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Editorial on the Research Topic

Crop Breeding for Drought Resistance

The increased water shortage and frequent drought in agricultural ecosystems have caused
tremendous problems worldwide, owning to the resulted yield losses for many crops. It is therefore
essential to breed water-saving and drought-resistant crops to ensure world food security. Great
progress has been made in the last decade in plant drought-resistance because of the novel
findings and fast development of many new techniques and methodologies. However, accumulated
knowledge about drought-resistance in crops is quite limited so far, particularly on the following
questions: (1) How does drought-resistance evolve in crop during domestication; (2) How to
identify drought-resistance genes and assess their potentials in breeding; (3) How to bridge the
gap between theoretical research and crop breeding. To address these scientific questions, we
need to establish the research topic, aiming to reveal the genetic, epigenetic, transcriptomic, and
metabolomic bases of any trait associated with drought-resistance in crops, which can be applied
in crop breeding.

During the last year or so, we have received more than 30 manuscripts focused on this topic and
selected 13 research articles and two review articles for publication after rigorous peer review. These
articles reported studies on eight crops, including rice, maize, barley, durum wheat, winter wheat,
chickpea, cotton, and sweet pepper. Due to common interests in drought-resistance of different
crops, any finding in a crop may provide informative references for another crop. We hope that
studies on drought-resistance in different crops on this topic could benefit each other. Meanwhile,
these articles apply various methodologies, including breeding and selection in the field, QTL
mapping or genome wide association study (GWAS), comparative transcriptome, precise high-
throughput phenotyping, and characterization of the drought-resistance genes, to study drought-
resistance in different crops. To the benefit of our potential readers, we highlighted the key points
of the 15 contributed articles in this research topic as follows:

Root architecture is the most promising characteristic for drought avoidance to be used in
breeding. Such characteristics can greatly improve drought-resistance of crops by introducing or
manipulating a single gene (e.g.,DRO1). Lou et al. investigated transcriptomic divergences between
deep-rooting and shallow-rooting rice genotypes. Based on the consistent results from a series of
analyses and experimental validation, they conclude that the ATP synthesis should be a key factor
to influence the root architecture. Their finding is novel and can provide valuable cues for other
researchers to study genetic bases of deep-rooting in rice.

Identification of drought-resistance QTLs is essential to provide valuable targets in crop
breeding. Li et al. identified four genetic regions containing SNPs significantly associated with
several different traits in chickpea under drought by GWAS. This result indicated pleiotropic effects
of drought-resistance associated QTLs. Gudys et al. identify 11 candidate QTLs of physiological
and biochemical traits associated with drought-tolerance in Barley on a high-density function map.
They further prioritize 143 candidate genes by their potential involvements in certain biological
processes based on Gene Ontology annotation. Meanwhile, Cui et al. provided a new method

5
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to identify QTLs for drought-tolerance. They compared the allele
frequency between drought-resistant introgression lines (resulted
from strong selection in the field) and random populations
and identified 13 major QTLs of drought-tolerance using the
joint segregation distortion method. The most exciting result
from their study is that the detected large-effect QTLs locate
upstream of the genetic networks as putative regulators, which
means that these QTLs could contribute significantly to drought-
tolerance in breeding. In addition, they also suggest the designed
QTL pyramiding strategy that is feasible for improving drought-
tolerance in rice breeding.

One common difficulty for researchers to study drought-
resistance is the precise evaluation of drought-resistance
under field condition for a great number of genotypes. It is
therefore essential to involve a high-throughput phenotyping
technology in studying drought-resistance, which has drown
researchers’ attentions recently. Condorelli et al. described a
high-throughput phenotyping platform bywhich theNormalized
Difference Vegetation Index (NDVI) was used to precisely
estimate drought-resistance traits in 248 durumwheat genotypes.
Meanwhile, dozens of NDVI-based QTLs related to drought-
resistance were identified by GWAS, indicating that this high-
throughput phenotyping platform is valuable in the theoretical
research and breeding practices.

The ABA-dependent pathway is very important for plants in
responses to drought. In this volume, five articles characterized
seven drought-resistance genes (OsJAZ1, GhPLY9-11, OsDRAP1,
ZmPLY8/9/12, and OsNAC14) in various crops (Fu et al.; Liang
et al.; He et al.; Huang et al.; Shim et al.) These genes
could improve drought-resistance at seedling stage in different
crops or transgenic Arabidopsis. However, the authors did not
mention impacts of these genes on yield under drought. It
is common that genes showing drought-tolerance only have
minor effects in field.We consider pyramiding drought-tolerance
genes, which may be a solution for the applications of these
genes in production. However, such a strategy requires deep
understanding in interactions among drought-resistance genes.

We appreciate the contribution from Lopes et al. who conduct
large-scale field experiments to test the genotype-environment
interactions in winter wheat in different experimental locations
and seasons. Based on the results, they suggest that the narrow
range of variation for phenology in families may facilitate the
discovery and selection of new drought-resistant and -avoidant
wheat lines targeting specific locations. Their proposal is valuable
for the improvement of drought-resistant winter-wheat varieties.

Direct-seeding is an important method for water-saving
agriculture in rice. Zhao et al. identify 13 of deep-sowing
tolerance QTLs related to mesocotyl length by Non-syn GWAS
(GWAS using non-synonyomous SNP). Although it is not
directly related to drought-resistance, deep-sowing tolerance has
a particular significance in promoting water-saving and drought-
resistance rice production in China.

In one review article, Nepolean et al. reviewed the proceedings
of research and breeding in maize drought-resistance, referringto

precise phenotyping, genetic resources, breeding systems,
drought-resistance genes, breeding informatics, etc. In the
section of “MAIZE GENOMIC RESOURCES,” the authors
emphasized the importance of genetic resources for drought-
resistance improvement. In another review article, Ding et al.
discussed the cross-talk between drought-resistance, water
transport, and nitrogen uptake in higher plants. They suggest
that a good management of ammonium fertilization in the field
could promote water-saving agriculture and improve drought-
resistance in rice. In fact, potential associations between nutrition
and drought-resistance become a hot spot recently, which is
also discussed in the research article by Serret et al. It requires

the efforts from both biologists and agronomists to determine

the associations.
From the above contributions of this research topic, some

valuable cues for better understanding of drought-resistance
can be found. We hope that the knowledge can facilitate

further success of new studies and breeding for drought-
resistance crops. For better understanding of drought-resistance

in crops, combined efforts among theoretical research, variety

improvement, and field management are required. Finally,
we greatly appreciate the efforts of the journal editors,

peer reviewers, and authors. This volume would not be
available without their great contribution. We hope that our

readers can identify valuable information from this volume
and also find appropriate collaborators to promote their

great success.
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Investigating Drought Tolerance in
Chickpea Using Genome-Wide
Association Mapping and Genomic
Selection Based on Whole-Genome
Resequencing Data
Yongle Li1* , Pradeep Ruperao2, Jacqueline Batley3,4,5, David Edwards3,4,5,
Tanveer Khan4,5, Timothy D. Colmer4,5, Jiayin Pang4,5, Kadambot H. M. Siddique4,5 and
Tim Sutton1,6

