
(Figure 1c,d). The HSE (5’-nGAAn-3’ repeats) was previously shown to be enriched in
the promoters of HSFA2 and its targets [7,23], thereby validating the method (Figure 1d).
Unexpectedly, we found that the majority (65.91%) of promoters (p = 4.4 × 10−12, Figure 1c)
were also enriched in sequences corresponding to the SIIE motif (5’-(A/T)TGGGC(C/T)
-3’ [24]. Analysis with PLMdetect further pinpointed an enrichment of the SIIE motif in a
200 bp window, between −136 bp and −332 bp upstream of the TSS [25]. Consistent with
motifs involvement in transcription regulation, SIIEs were often found several times in the
same promoters, in both forward and reverse orientation (Supplementary Figure S1). In
the HSFA2 promoter, 3 SIIEs were found in close proximity to the TSS (Figure 1e).

The SIIE was previously linked to cell cycle regulation as well as biotic and abiotic
stress responses [24,26]. However, the identity of SIIE binding factors is still under debate.
It was suggested that SIIEs interact with the TEOSINTE BRANCHED-1/CYCLOIDEA/PCF
20 (TCP20) factor [27]. However, in vivo experiments showed that TCP20 was not present
in the region of SIIE motifs [28].

3.2. TT2 and MYB5, Two Related R2R3-MYBs TFs, Bind to HSFA2 Site II Element in Yeast

To identify upstream transcriptional regulators that could drive HSFA2 expression
through binding of SIIE, we carried out a yeast one-hybrid (Y1H) screen. A 40 bp region
of the HSFA2 promoter from 175 to 216 bp before the TSS and containing two SIIEs, in
sense and antisense orientation, was used as bait (Figure 2a). A similar sequence mutated
on the SIIEs was used as a negative control to ensure the specificity of the interaction
(Figure 2a). The REGIA collection, containing 1357 Arabidopsis transcription factors cloned
in Saccharomyces cerevisiae, provided the set of different preys in the Y1H screen [21]. Clones
harboring the mutated bait were subtracted from the list of positive clones possessing the
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wild type (WT) bait. Two TFs, TT2 (TRANSPARENT TESTA 2) and MYB5, fused to the
GAL4 activation domain (GAL4AD), were identified to specifically activate transcription
through SIIEs. To get an estimate of the strength of the interaction, yeast suspensions were
diluted 10, 100, and 1000 fold and spotted on increasing concentrations of the antibiotic
aureobasidin A (AurA), the reporter used for the screen. Growth inhibition was observed
for the negative control (yeast with the bait but not the prey) at the standard concentration
of 150 ng.µL−1, and was complete at 200 ng.µL−1 AurA (Figure 2b). Yeast harboring SIIE
as bait and the prey TT2-GAL4AD or MYB5-GAL4AD showed no growth inhibition at
200 ng.µL−1 AurA. Dilution experiments in the yeast cellular context further indicated that
TT2 has a higher affinity for SIIEs than MYB5 (Figure 2b). Interestingly, TT2 and MYB5 are
closely related transcription factors belonging to R2R3-MYBs.
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Figure 2. TRANSPARENT TESTA 2 (TT2) and MYB5 bind to the HEAT SHOCK FACTOR A2
(HSFA2) promoter. (a) Wild type (WT) and mutated sequences of the HSFA2 promoter used for the
screening. (b) Yeast 1 hybrid interaction strength of TT2 and MYB5 with the HSFA2 promoter at
different aureobasidin A, AurA, concentrations.