1 School of Agriculture, Food and Wine, The University of Adelaide, Adelaide, SA, Australia, 2 School of Agriculture and Food
Sciences, The University of Queensland, Brisbane, QLD, Australia, 3 School of Biological Sciences, The University of Western
Australia, Perth, WA, Australia, 4 The UWA Institute of Agriculture, The University of Western Australia, Perth, WA, Australia,
5 UWA School of Agriculture and Environment, The University of Western Australia, Perth, WA, Australia, 6 South Australian
Research and Development Institute, Adelaide, SA, Australia

Drought tolerance is a complex trait that involves numerous genes. Identifying key
causal genes or linked molecular markers can facilitate the fast development of drought
tolerant varieties. Using a whole-genome resequencing approach, we sequenced 132
chickpea varieties and advanced breeding lines and found more than 144,000 single
nucleotide polymorphisms (SNPs). We measured 13 yield and yield-related traits in
three drought-prone environments of Western Australia. The genotypic effects were
significant for all traits, and many traits showed highly significant correlations, ranging
from 0.83 between grain yield and biomass to −0.67 between seed weight and seed
emergence rate. To identify candidate genes, the SNP and trait data were incorporated
into the SUPER genome-wide association study (GWAS) model, a modified version
of the linear mixed model. We found that several SNPs from auxin-related genes,
including auxin efflux carrier protein (PIN3), p-glycoprotein, and nodulin MtN21/EamA-
like transporter, were significantly associated with yield and yield-related traits under
drought-prone environments. We identified four genetic regions containing SNPs
significantly associated with several different traits, which was an indication of pleiotropic
effects. We also investigated the possibility of incorporating the GWAS results into
a genomic selection (GS) model, which is another approach to deal with complex
traits. Compared to using all SNPs, application of the GS model using subsets of
SNPs significantly associated with the traits under investigation increased the prediction
accuracies of three yield and yield-related traits by more than twofold. This has important
implication for implementing GS in plant breeding programs.

Keywords: drought tolerance, genome-wide association mapping, genomic selection, chickpea, whole-genome
resequencing, auxin
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Li et al. Drought GWAS in Chickpea

INTRODUCTION

Chickpea (Cicer arietinum L.) is ranked second after soybean in
terms of global legume production, reaching∼13 million tons in
2014 (FAOSTAT 2017). Consisting of 25% of the total exports
worldwide, Australia was the second-largest producer and the
largest exporter of chickpea in 2014 (FAOSTAT 2017). Chickpea
is an important component of the farming system in Australia,
serving as a disease break crop and nitrogen fixer (Knights et al.,
2009; Siddique et al., 2013). Chickpea seed is a rich source of
protein, essential minerals, and dietary fiber (Bar-El Dadon et al.,
2017).

Drought is one of the most important constraints limiting
yield potential in cereal and legume crops. Significant differences
in terms of drought tolerance, measured by yield reduction,
were observed among legume species in a meta-analysis of over
100 studies with chickpea ranking seventh among 13 legume
species (Daryanto et al., 2015). There are generally two types
of drought: transient drought and terminal drought. Transient
drought is a short-term water deficit that can be relieved by
precipitation and can occur at any stages of the growing season.
Terminal drought is an unrelieved water deficit that terminates
the reproductive growth of the plant. Terminal drought is very
common in semi-arid tropics (South Asia, north-east Australia)
and Mediterranean-type climates such as southern Australia.
More than 80% of the world chickpea production is located in
South Asia and north-east Australia. Australia has experienced
severe drought events from the late 1990s to mid 2000s known
as “the Millennium drought.” As a consequence, the total
production of irrigated rice and cotton fell by 99 and 84% during
2002 and 2009, respectively (van Dijk et al., 2013).

With current climate change projections, extremely hot
weather will become more frequent and rainfall will be more
erratic in Australia and other regions of the world (Hennesy et al.,
2010; Foyer et al., 2016). The reproductive stage of growth is
usually the most critical phase influencing grain yield in crops.
It is well documented that drought stress during pod filling
can lead to pod abortion thus reducing the number of seeds
per plant (Leport et al., 1999; Fang et al., 2010; Pang et al.,
2017). In a glasshouse experiment, seed yield declined by 85% in
chickpea plants exposed to terminal drought at the early podding
stage, relative to well-watered plants (Pang et al., 2017). There
is an urgent need to develop chickpea varieties that are drought
resilient.

Chickpea has a relatively small genome size of 730 Mb,
compared to other food legumes such as lentil (Lens culinaris L.)
and faba bean (Vicia faba L.). Thanks to the advance of next-
generation sequencing (NGS) technology and a relatively small
genome size, chickpea has well-developed genomic resources.
Chickpea reference genomes for kabuli, desi, and wild Cicer
species are available and there are ongoing efforts to improve
the assemblies and annotation of the genomes (Jain et al., 2013;
Varshney et al., 2013; Ruperao et al., 2014; Parween et al., 2015;
Gupta et al., 2017). Whole-genome resequencing (WGRS) has
emerged as one of the best methods for genome-wide association
studies (GWAS) due to its potential to discover a large amount
of sequence variants [single nucleotide polymorphisms (SNPs),

Indel, CNV] in a cost effective manner. A recent study using
this method narrowed down a major QTL for ascochyta blight
resistance in chickpea (Li et al., 2017). Using WGRS data, several
genomic regions were identified under positive selection for
plasticity for yield, nitrogen fixation, and δ13C in chickpea under
drought and/or heat conditions in the field (Sadras et al., 2016).

To identify QTL/genes associated with drought tolerance in
chickpea, different forward-genetic approaches using various
molecular markers have been used. A recent study using
bi-parental mapping population (ILC588 × ILC 3279) and
sparse simple sequence repeat (SSR) markers, identified 15
and 93 QTL associated with different drought-related traits
(Rehman et al., 2011; Hamwieh et al., 2013). However, the
resulting large QTL intervals have limited practical application
in breeding. A “QTL-hotspot” region on chromosome 4 was
identified using traditional QTL analysis with SSR and GBS
(genotyping-by-sequencing) markers (Varshney et al., 2014b;
Jaganathan et al., 2015). This region was further fine mapped
to a ∼300 kb region, which contains 26 genes using a QTL
bin-mapping approach and gene enrichment analysis by adding
more SNPs (Kale et al., 2015). The authors also tested 12
genes for differential gene-expression profiling using real-time
PCR. Under drought condition, several genes had higher gene-
expression levels in the resistant line than in susceptible
lines, including E3 ubiquitin ligase, serine/threonine protein
kinases, and homocysteine S-methyltransferase. Another study,
employing the GWAS approach, discovered over 200 markers
associated with drought-related traits using SSR, DArT, and SNP
markers (Thudi et al., 2014). The results, albeit needing further
validation, are promising for marker-assisted selection. However,
the development of these molecular markers is labor-intensive
and not cost-effective.

One of the challenges of marker-assisted selection is how to
pyramid numerous markers with small effect size, particularly for
complex traits such as yield under drought environments (Collins
et al., 2008). As such, genomic selection (GS), also known as
genome-wide selection, was proposed as an alternative method
for marker-assisted selection for complex traits (Meuwissen et al.,
2001). GS uses information from all of the markers to estimate
the breeding value of plants, thus eliminating the complicated
pyramiding process in marker-assisted selection. This approach is
more relevant to breeding programs as it can help select the best
parents for crossing and reduce the cost and time of a standard
breeding cycle; thus it has been adopted rapidly by many livestock
and crop breeding programs (Hayes et al., 2009a; Meuwissen
and Goddard, 2010; Crossa et al., 2014). Traditionally, animal
scientists estimated breeding values by best linear unbiased
prediction (BLUP) using the additive-genetic relationship matrix
obtained from pedigree information (Henderson, 1975). Thanks
to advances in genotyping and NGS technology, a large amount
of molecular markers can be obtained at a relatively low cost
(Davey et al., 2011; Elshire et al., 2011; Poland and Rife,
2012). The genomic estimated breeding values can be estimated
more accurately using the ridge regression BLUP (RR-BLUP)
model which replaces the pedigree matrix (A matrix) with
the genomic relationship matrix (G matrix), which is obtained
from genome-wide markers (VanRaden, 2008; Hayes et al.,

Frontiers in Plant Science | www.frontiersin.org February 2018 | Volume 9 | Article 1908

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-00190 February 15, 2018 Time: 15:30 # 3

Li et al. Drought GWAS in Chickpea

2009b). A simulation study in barley showed that GS was better
than phenotypic selection when the traits had low heritability
and the training population was large enough. Ziyomo and
Bernardo (2013) demonstrated in a real experiment that GS
is superior to indirect phenotypic selection using secondary
traits for improving drought tolerance of maize. However, a
recent GS study in chickpea showed that prediction accuracies
of yield under rainfed environments were much lower than
under irrigated environments (Roorkiwal et al., 2016). A similar
observation was reported in synthetic wheat, posing a challenge
to improving drought tolerance using GS (Jafarzadeh et al.,
2016). A new method is needed to increase prediction accuracy,
particularly when applied to drought-stressed environments. The
objectives of this study were to: (1) identify candidate genes/SNPs
significantly associated with yield and yield-related traits under
drought stressed environments using GWAS approaches; and
(2) investigate whether incorporation of the GWAS result can
increase prediction accuracy.

MATERIALS AND METHODS

Plant Materials and Field Experiments
Plant materials included 13 Australian released varieties and
119 Australian and Indian-derived breeding lines, which were
selected for yield potential and adaptation to drought-prone
environments. The field experiments are described in detail by
Pang et al. (2017). Briefly, chickpea accessions were planted in
plots (6 × 1.5 m) in Western Australia at one site in 2012
and two sites in 2013. There were three replicates for each site.
Rainfall at the three sites during the growing seasons ranged
from 196 to 230 mm, and no irrigation was supplied. Twelve
traits were measured: grain yield per ha (GY), hundred seed
weight (100SW), seed number per plant (SN), empty pod ratio
(EPR), harvest index (HI), biomass dry weight (DW), flowering
time score (FT), podding time score (PT), maturity score (MA),
emergence score (EM), early vigor score (EV), and plant height
(PH). Five plants per plot were randomly cut at ground level to
measure SN, EPR, HI, and DW. Scores for FT, PT, MA, EM, and
EV were on a 1–9 scale.

Phenotypic Analysis
The three sites were first analyzed separately for each trait by
fitting a linear mixed model (LMM), which included spatial
effects (row and column effects). The resulting best linear
unbiased estimator (BLUE) values for each genotype were used
to fit a multiple-environment LMM in which environments were
treated as random effects. Statistical significance of fixed and
random effects were assessed using Wald’s test (Wald, 1943) and
the likelihood ratio test, respectively (Van Belle et al., 2004).
The resulting BLUE values were subsequently used for GWAS
analysis. Broad-sense heritability (h2) was estimated using the
following formula:

ĥ
2
= σ̂ 2

g /(σ̂ 2
g +σ̂ 2

ge /t+σ̂ 2
e /rt)

where σ̂ 2
g , σ̂ 2

ge, and σ̂ 2
e denote genotypic variance,

genotype × environment interaction variance, and experimental
error variance, respectively. t and r are the numbers of
environments and replications within an environment,
respectively. All phenotypic analysis was done using GenStat,
16th edition.

WGRS and SNP Discovery
DNA of the 132 genotypes was extracted from young leaf
tissues using the Qiagen DNeasy Plant Mini Kit following the
manufacturer’s instruction. Paired-end sequencing libraries were
constructed using the TruSeq library kit for each genotype
with an insert size of 500 bp. The procedure was implemented
according to the Illumina manufacturer’s instruction. Paired-end
short reads (150 bp) were generated using the Illumina HiSeq
2000 platform. Sequence data is available from the NCBI Short
Read Archive under BioProject accession PRJNA375953. Paired-
end reads for each genotype were trimmed, filtered, and mapped
to the kabuli reference genome 2.6.31 using SOAP2. Homozygous
SNPs were called using the SGSautoSNP pipeline (Lorenc et al.,
2012).

Population Structure and Linkage
Disequilibrium
To correct for confounding effects in the association studies,
population structure was estimated based on 144,777 SNPs
(MAF > 0.05) using ADMIXTURE (v1.23) software (Alexander
and Lange, 2011). Similar to the popular software STRUCTURE,
ADMIXTURE uses a model-based algorithm to estimate the
ancestry of unrelated individuals. The number of underlying
population groups (K) was estimated from 1 to 10 using the
maximum likelihood estimation approach with a fast numerical
optimization algorithm. Cross-validation method of Alexander
and Lange (2011) was used to determine the most likely number
of population group (K). Linkage disequilibrium (LD) was
measured by the parameter r2 using SNPs with high confidence
(minimum five reads per genotype). An r2

= 0.2 was used as a
threshold to determine LD extent. The method to estimate the
LD-decay curve under the mutation-drift-equilibrium model was
described in detail in Li et al. (2011).

Genome-Wide Association Mapping
Genome-wide association analysis was done using BLUE values
of the 132 genotypes with 12 traits and 144,777 SNPs
(MAF > 0.05). Adjusting the confounding effects of population
structure and kinship, the SUPER GWAS method, implemented
in the GAPIT software, was used to estimate each SNP effect
(Lipka et al., 2012; Tang et al., 2016). This method can increase
statistical power by estimating kinship matrix with a subset of
markers which are not in LD with the testing marker (Wang et al.,
2014). The kinship matrix was estimated using the VanRaden
method and later compressed to its optimum groups using the
P3D method to speed up computation time. Default parameters
of the SUPER model were used: sangwich.top = “MLM,”

1http://www.cicer.info/databases.php
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sangwich.bottom = “SUPER,” LD = 0.1. The significant p-value
cut-off was set as p = 3.45e-07, equivalent to the α level of
0.05 after Bonferroni correction. The two genes flanking the
significant SNP are reported.