3.3. TT2 or MYB5 Overexpression Induces HSFA2 Expression and Provides Stress Resistance
in Planta

To investigate the function of TT2 and MYB5 in heat stress, we constitutively ex-
pressed the two TFs under the control of CaMV35S promoter in Arabidopsis. Three and
four independent transgenic lines, exhibiting strong TT2 and MYB5 transgene expression,
respectively, were recovered (Supplementary Figure S2a,b). Analysis of HSFA2 transcript
accumulation in six-day-old seedlings revealed the constitutive expression of HSFA2 in
both TT2 or MYB5 overexpressor lines (Figure 3b). In accordance with previous reports de-
scribing MYB5 as a ‘weak’ transcriptional activator [29], 35S:TT2 plants accumulated more
HSFA2 transcripts than 35S:MYB5 plants in control conditions (Figure 3b). As constitutive
expression of HSFA2 leads to thermotolerance, we assessed 35S:TT2 and 35S:MYB5 lines
for heat stress resistance. Heat stress was applied on six-day-old seedlings and consisted of
incubation of the seedlings for 80 min at 44 ◦C. To minimize experimental variability, plants
were sown twice per plate, symmetrically, and in three randomized technical replicates
(Figure 3a). Both 35S:TT2 and 35S:MYB5 lines showed enhanced resistance to heat stress in
three independent biological replicates (Figure 3c,d, Supplementary Figure S2d). The heat
stress resistance phenotype was stronger for 35S:TT2 than for 35S:MYB5 lines. Interestingly,
no obvious developmental defects were observed in neither TT2 nor MYB5 overexpres-
sion plants in control conditions (Figure 3d, Supplementary Figure S2c). From this, we
concluded that TT2 and MYB5 regulate HSFA2 expression and lead to heat stress resistance.
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3.4. TT2, MYB5, TT8, and TTG1 Activate HSFA2 Expression via SIIE Motifs

It has been shown that TT2 and MYB5 control outer seed coat development via a
ternary MYB–BHLH–WDR (MBW) protein complex involving TT2⁄AtMYB123 or MYB5,
TT8⁄AtBHLH042 and TTG1(TRANSPARENT TESTA GLABRA 1: WD-repeat protein) [29,30].
To test whether TT2 and MYB5 mediated HSFA2 expression via SIIE involves the MBW
complex, we exploited the Physcomitrella patens protoplast transient expression system. This
consists of co-transformation of moss protoplasts with the investigated promoter and the
test transcription factors. For quantification of the strength of the interaction, this method
combines the advantages of GFP as a marker of promoter activity as a fast and reliable
method for fluorescence measurements in cells with flow cytometry [22].

We co-transformed P. patens protoplasts with the HSFA2 promoter GFP reporter con-
struct pHSFA2:GFP in combinations with vectors expressing TT2, MYB5, TT8, or TTG1. As
control, we used the pHSFA2mut:GFP reporter construct mutated in the SIIEs. The HSFA2
promoter alone exhibited significant autoactivity that was reduced three-fold when the
SIIEs were mutated (Figure 4a). This result indicated that homologous moss transcrip-
tion factors are able to bind the SIIEs. Co-expression of TT2 with pHSFA2:GFP increased
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the GFP signal 2.5-fold (Figure 4a). A similar increase was observed when MYB5 was
co-expressed with pHSFA2:GFP (Figure 4a). Both signals were significantly decreased when
TT2 or MYB5 were co-expressed with the mutated promoter construct pHSFA2mut:GFP
(Figure 4a). These results indicate that the SIIEs are necessary for the correct regulation
of the HSFA2 promoter by TT2 or MYB5. Co-expression of TT2 and MYB5 further in-
creased the activity of the HSFA2 promoter, leading to a 3.9 fold increase of the GFP signal
(Figure 4a). Consistent with previous reports describing MYB5-driven transcription as
relatively weak [29], MYB5/TT8/TTG1 co-expression triggered a 3.9-fold increase in GFP,
whereas TT2/TT8/TTG1 induced an 8-fold increase. The strongest signal was obtained
by the TT2/MYB5/TT8/TTG1 combination that yielded a 10-fold increase in GFP signal
(Figure 4a). These results further confirmed that TT2, TT8, and TTG1 and to a lesser extent
MYB5, cooperatively regulate the HSFA2 promoter. Furthermore, GFP signals were weak
when the different combinations of transcription factors were co-transformed with the
promoter that lacks the SIIEs, indicating that the MBW complex activates HSFA2 expression
via SIIEs (Figure 4a).