Genomic Selection
Genomic predictions were performed using three different
models: RR-BLUP, Bayesian least absolute shrinkage and
selection operator (Bayesian LASSO or BL), and Bayesian ridge
regression (BRR). The RR-BLUP model is written as:

y = µ1n + Zg + e, e ∼ N(0, Iσ2), ,

where y is the adjusted entry means of phenotypes, µ is the overall
mean, 1n denotes n × 1 vector of 1s, Z is an incident matrix for
random genotype effect, and g is genotype effect with normal
distribution N (0, Gσ2

g), where G is the genomic relationship
matrix obtained from markers (VanRaden, 2008). The markers
included all 147,777 markers or a subset of markers selected based
on different levels of p-value from GWAS.

The general structure of the two Bayesian linear regressions
BL and BRR can be written as,

p(µ,βββ, σ2
|yyy,θθθ),

the posterior probability of unknown parameters includes overall
mean µ, marker effect β, and its variance σ2, given the data y
and hyperparameters θθθ. Estimates of these unknown parameters
are obtained by solving the optimization problem and adding a
penalty function to βββ. For BRR, the same Gaussian prior was
assigned to βββ, resulting in the same shrinkage for all markers.
For BL, a Bayesian version of the least absolute shrinkage and
selection operation (Tibshirani, 1996) was introduced in the
penalty function of βββ, resulting in greater shrinkage of markers
with small effects and less shrinkage of markers with large effects.
BL has a special feature of both variables selection and shrinkage,
whereas BRR only shrinks variables. The detailed similarities and
differences between genomic prediction models are reviewed by
de Los Campos et al. (2013). The R package synbreed was used to
fit the three models (Wimmer et al., 2012).

A fivefold cross-validation was performed to evaluate the
prediction performance of the three models. The whole dataset
was randomly divided into five mutually exclusive subsets, four
of which formed the training set for fitting the model and
the fifth was used as a test set. This process was repeated
ten times, resulting in 50 cross-validations. Predictive abilities
were calculated as Pearson’s correlation coefficient between the
predicted values and observed phenotypic values of the test set.
An average predictive ability of 50 cross-validations was reported.

RESULTS

Yield and Yield-Related Traits
In total, 12 traits including phenology, yield, and yield
components were measured. Multiple-environment linear
mixed-models were fitted to obtain BLUE values for each
genotype (Table 1 and Supplementary Figure S1). The genotypic

effect of SN was significant at an alpha level of 0.05 while the
other 11 traits were highly significant at an alpha level of 0.001
(Table 1). Heritabilities (h2) of the 12 traits ranged from 0.11
for GY to 0.91 for 100SW. Many traits showed highly significant
correlations, ranging from 0.83 between GY and DW to −0.67
between 100SW and EM (Table 2). GY was positively correlated
with 100SW, SN, DW, FT, PT, EM, EV and negatively correlated
with EPR, MA, and PH. 100SW was positively correlated with
FT, DW, MA and negatively correlated with SN, PT, and EM. GY
has a highly positive correlation with DW (r= 0.83), which is not
surprising, given that a strong and healthy plant with sufficient
biomass is advantageous under drought to retain yield (Hamwieh
et al., 2013; Kashiwagi et al., 2013). PT and MA were negatively
correlated (−0.64), which appears counterintuitive. Due to the
low temperatures in early spring in Australian environments,
some genotypes originating from India with an early podding
trait, aborted their early onset pods which is reflected in the
negative correlation between PT and EPR (i.e., the earlier the
podding time, the higher the EPR). This supports the observation
that chickpea plants need to set pods within a fairly narrow
window to optimize yield in Australian environment.

SNP, Linkage Disequilibrium, and
Population Structure
A total of 144,777 homozygous SNPs were discovered in 132
genotypes (Table 3). The number of SNPs on each chromosome
ranged from 25,323 on Ca4 to 4,740 on Ca8, partially reflecting
the length of the chromosomes in the Kabuli 2.6.3 reference
assembly. The extent of LD on each chromosome ranged from
4,000 kb on Ca3 to 150 kb on Ca6 with an average of 700 kb
(Table 3 and Supplementary Figure S2). The average extent of
LD is almost seven times smaller than a previous study, in which
mainly Australian-released chickpea varieties were used (Li et al.,
2017). The short extent of LD in the 132 genotypes has the
potential to enable higher mapping resolution. To avoid false
positive results in association analysis, the population structure
was investigated using 144,777 SNPs (Figure 1). The most likely
number of groups (K) in the 132 genotypes was estimated to
be two using a cross-validation method from the ADMIXTURE
software. The red group in Figure 1 is mainly the DICC lines
(selected from ICRISAT breeding lines) consisting of progenies
from the crosses of ICCV98503 × Moti, ICCV96836 × PBG5,
ICCV96836× ICC12004, and ICCV96836× ICC3996. The green
group in Figure 1 consists of Australian-released varieties and
advanced lines. Genotypes with a mixture of red and green have
mixed ancestry from ICRISAT, ICARDA, and Australia.

Genome-Wide Association Mapping
In total, 38 SNPs were significantly (p < 3.45e-07) associated
with six traits: GY, 100SW, EPR, PT, EM, and EV (Supplementary
Table S1 and Figures 2, 3). One SNP, located in Ca3: 18,924,965,
was significantly associated with GY (Figure 2). The closest
gene near this SNP encodes a protein belonging to the ABC
transporter B family/p-glycoprotein (PGP). Nine SNPs, located
on Ca3, Ca4, Ca5, and Ca6, were significantly associated with
100SW (Supplementary Table S1 and Figure 2). Candidate
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TABLE 1 | BLUE values (minimum–maximum), genotypic effect, and heritabilities (h2) of 12 traits obtained from a multi-environment LMM.

Traits No. of
genotypes

Mean Minimum Maximum Wald’s test for
genotypic effect

H2

GY (kg) 132 1027.11 623.19 1264.75 p < 0.001 0.11

100SW (g) 132 20.00 15.00 37.61 p < 0.001 0.91

SN 93 21.96 11.91 32.28 p = 0.015 0.32

EPR 59 0.31 0.14 0.46 p < 0.001 0.52

HI 93 0.38 0.28 0.46 p < 0.001 0.51

DW (g) 93 9.81 6.14 18.02 p < 0.001 0.49

FT 132 5.36 1.98 9.56 p < 0.001 0.70

PT 132 5.31 0.55 9.27 p < 0.001 0.72

MA 132 5.97 4.61 10.04 p < 0.001 0.25

EM 132 7.95 5.68 8.88 p < 0.001 0.49

EV 132 6.13 3.65 7.93 p < 0.001 0.65

PH (cm) 62 53.62 42.88 61.84 p < 0.001 0.64

GY, grain yield per ha; 100SW, hundred seed weight; SN, seed number per plant; EPR, empty pod ratio; HI, harvest index; DW, biomass dry weight; FT, flowering time
score; PT, podding time score; MA, maturity score; EM, seed-emergence score; EV, early vigor score; PH, plant height.