3.5. The TT2/MYB5-MBW Complex Is Active in Vegetative Organs and Is Required for Heat
Stress Resistance

We found that the TT2/MYB5-TT8-TTG1 complex can modulate the activity of the
HSFA2 promoter in transient assays and in transgenic overexpression lines (Supplementary
Figures S3 and S4a). However, this complex was previously described as seed coat-
specific [17]. To check whether the MBW complex could be active outside the seed context
and responsible for the heat stress resistance phenotype, we looked for BAN transcript
accumulation, a target of the MBW complex, in TT2 OE lines by Q-PCR. We reverse tran-
scribed RNA extracted from six-day-old in vitro grown plants. Consistent with previous
reports describing the effect of TT2 ectopic expression in roots and seedlings [12], we found
TT2-overexpressing lines constitutively accumulate BAN transcripts in the absence of stress
(Figure 4b). This confirmed that all the requirements for TT2-containing MBW complex
activity were also met in vegetative organs.

To test if TT2/MYB5-mediated HSFA2 expression has a biological role in heat stress
resistance and is not an artifact of overexpression, we subjected tt2-5, myb5-1 and tt2-1/myb5
loss of function mutants to heat stress. As tt2-1 and myb5 derive from Ler and Col-0
ecotypes, respectively, the double mutant was backcrossed three times in Col-0 to generate
tt2/myb5 double mutants in a genetic background approaching Col-0. Both the simple, tt2-5,
myb5-1 and the double tt2-1/myb5 mutants were compromised in basal heat stress resistance
when compared to the wild type control Col-0 (Figure 4c). The heat stress sensitivity was
also observed for the tt2-1 mutant in the Ler background (Supplementary Figure S2e).

To investigate if TT2 and MYB5 function in heat resistance required the full MBW
complex, we phenotyped TT8 loss of function mutant, tt8-6, for heat resistance. TT8 is
a central protein in the MBW ternary protein complex that is expressed in both seeds
and vegetative tissues. Consistent with the HSFA2 promoter-MBW interaction in P. patens
protoplast transient expression assays, we found that basal heat stress resistance was
compromised in tt8-6 mutant plants (Figure 4c). As both tt2/myb5 and tt8 loss of function
mutants are compromised in basal heat stress resistance, we concluded that the MBW
ternary complex likely controls expression of genes required for basal heat stress resistance
in Arabidopsis.

Previously only MBW complexes containing Production of Anthocyanin Pigments
1 protein, PAP1, were described to be active in vegetative organs [17]. To further confirm
that the TT2-containing MBW complex is active in leaves during heat stress, we investigated
TT2 and PAP1 expression before and 80 minutes and 24 hours after heat stress treatments.
We detected a very low level expression of TT2 in plants before stress, but a four-fold
upregulation upon heat stress. Inversely, we observed downregulation of PAP1 during
heat stress (Figure 5). To quantify the activity of TT2 and PAP1 during stress, we analyzed
the expression of their direct targets, using Q-PCR. PAP1 induces the expressions of LDOX,
DFR, and TT8 but not BAN, whereas the expression of LDOX, DFR, BAN, and TT8 is
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induced by TT2 [17]. Only BAN and TT8 transcripts showed a marked increase after heat
stress. On the contrary, the non-specific DFR and LDOX were not found modulated by
heat stress (Figure 5). Taken together, these results show the TT2/MYB5-MBW complex is
active in vegetative organs under heat stress.
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(HSFA2) regulation and heat stress resistance in vegetative organs. (a) Physcomitrella patens protoplast
transient transformation assays. HSFA2 promoter or the mutated HSFA2 promoter version lacking
the three SIIelement were co-transformed in moss protoplasts with different transcription factors
composing the MBW complex. Total fluorescence was normalized by the number of protoplasts per
transformation. Differences between wild type and mutated promoter activities are all significantly
different with p-values < 0.03. (b) BANYULS (BAN) expression in five independent TRANSPARENT
TESTA 2 (TT2) overexpressors. (c) Heat stress resistance potential of Col-0 compared to tt2-5 and
myb5-1 and the double mutant tt2/myb5 backcrossed three times in Col-0 (tt2/myb5 Col). Histograms
are the mean of three independent experiments, each consisting of the average of six randomized
technical replicates. p-values were obtained by the Student’s t-test and error bars represent SDs.
Letters indicate statistical significance with p-values < 0.05.
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Figure 5. MYB–BHLH–WDR component and target expression during heat stress. Col 0-plants
were collected before heat stress (T0), after 80 minutes of heat stress (T80min) and the next day
(T24h). Gene expression was measured using real-time quantitative PCR. Results are the means of
six independent experiments. Bars represent standard errors. Different letters indicate the statistical
significance with p-values < 0.05 (Student’s t-test).