TABLE 2 | Correlation matrix of the 12 traits.

GY 100SW SN EPR HI DW FT PT MA EM EV PH

GY −

100SW 0.45∗∗∗ −

SN 0.47∗∗∗ −0.36∗∗ −

EPR −0.37∗∗ −0.12 −0.22 −

HI 0.13 −0.27∗ 0.56∗∗∗ 0.02 −

DW 0.83∗∗∗ 0.67∗∗∗ 0.15 −0.33∗ −0.35∗∗ −

FT −0.43∗∗∗ 0.42∗∗∗ −0.14 −0.55∗∗∗ −0.28∗ 0.43∗∗∗ −

PT 0.58∗∗∗ −0.42∗∗∗ 0.27∗ 0.58∗∗∗ 0.41∗∗ −0.40∗∗ −0.65∗∗∗ −

MA −0.53∗∗∗ 0.70∗∗∗ −0.17 −0.35∗∗ −0.47∗∗∗ 0.73∗∗∗ 0.54∗∗∗ −0.64∗∗∗ −

EM 0.42∗∗∗ −0.67∗∗∗ 0.20 0.25 0.27∗ −0.59∗∗∗ −0.29∗ 0.38∗∗ −0.59∗∗∗ −

EV 0.29∗ −0.20 −0.03 0.65∗∗∗ 0.03 −0.29∗ −0.60∗∗∗ 0.55∗∗∗ −0.37∗∗ 0.25 −

PH −0.22 0.25 −0.56∗∗∗ 0.18 −0.58∗∗∗ 0.08 0.11 −0.10 0.28∗ −0.27∗ 0.25 −

GY, grain yield; 100SW, hundred seed weight; SN, seed number; EPR, empty pod ratio; HI, harvest index; DW, biomass dry weight; FT, flowering time score; PT, podding
time score; MA, maturity score; EM, emergence score; EV, early vigor score; PH, plant height. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

TABLE 3 | Summary of LD and SNPs used to estimate LD.

Chromosome No. of SNPs Density of SNPs
(No. of

SNPs/10 kb)

No. of SNPs used
to estimate LD1

Mean r2 LD extent (kb)

Ca1 20,837 4.25 2,979 0.06 400

Ca2 11,181 3.01 2,826 0.03 200

Ca3 19,487 2.92 1,674 0.15 4,000

Ca4 25,323 4.30 7,106 0.02 200

Ca5 18,313 2.64 1,428 0.07 200

Ca6 15,620 2.37 2,469 0.05 150

Ca7 13,272 2.36 2,070 0.03 200

Ca8 4,740 2.38 933 0.06 200

Unassembled contigs 16,004 3.25 NA NA NA

Total/average 144,777 21,485 0.06 700

1SNPs with high confidence (minimum five reads per genotype).
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FIGURE 1 | Population structure diagrams of the 132 genotypes. Results of
population structure are shown when the numbers of estimated clusters is
k = 2. The vertical bar is partitioned into red and green segments that
represent the genotype’s estimated membership fractions.

genes located near these SNPs include two sugar transporters,
two nodulin MtN21/EamA-like transporters, one Lateral Organ
Boundaries (LOB) domain protein and several uncharacterized
genes.

There were five SNPs significantly associated with PT,
including two SNPs on Ca1, one SNP on Ca3, and two SNPs
on Ca4 (Supplementary Table S1 and Figure 3). One was
located on Ca4: 35,589,599 near a gene encoding a major latex
protein (MLP), which promotes vegetative growth and delays
flowering in Arabidopsis (Guo et al., 2011). Another significant
SNP was located on Ca3: 38,173,722 close to a transcriptional
factor squamosa promoter-binding-like protein 9 (SPL9). It was
shown that SPL9 and SPL15 act redundantly in promoting the

FIGURE 2 | Manhattan plots showing GWAS results of grain yield (GY), seed
number (SN), empty pod ratio (EPR), and early vigor score (EV). Each dot
represents a SNP. The x-axis is the physical position of the SNP.
Chromosomes are numbered from 1 to 8 while 9 represents all unassembled
contigs. The red line is a significant threshold of p-value = 3.47e-07, equal to
a level of 0.05 after Bonferroni correction. The blue line is a suggestive
threshold of p-value = 1.0e-04. Regions containing SNPs significantly
associated with different traits are highlighted with red rectangles.

juvenile-to-adult phase transition in Arabidopsis (Schwarz et al.,
2008).

There were 12 SNPs significantly associated with MA,
including one SNP on Ca2, three SNPs on Ca4, six SNPs on Ca5,
and two SNPs on Ca6 (Supplementary Table S1 and Figure 3).
One of the significant SNPs was located on Ca5: 11,580,061,
near the nodulin MtN21/EamA-like transporter which has been
shown to be involved in auxin homoeostasis (Ranocha et al.,
2013). Another significant SNP was located on Ca5: 12,166,907,
near a sugar transporter gene with an important role in plant
growth (Wobus and Weber, 1999). Six SNPs were significantly
associated with EM, including one SNP on Ca3, three SNPs
on Ca4, and two SNP on Ca5 (Supplementary Table S1 and
Figure 3). One of the significant SNPs (Ca4: 35,589,599) was
located near a gene encoding MLP, which promotes vegetative
growth in Arabidopsis as described above (Guo et al., 2011).
Two SNPs were significantly associated with EV (Supplementary
Table S1 and Figure 2). One of the significant SNPs (Ca3:
38,177,160) was located near a gene encoding the transcriptional
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factor SPL9. It has been shown that SPL9 regulates leaf initiation
negatively in Arabidopsis, leading to a shorter leaf plastochron,
which is the time interval between two successive events of
plant growth (Schwarz et al., 2008). There were no SNPs
significantly (p < 3.45e-07) associated with SN, HI, DW, FT,
or PH. This could be attributed to the lack of statistical power
due to the small sample size (62–93 genotypes) employed in this
study.

Some regions contain SNPs significantly associated with
several different traits, which is an indication of a pleiotropic
effect (Figures 2, 3). For example, a genomic region of ∼274 kb
on Ca3 (18,924,965 to 21,660,191) contains a SNP significantly
associated with GY and two SNPs weakly (p-value = 1.59e-06
and 4.49e-05) associated with SN. A ∼437 kb genomic region on
Ca4 (35,589,599 to 36,026,910) contains eight SNPs, significantly
associated with four traits: EM, maturity, PT, and 100SW. Four
auxin-related genes, encoding one auxin efflux carrier protein
(PIN3) and three nodulin MtN21/EamA-like transporters, are
located in this region on Ca4. Another ∼587 kb genomic
region on Ca5 (11,580,061 to 12,166,907) contains two SNPs,
which were significantly associated with 100SW and MA. Five
auxin-related genes, including one auxin influx transporter
(LAX3) and four nodulin MtN21/EamA-like transporters, are
located in this region. Two SNPs, significantly associated with
both 100SW and maturity, were located in a 197 kb region
on Ca6 (39,200,356 to 39,397,897) which contains two sugar
transporters.