3.6. TT2 and MYB5 Redundantly Regulate Stress Response Genes

We further investigated the impact of TT2 and MYB5 overexpression on gene expres-
sion through RNA-sequencing. We subjected unstressed, six-day-old Col-0, TT2 OE and
MYB5 OE plants from three independent biological replicates to total RNA extraction and
sequencing. We obtained approximately 40 million paired-end reads from each library.
Reads were mapped and used to estimate gene expression using the RNAseq analysis
suite of CLC genomics workbench (Qiagen). Compared to Col-0, TT2 OE and MYB5 OE
showed 684 and 354 differentially expressed genes (DEGs), respectively, with FDR adjusted
p-values under 0.05 (Supplementary Table S4). The overexpressed TT2 or MYB5 transcripts
were excluded from subsequent analyses. Most DEGs (62.7%), in MYB5 OE were simi-
larly regulated in TT2 OE (Figure 6a,b). Eighty-one genes were upregulated in both TT2
OE and MYB5 OE. Gene ontology (GO) analysis of those upregulated genes indicated
enrichment in the “response to stress” or related categories (response to stimulus, abiotic
stress, oxidative stress) as well as the “cellular development” and “cell differentiation”
categories (Figure 6c). Interestingly, among the flavonoid biosynthesis genes, LDOX, TTG2
were upregulated and FLAVONOL SYNTHASE 1 (FLS1) was downregulated in TT2 and
MYB5 OE. TT4, TT8, BAN, and DFR were found upregulated in TT2 OE only.

Downregulated genes in TT2 OE and MYB5 OE were enriched in “secondary metabolic
process”, “phenylpropanoid metabolic process” and “cellular amino acid derivative metabolic
process” although less than 10% of the 138 genes belonged to these categories (Figure 6b,d).
Overall, we found that TT2 and MYB5 redundantly control stress response genes while
only TT2 regulates late flavonoid biosynthesis genes.
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(a) Heatmap representation of TT2 OE and MYB5 OE up- (red) and downregulated (blue) genes. Heatmap was generated
from mean RPKM values. (b) Venn diagram showing the overlap between TT2 OE and MYB5 OE differentially expressed
genes, DEGs. 51.3% of the MYB5 OE upregulated genes are also upregulated in TT2 OE and 70.4% of the MYB5 OE
downregulated genes are also downregulated in TT2 OE. The overlaps are statistically significant, hypergeometric test.
(c) and (d) Gene ontology (GO) term enrichment analysis of common upregulated (c) or downregulated (d) genes in TT2
and MYB5 OEs. (e) DNA motif enriched in the promoter of genes upregulated in TT2 OEs plants.