Genomic Prediction
Prediction accuracies for GY, 100SW, SN, and EV were
estimated using RR-BLUP and different subsets of the SNPs
based on p-values from GWAS results. Prediction accuracies
increased when subsets of the SNPs based on a more
stringent level of p-value were used (Figure 4). The increments
plateaued in all four traits using subsets of SNPs with
p-values between 0.05 and 0.01 and dropped dramatically at
p-values of 3.45e-07 (equal to 0.05 after Bonferroni correction).
The lowest prediction accuracies in three traits occurred
when using all SNPs, which was probably due to noise
introduced by non-causal variants as RR-BLUP shrikes each
marker effect equally (de Los Campos et al., 2013). We also
used BL and BRR to estimate prediction accuracies using
subsets of SNPs. The results were similar to the RR-BLUP
model.

DISCUSSION

Previous effort on breeding drought-tolerant chickpea has
concentrated on accelerating flowering to escape terminal
drought (Upadhyaya et al., 2012). This study showed that
some India-derived genotypes with early podding trait aborted
early onset pods in the Australian environments due to low
temperatures in early spring. This suggests that it may be more
relevant to focus on breeding for drought tolerance per se
under Australia environments, traits such as water-use efficiency
(Zaman-Allah et al., 2011; Kashiwagi et al., 2013), beneficial

FIGURE 3 | Manhattan plots showing GWAS results of hundred seed weight
(100SW), maturity score (MA), emergence score (EM), and podding time score
(PT). Each dot represents an SNP. The x-axis is the physical position of the
SNP. Chromosomes are numbered from 1 to 8 while 9 represents all
unassembled contigs. The red line is a significant threshold
of p-value = 3.47e-07, equal to a level of 0.05 after Bonferroni correction.
Regions containing SNPs significantly associated with different traits are
highlighted with red rectangles.

root traits (Zaman-Allah et al., 2011), stomatal conductance
(Rehman et al., 2011), and osmotic adjustment (Morgan et al.,
1991). As pointed out by Berger et al. (2016), the selection
pressure for drought escape and drought tolerance per se is
very different. Excessive use of the drought escape mechanism
can compromise yield potential due to shorter life cycles to
accumulate water and light resources. Thus a new breeding
strategy is warranted, such as the integrated framework proposed
by Berger et al. (2016).

Auxin-Related Genes and Sugar
Transporters Play an Important Role in
Yield-Related Traits under
Drought-Prone Environments
Several auxin-related genes, including PIN3, ABC transporter
B family/PGP, and nodulin MtN21/EamA-like transporters,
were found to be near SNPs significantly associated with GY,
100SW, PT, EM, and MA. Auxin (primarily indole-3-acetic
acid) is a well-known phytohormone that plays a pivotal
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FIGURE 4 | Prediction accuracies for grain yield (GY), hundred seed weight (100SW), seed number (SN), and early vigor score (EV) using different subsets of SNPs
based on p-values from GWAS results.

role in plant growth, seed development, and abiotic stress
response (Zhao, 2010; Kazan, 2013; Locascio et al., 2014).
A recent review paper summarized how plants coordinate
auxin biosynthesis, transport, perception under osmotic stresses
induced be drought, salinity (Naser and Shani, 2016). Auxin
was found to enhance drought tolerance via the regulation of
root architecture, expression of abiotic stress genes (DREB2A
and DREB2B), ROS metabolism, and metabolic homeostasis
in Arabidopsis (Shi et al., 2014). PIN3, belonging to the
auxin efflux carrier protein family, have been characterized as
important regulators involved in plant growth, phototropic
response, and drought stress response (Ding et al., 2011;
Zhang et al., 2012, 2013). A study in rice showed that drought,
cold and heat stress affected the expression of genes involved
in auxin signaling and polar transport, such as the PIN
protein family (Du et al., 2013). Several studies have shown
that PGP is involved in auxin transport through the plasma
membrane and can stabilize the PIN protein family (Geisler
and Murphy, 2006; Blakeslee et al., 2007; Titapiwatanakun
et al., 2009; Zazimalova et al., 2010). Arabidopsis WAT1, a
homolog of the nodulin MtN21/EamA-like transporter, was
recently identified as a vacuolar auxin transporter required for
auxin homoeostasis, a process that maintains an endogenous
steady-state concentration of primary auxin (Ranocha et al.,
2013). Several sugar transporters were found to be near SNPs
significantly associated with 100SW and MA. Comprising
hexose and sucrose transport proteins, the sugar transporters are
members of the major facilitator superfamily. Sugar transporters
play a key role in plant growth, source–sink partitioning,
molecular signaling, and seed development, and are therefore
important for optimal plant development and crop yield
(Wobus and Weber, 1999; Wingenter et al., 2010; Doidy et al.,
2012).

Using a bi-parental QTL mapping population, a “QTL-
hotspot” region on Ca4 13,239,546 to 13,547,009 (based on
the kabuli reference genome v1.0) was associated with at least
seven traits including root traits, 100SW, PH, and days to
flowering (Varshney et al., 2014b; Jaganathan et al., 2015; Kale
et al., 2015). In this study, we did not identify SNPs from the
“QTL-hotspot” region significantly associated with any traits.
We identified a ∼437 kb genomic region on Ca4: 35,589,599
to 36,026,910 (Ca4: 37,933,355 to 38,412,853 based on the
kabuli reference genome v1.0) containing eight SNPs significantly
associated with four traits: EM, maturity, PT, and 100SW.
Different 100SW QTL were identified between the two studies,
which may be attributed to the different mapping populations
examined.

Confounding Effects of
Self-Incompatibility with Pod Abortion
under Drought
Three SNPs, located on Ca2, Ca3, and an unassembled contig,
were significantly associated with EPR (Supplementary Table S1
and Figure 2). The kinesin-4 and self-incompatibility (SI)
proteins were adjacent to two of the three significant SNPs.
The kinesin-4 family plays an important role in cell elongation
and has been shown to affect the length of siliques and seeds
produced per silique in Arabidopsis (Kong et al., 2015). The SI
protein (IPR010264) is highly homologous (with a total score
of 141 and E value of 2e-32 using NCBI blastn) to a Medicago
gene Medtr1g057250.1, which was well characterized in Papaver
rhoeas (Foote et al., 1994; Wilkins et al., 2014). SI is a mechanism
used by many flowering plants to prevent self-fertilization and
inbreeding depression. Pollen from SI plants, carrying the same
haplotype as the pistil, was rejected via the program cell death
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mechanism (Wilkins et al., 2014). Chickpea is generally a self-
pollinating crop with an outcrossing rate of less than 2% (Toker
et al., 2006); however, SI plants with empty pods yet viable
pollen were observed in an F2 segregating population from
a cross (H 82-5 × E100 ym) × Bhim with ∼22% of F2 SI
plants (Lather and Dahiya, 1992). Pod abortion has long been
thought to be introduced mainly by abiotic stress (Fang et al.,
2010; Pang et al., 2017). Our findings, however, indicated that
SI might have confounding effects with pod abortion under
drought.