We then looked for motif enrichment in the promoters of DEGs. De novo motif dis-
covery was performed using 500 bp upstream of all genes upregulated by TT2 (Figure 6e).
Notably, SIIE motif was found to be enriched together with motifs similar to the E-box
(Figure 6e). Similar results were obtained from MYB5 upregulated genes. We confirmed
this result by looking for enrichment of the motifs in the promoters of genes upregulated in
TT2 OE or MYB5 OE and found the SIIE was enriched in both cases (p = 1.32 × 10−17 and
p = 6.91 × 10−8, respectively). Promoters of TT2 OE downregulated genes were also found
to be enriched in SIIE (p = 1.09 × 10−2). These results further confirm the importance of
the SIIE and E-box motif for TT2/MYB5 regulation of transcription.
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3.7. TT2 Differentially Regulates Multiple Stress Response and Flavonoid Metabolism Genes

As TT2 is a more potent transcriptional regulator than MYB5, we used the DEG list
of TT2 to perform gene network analyses. We first performed a GO term enrichment
analysis (agriGO; http://bioinfo.cau.edu.cn/agriGO, accessed on August 2017). Enriched
GO terms in up- and downregulated genes are presented in Supplementary Tables S5 and
S6. Similarly, to the GO term enrichment analysis performed on the TT2/MYB5 overlap,
we found TT2 OE upregulated genes were strongly enriched in GO categories related
to stress and secondary metabolic process. In particular, HSFA3, HSFA7A, and MBF1C
(MULTIPROTEIN BINDING 1 C), three major regulators of multiple stress responses,
were significantly upregulated (Table 1). Downregulated genes were mostly enriched in
phenylpropanoid metabolic process but also showed enrichment in stress response-related
terms (Table 2).

Table 1. Selection of TRANSPARENT TESTA 2 overexpressor upregulated genes from the two major
gene ontology categories, response to stress and secondary metabolic process.

Identifier Fold Change Gene Description

Response to Stress

AT5G03720 1.57 HEAT SHOCK TRANSCRIPTION FACTOR A3 (HSFA3)
AT3G51910 1.33 HEAT SHOCK TRANSCRIPTION FACTOR A7A (HSFA7A)
AT3G24500 1.39 MULTIPROTEIN BRIDGING FACTOR 1C (MBF1C)
AT3G16770 1.52 ETHYLENE RESPONSE FACTOR 72 (ERF72)
AT5G59780 1.28 MYB DOMAIN PROTEIN 59 (MYB59)
AT4G31800 1.46 WRKY DNA-BINDING PROTEIN 18 (WRKY18)
AT5G52640 1.29 HEAT SHOCK PROTEIN 90.1 (HSP90.1)
AT2G19310 1.27 HSP20-like chaperones superfamily protein
AT5G51440 1.57 HSP20-like chaperones superfamily protein
AT1G63750 1.55 Disease resistance protein (TIR-NBS-LRR class) family
AT1G63860 1.42 Disease resistance protein (TIR-NBS-LRR class) family
AT5G41740 1.45 Disease resistance protein (TIR-NBS-LRR class) family
AT1G75830 3.04 Plant defensin 1.1 (PDF1.1)
AT4G22212 1.41 Encodes a defensin-like (DEFL)
AT2G43535 1.39 Encodes a defensin-like (DEFL)
AT2G21490 2.24 dehydrin LEA
AT2G47180 1.29 Galactinol synthase 1 (GolS1)
AT4G11650 1.57 OSMOTIN 34 (OSM34)
AT5G66400 1.32 RESPONSIVE TO ABA 18 (RAB18)

Secondary Metabolic Process

AT1G71030 1.30 MYB-LIKE 2 (MYBL2)
AT5G11260 1.39 ELONGATED HYPOCOTYL 5 (HY5)
AT5G13930 2.15 TRANSPARENT TESTA 4 (TT4)
AT5G42800 34.65 DIHYDROFLAVONOL 4-REDUCTASE (DFR)
AT4G22880 6.34 LEUCOANTHOCYANIDIN DIOXYGENASE (LDOX)
AT1G61720 451.56 BANYULS (BAN)
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Table 2. Selection of TRANSPARENT TESTA 2 overexpressors downregulated genes from the two
major gene ontology categories, response to stress and secondary metabolic process.