Incorporating the Results of GWAS
Increased Prediction Accuracy
Prediction models, employing variable selection procedures
such as the LASSO, are considered to be better than RR-
BLUP theoretically because they remove non-causal variants
and variants not in LD with causal variants (Daetwyler et al.,
2010; Meuwissen and Goddard, 2010). However, Wimmer et al.
(2013) showed that LASSO failed to achieve its superiority
and thus suggested to “preselect markers according to biological
prior information.” Our study supports this assumption by
showing that prediction accuracies were significantly improved
using a subset of SNPs significantly (between p < 0.05 and
p < 0.01) associated with traits. Several computer simulation
studies (Meuwissen and Goddard, 2010; Ober et al., 2012)
speculated that using large amounts of markers from WGRS
may increase prediction accuracy, particularly in cases where
the training population is distantly related to the prediction
population. We argue that having more markers alone may
not help to increase prediction accuracy, but it may help
to identify the causal variants. If the prediction is done
subsequent to the identification of causal variants, then the
prediction may increase, as demonstrated in the current study,
and thus the advantage of employing WGRS in GS can be
realized.

Many studies have been published on the effect of marker
density on prediction accuracy (Lorenzana and Bernardo, 2009;
Vazquez et al., 2010; Weigel et al., 2010; Hoffstetter et al.,
2016). Most have selected markers randomly or based on equal
space and found that prediction accuracy increased when the
number of markers increased, but reached a plateau depending
on the extent of LD and the population size (Vazquez et al.,
2010). A few studies selected markers based on biological prior
information (Hoffstetter et al., 2016; Kooke et al., 2016; Spindel
et al., 2016). Compared to using all markers in the RR-BLUP
model, prediction accuracies doubled by using a subset of
markers with significant association with grain yield in wheat
(Hoffstetter et al., 2016). Another GS study in rice also showed
that prediction accuracies were 7.0%–29.8% higher based on
RR-BLUP with all markers and markers (selected from GWAS)
fitted as fixed effects compared to that based on RR-BLUP
with all markers alone (Spindel et al., 2016). Using different
models, a recent GS study in chickpea indicated that prediction
accuracies of yield under rainfed environments ranged from
0.148 to 0.186, which is similar (0.25) to this study using all
144,777 SNPs, but much smaller (0.56–0.61) than when using a
subset of SNPs significantly associated with yield. We speculate

that prediction accuracy may increase if an approach described
here is adopted.

Training population size is an important factor in GS. Several
studies have been conducted to investigate the optimum size
for a training population in plants. Generally, the accuracy of
estimated marker effects increases as the sample size increases
(Albrecht et al., 2011; Endelman et al., 2014). Compared to
other prediction models, one simulation study showed that RR-
BLUP is robust with a small training population size even as
low as n = 75, with diminishing benefits between n = 125
and n = 300 (Lorenz, 2013). Riedelsheimer and Melchinger
(2013) reached a similar observation and recommended to
allocate more resources to the selection candidates (prediction
set) instead of the training population when budget is fix.
Compared to a GS study in chickpea conducted by Roorkiwal
et al. (2016), the training population size in this study is
relatively small. Because the main objective of this study is
to test the prediction accuracy based on subsets of significant
SNPs. The result of this study should hold since the size of
the training population was the same in different subsets of
SNPs. For real breeding application, such as selecting candidate
genotypes without phenotypic data, larger training populations
should be used to increase prediction accuracy. Additionally, the
training population needs to be updated regularly to maintain
a close relationship with selection candidates (Neyhart et al.,
2017).

Grain yield is a complex trait controlled by numerous genes
with small effect. We found only one SNP significantly associated
with grain yield in this study, probably due to limited statistical
power to identify genes which underline complex traits. Even
if all yield-related genes could be identified using a larger
sample size, pyramiding favorable alleles from all genes into
a single genotype using traditional marker-assisted selection
or transgenic approaches would be extremely difficult. The
superiority of the GS approach is that it can use all marker
information simultaneously and thus circumvent the complex
process of pyramiding. That is not to say that GWAS and marker-
assisted selection do not have a place in molecular breeding;
for example these approaches are useful for targeting simple
traits (Mendelian traits) such as disease resistance (Varshney
et al., 2014a; Li et al., 2017). This study also shows that
incorporating the results of GWAS into the prediction model
can significantly increase prediction accuracy. However, this gain
of prediction accuracy is only examined in a cross-validation
scheme. Further study is needed to investigate whether this
result holds true when this approach is applied to selection
candidates.
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Drought is the most important factor limiting rice yield in most rainfed areas of Asia

and Africa. Four large BC2F2 populations consisted of 3,200 individuals, which were

derived from crosses between an elite Geng variety, Jigeng88, and four donors from

three different countries, were screened and progeny tested under severe drought

stress, resulting in the development of 72 introgression lines (ILs) with significantly

improved yield compared to the recurrent parent Jigeng88. These DT ILs plus four

random populations (without drought selection population) from the same crosses were

evaluated in replicated trials under both drought stress and non-stress conditions in

two environments, and characterized with simple sequence repeat (SSR) markers to

understand how directional selection was operating on the genetic variation of DT of

rice. Thirteen DT QTLs of large effect were identified based on the significant allelic

and genotypic frequency shits in the DT ILs by using the joint segregation distortion

method. The 13 QTLs were validated by the genotypic differences at individual QTL in

the random populations. Putative genetic networks consisting of 30 loci in 29 functional

genetic units underlying DT were detected by X2 tests and non-random associations

between or among DT loci in DT ILs from the four populations. Most large-effect DT

QTLs were previously reported and located in the upstream of the genetic networks

as putative regulators, and were either mapped to important regulatory genes for DT

or drought responsiveness reported previously. In our study, five promising ILs with

significantly improved yield were selected under both drought and normal irrigated

conditions. The QTLs and their genetic networks underlying DT detected provided useful

genetic information for further improving DT and yield using designed QTL pyramiding.

Keywords: QTL, drought tolerance, functional genetic units, non-random associations, hidden genetic diversity
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INTRODUCTION

Rice (Oryza sativa L.) is the major food crop for more than
700 million people and more than 90% of rice in the world
is grown and consumed in Asia (Ji et al., 2012; Palanog et al.,
2014). However, with the deterioration of environment, area with
severe water shortage is expected to increase. In Asia, about 50%
of the rice land is rainfed rice area where the water supply is
unpredictable and droughts are common. Rice is sensitive to
drought stress at the reproductive stage, when a slight drought
stress can cause drastic yield loss (Kamoshita et al., 2008; Palanog
et al., 2014). Drought has been a major abiotic stress factor
for limiting rice production in rainfed ecosystem. Developing
drought tolerance (DT) rice cultivars is the direct and effective
way to reduce crop loss.