Identifier Fold Change Gene Description

Response to Stress

AT5G08790 −1.48 ARABIDOPSIS NAC DOMAIN CONTAINING PROTEIN 81 (ANAC81)
AT5G06960 −1.30 TGACG MOTIF-BINDING FACTOR 5 (TGA5)
AT2G14610 −30.09 PATHOGENESIS-RELATED GENE 1 (PR 1)
AT2G17060 −1.97 Disease resistance protein (TIR-NBS-LRR class)
AT5G07390 −1.64 RESPIRATORY BURST OXIDASE HOMOLOG A (RBOHA)
AT5G08590 −1.39 SNF1-RELATED PROTEIN KINASE 2.1 (SNRK2.1)
AT1G55020 −2.42 LIPOXYGENASE 1 (LOX1)
AT2G37040 −1.44 PHE AMMONIA LYASE 1 (PAL1)
AT1G45145 −1.49 THIOREDOXIN H-TYPE 5 (TRX5)
AT1G05250 −13.72 PEROXIDASE 2 (PRX2)
AT5G51890 −1.30 PEROXIDASE 66 (PRX66)
AT2G38380 −1.47 Peroxidase superfamily protein
AT1G68850 −1.80 Peroxidase superfamily protein
AT5G64110 −1.30 Peroxidase superfamily protein
AT5G08670 −1.35 Encodes the mitochondrial ATP synthase beta-subunit
AT5G08680 −1.35 Encodes the mitochondrial ATP synthase beta-subunit

Secondary Metabolic Process

AT5G08640 −1.72 FLAVONOL SYNTHASE 1 (FLS1)
AT5G25980 −2.88 THIOGLUCOSIDE GLUCOHYDROLASE 2 (TGG2)
AT5G26000 −1.35 THIOGLUCOSIDE GLUCOHYDROLASE 1 (TGG1)
AT1G17170 −1.47 GLUTATHIONE S-TRANSFERASE TAU 24 (GSTU24)
AT1G17180 −2.02 GLUTATHIONE S-TRANSFERASE TAU 25 (GSTU25)
AT1G78340 −1.54 GLUTATHIONE S-TRANSFERASE TAU 22 (GSTU22)
AT1G51680 −1.28 4-COUMARATE:COA LIGASE 1 (4CL1)
AT2G37040 −1.44 PHENYLALANINE AMMONIA LYASE 1 (PAL1)
AT3G10340 −1.44 PHENYLALANINE AMMONIA-LYASE 4 (PAL4)

To further characterize the TT2 DEGs, we used Genemania (https://genemania.org,
accessed on August 2017) to build gene regulatory networks (GRN) from these categories.
Two major networks of highly co-regulated genes could be defined from the upregulated
genes, GRNs “response to stress” and “secondary metabolic process” (Figure 7, Supple-
mentary Table S7). The stress response GRN contained genes involved in response to biotic
stress (defense response to bacterium) and multiple abiotic stresses (oxidative, salt, heat,
high light, and cold stress), together with genes involved in multiple hormones response
(Table 1, Supplementary Tables S7 and S8). Seventeen genes of the HSFA2 common stress
cluster were found in the stress response GRN (Supplementary Table S7). Secondary
metabolic process GRN was found mostly involved in the production of PA (Table 1,
Supplementary Table S7 and S9). Two GRNs of highly co-regulated genes were found
downregulated in TT2 OE (Figure 7, Supplementary Table S7). The downregulated GRN
“response to stress” contained genes related to fungus response together with genes in-
volved in cold, osmotic, and wounding stress response (Supplementary Table S7 and S10).
The downregulated GRN “secondary metabolic process” contained genes involved in
flavonols biosynthesis, lignin biosynthesis, and early steps of the general phenylpropanoid
metabolic pathway (Supplementary Table S7 and S11).

To screen for shared features between the promoters of the different GRNs, we used
the MEME suite V4.12.0 tool to perform de novo motif enrichment analysis. Promoters of
upregulated genes from the stress response GRN were found enriched in motifs similar
to the SIIE, the E-box, and in HSE (Figure 7). Interestingly, promoters of genes belonging
to the secondary metabolism GRN were enriched in E-box motif and in AC-rich element
although with high E-values (Figure 7). Promoters of downregulated GRNs were only
enriched in motifs corresponding to AC-rich element.

Overall, TT2 performs a complex modulation of both stress responses and antho-
cyanin/PA biosynthesis genes and this modulation seems to involve different cis-elements.
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Figure 7. Gene regulatory networks (GRNs) regulated by TRANSPARENT TESTA 2 (TT2) overexpressors (OE). GRNs were
constructed from differentially expressed genes in TT2 OEs. (a) Upregulated genes belonging to the “response to stress”
gene ontology (GO) category belong to a tightly coregulated set of genes including HEAT SHOCK FACTOR A2, A3, A7A,
MULTIPROTEIN BRIDGING FACTOR 1C, and many chaperones. Promoters of these genes were found to be enriched in SII
element, heat shock element and E-box motifs. (b) Upregulated genes belonging to the “secondary metabolic process” GO
category formed another network including multiple flavonoids biosynthesis genes (BANYULS, LEUCOANTHOCYANIDIN
DIOXYGENASE, TRANSPARENT TESTA 5 and 6, etc . . . ). Promoters of these genes were enriched in E-box and a motif
similar to the AC-rich element. A comparable AC-rich element motif was enriched in downregulated GRNs (c,d).

4. Discussion
4.1. Role of the TT2/MYB5 in the Plant Heat Stress Response

In this report, we provide strong evidence for the involvement of TT2 and MYB5 in
the heat stress response. We show in transient and stable transformation experiments that
TT2 mediates HSFA2 regulation directly or indirectly via SIIE motifs (Figures 2 and 4). We
also show that TT2 and MYB5 overexpressing plantlets are heat stress resistant, whereas
tt2, myb5, and tt2/myb5 loss of function mutants are impaired in heat stress resistance
(Figures 3 and 4, Supplementary Figure S2). These results extend previous reports of tt2
mutant seeds, being more sensitive to salt, sucrose, and ABA that were attributed to an in-
creased permeability of the seed coat to stressors [29]. However, as myb5-1 does not exhibit
the yellow seed phenotype but show the same sensitivity to heat stress, the hypothesis of
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the increased permeability of the seed coat to stressors is unlikely (Figure 4). In addition,
the significant modulation of stress-related genes in OE plants further establishes a role of
TT2 and MYB5 as regulators of stress response (Figures 6 and 7).

TT2 and MYB5 were previously thought to be seed coat-specific factors whereas PAP1
was found to be present in vegetative organs. Here, we show that TT2 is expressed at
low levels in vegetative parts of the plant and that the expression of TT2, BAN, and TT8
is modulated by heat stress (Figure 5). Consistent with previous reports [12], BAN, DFR,
LDOX, TT4, and TT8 were also induced constitutively in TT2 OE lines (Figure 4, Table 1 and
Supplementary Table S4). These results confirm that the full MBW complex is present and
active in vegetative organs. It would be very interesting to localize the tissues where TT2
and TT8 are induced during stress to better understand their precise functions. Previously,
the PAP1-4-containing MBW complex was thought to be the only MBW complex present in
vegetative organs. In our study, PAP1 was found to be downregulated by heat stress in wild
type plants, while LDOX and DFR were not induced, suggesting that a PAP1-containing
MBW is not involved in the heat response (Figure 5). Overall, our results indicate that TT2
and MYB5 are genuinely involved in heat stress resistance in vegetative organs, warranting
further investigations into the role and mechanisms of MBW complex formation and
functioning in different stress conditions.

4.2. TT2/MYB5 in Stress Resistance Is Independent of Anthocyanin/PA Metabolism

The MBW complex was demonstrated to regulate anthocyanin and PA accumulation.
Flavonoids have been described as important components of multiple biotic and abiotic
stress responses [31]. However, we do not believe that these molecules play a major role in
the resistance phenotypes associated with TT2/MYB5 OEs. TT2 OE alone is not sufficient
to trigger ectopic anthocyanin/PA accumulation [32], but is sufficient to increase basal
heat stress resistance (Figure 3). In addition, myb5-1 mutants are not impacted in flavonoid
metabolism and do not exhibit the yellow seed phenotype. Still, they show the same defect
in thermotolerance as tt2 mutants.

Other groups reported 35S:TT2 plants were inducing strong BAN expression without
exhibiting PA and PA precursor accumulation in vegetative organs [12]. In our study,
we found the PA biosynthesis genes DFR, LDOX, BAN to be specifically upregulated in
TT2 OE plants, while flavonol (FLS1) and anthocyanin (GSTs) biosynthesis genes were
downregulated (Tables 1 and 2). At the same time, several enzymes of the very early
steps of the general phenylpropanoid metabolic pathway were downregulated (4CL1, PAL1
and PAL4; Table 2 and Supplementary Table S4). These results most likely explain the
absence of PA accumulation in TT2 OE plants and show that PA accumulation requires
other seed-specific factors.

Gene expression analysis further supports the view of TT2 functioning in stress
resistance and in flavonoid biosynthesis through independent mechanisms. RNA-seq
analysis performed in this study suggests that MYB5 and TT2 redundantly regulate stress
response genes but not flavonoid biosynthesis genes, which were found to be differentially
regulated in TT2 OE plants only. This suggests stress resistance is not the consequence
of anthocyanin/PA accumulation. Previous studies of developing tt2-5 seeds showed
that 33.6% and 32.1% of up- and down-regulated genes, respectively, were involved in
stress/defense response, whereas only 0.2% and 5.4% of up- and down-regulated genes
were involved in flavonoid metabolism [33]. Our findings that TT2 OE upregulates the
expression of many stress-related genes rule out the possibility that this modulation is due
to seed coat defects or an overall lack of anthocyanins/PA (Figure 6). Motif enrichment
analyses also suggest the regulation of stress response and secondary metabolic process is
performed directly, or indirectly, by different protein complexes. SIIE motifs were found to
be enriched in the promoters of stress response genes but not in the promoters of secondary
metabolic process-related genes (Figure 7). Consequently, we attribute enhanced stress
resistance to the modulation of SIIE-regulated genes in general.
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4.3. TT2 Dual Modes of Transcriptional Regulation

TT2 and MYB5 binding sites have been previously identified as the MYB core and AC-
rich elements [34]. Contrary to what we observe for HSFA2 promoter regulation, the BAN
promoter, which does not contain SIIEs, could not be activated by TT2 or MYB5 alone but
required the full MBW complex for proper activation [22]. This indicates that the regulation
of HSFA2 and BAN promoters by TT2/MYB5-TT8-TTG1 involves different mechanisms.
Examining the HSFA2 promoter, we found several putative binding sites for TT8 (E-boxes),
and MYBs (AC-rich elements, Figure 6), which may explain the residual activation of the
HSFA2 promoter mutated in the SIIEs (Figure 4). Indeed, a combination of TT2-TT8-TTG1
but not MYB5-TT8-TTG1 retained a strong ability to activate the mutated HSFA2 promoter.
This tends to indicate that TT2 and MYB5 alone regulate transcription through SIIEs while
TT2-TT8-TTG1 but not MYB5-TT8-TTG1 can activate transcription through other means.
Accordingly, GRNs upregulated by TT2 OE were linked with different cis-regulatory
elements (Figure 7). Stress response GRN was linked with HSE, SIIE, and E-box motifs,
whereas secondary metabolic process GRN was linked to the E-box and AC-rich element.

Overall, we propose that the HSFA2 promoter is regulated by a combination of
TT2/MYB5 through SIIEs and the MBW complex through AC-rich and E-box motifs.
Interestingly, the HSFA2 promoter has two tandem repeats of AC-rich elements and E-
box motifs separated by exactly 21 nucleotides. Our proposed model of TT2 and MYB5
involvement in HSFA2 promoter regulation is presented in Figure 8.
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