Developing DT rice varieties is often challenging because of
the complexity of DT. In nature, drought stress may occur at
any stage of rice growth, and the effect of drought stress on
rice are various at different growth stage. The rice species has
12 chromosomes with the whole genome size of 430Mb. In rice
breeding, direct selection for improving DT was often ineffective
because rice DT often show a considerable degree of genotype by
environment interaction (Fukai and Cooper, 1995). As a result,
tremendous efforts have been devoted to genetically dissect DT
related secondary traits such as root architecture, leaf water
potential and relative water content, etc. Unfortunately, indirect
selection for secondary traits have not been effective to improve
DT in rice due to poor correlation between the secondary traits
and grain yield under drought stress (Palanog et al., 2014). Recent
studies showed that direct selection for grain yield (GY) in
artificial or natural drought stress conditions is the most effective
way for developing DT rice with high yield potential under non-
tress conditions (Venuprasad et al., 2007, 2008; Guan et al.,
2010). However, it often takes long time for cultivar development
using traditional methods of rice breeding on the basis of simple
cross making and phenotypic selection. An alternative method
of improving breeding effectiveness is to identify quantitative
trait loci (QTLs) with large and consistent effects in different
populations under drought stress conditions. The identified QTL
can be used for marker assistant breeding (MAB) (Venuprasad
et al., 2011). Thus, many efforts have been made to identify large-
effect QTL affecting DT and develop marker assisted selection
systems for improving rice DT (Xu et al., 2005; Yue et al., 2005;
Palanog et al., 2014). Again, despite larger numbers of QTL
related toDT have been detected, relatively few of them have large
and consistent effects for an efficient MAS program.

In order to fill the gap between basic genetic/molecular
dissection of DT and improving DT in breeding, a new strategy
has been proposed for simultaneous improvement and genetic
dissection of complex traits using backcross breeding and
marker-facilitated tracking of gene flow from donors to recipients
from selection (Li et al., 2005b). In other words, selected breeding
progeny will be used to conduct QTL mapping, which have
three major advantages over the classical QTL mapping. The
first one is the small size of selected breeding populations and
thus requires low costs in both genotyping and phenotyping.
Second, selected population often has greatly increased power

in detecting QTL for the target traits under selection, but much
reduced power in detecting QTL for non-target traits. The third
and most important one is that mapping QTL using selected
population is part of breeding and lines from selected populations
are expected to carry beneficial alleles of QTL. Thus, selected
lines can potentially become new varieties, but more likely can
be used directly as parents in making crosses of “designed QTL
pyramiding,” an important step toward breeding by design (Ali
et al., 2017).

In this study, we demonstrated again the strategy for
simultaneous improvement and genetic dissection of DT of rice
in the process of breeding. We reported the development of
superior lines with significantly improved grain yield under both
drought stress and irrigated conditions as well as providing useful
breeding lines and genetic information for further improving rice
yield and DT using designed QTL pyramiding.

MATERIALS AND METHODS

Development of the Plant Materials
A superior high yield Geng (japonica) variety, Jigeng88, which
is an elite cultivar commercially grown in Jilin province of
China, was used as the recurrent parent (RP) and four varieties
collected from China, Malaysia, and IRRI as donors. These
donors contained three Xian (indicas) and one Geng variety
(Table 1). In the summer of 2005, Jigeng88 (JG88) was crossed
with all donors to produce F1s on the experimental farm of
Ningxia Academy of Agriculture and Forestry Sciences (NAAFS)
in Yinchuan (38.5◦ N, 106.2◦ E). The F1 plants were backcrossed
with the RP to produce BC1F1 population in Sanya (18.3◦ N,
109.3◦ E), Hainan Province of China during the winter season
of 2005–2006. In the summer of 2006, 25–30 randomly selected
plants from each of the BC1F1 populations were backcrossed with
the RP to produce 25–30 BC2F1 lines. From each of the crosses,
25 BC2F1 lines were planted (36 plants of each line in a single
row) in 2007. Selfed seeds from individual plants of 25 BC2F1
lines of each cross were bulk harvested to produce a single bulk
BC2F2 population.

The Screening of the BC2F2 Bulk
Populations for DT at the Reproductive
Stage
The screening of the BC2F2 bulk populations was conducted on
the experimental farm of NAAFS. The soil of the test field was a
sandy clay. In the initial screen for DT, 800 25-day old seedlings
of each BC2F2 population were transplanted into a big 80-row
plot with 10 plants per row and a spacing of 20× 25 cm between
plants and rows flanked by two rows of the RP in the summer
of 2008 at the NAAFS. Figure 1A shows the field screening
of drought tolerance (DT) at reproductive stage. The field was
managed under the normal irrigation until the peak tillering
stage 50 days after transplanting. Then, the field was drained.
Flush irrigation was applied twice when drought stress became
very severe due to large evaporation capacity, at an interval of
10 days (total water applied 1,600 m3 ha−1), to create severe
water stress at the reproductive stage. The resulting soil water
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TABLE 1 | The information of 4 rice backcross populations used for improving drought tolerance in this study.

DT selected ILs Random ILs

Donor (code) Subspeciesa Origin Nb
1

N2 SI (%)c N3 DG%d He N4 DG% H

Mean ± SD Mean ± SD

IR66897B (I) Xian(X) IRRI 800 28 3.5 17 13.5 ± 16.8 2.1 ± 3.3 60 10.4 ± 9.8 2.8 ± 3.3

MR77 (II) Xian(X) Malaysia 800 40 5.0 21 10.2 ± 8.1 1.4 ± 3.0 55 5.9 ± 6.5 1.0 ± 2.6

MR167 (III) Xian(X) Malaysia 800 29 3.6 10 8.9 ± 16.8 0.0 60 6.4 ± 7.2 0.6 ± 1.5

SN265 (IV) Geng(G) China 800 38 4.8 24 19.9 ± 11.5 3.6 ± 4.8 60 13.9 ± 8.1 0.9 ± 1.3

Mean 33.8 4.2 19.8 11.5 1.8 58.8 9.2 1.3

aSubspecies X = Xian (indica) and G = Geng (japonica).
bN1 is the original size of the BC2F2 population used for screening drought tolerance. N2 is the number of surviving plants initially selected from each population after drought stress

treatment at the reproductive stage. N3 is the number of selected BC progeny with significantly improved DT as confirmed by progeny testing of their derived BC2F2 : 3 ILs under drought

stress at the reproductive stage. N4 is the size of each of the BC2F2 random populations used for validation.
cSI is the initial selection intensity (proportion of plants selected) in the BC2F2 populations.
dPercentage of the donor genome of the BC2F2 ILs was calculated based all polymorphic SSR markers used in genotyping.
eH, heterozygosity.

FIGURE 1 | Field screening and performance of drought tolerance under drought stress. (A) The field screening of DT at the reproductive stage. (B) Performance of

the DT ILs under drought stress. (C) Comparison of DT IL and JG88 under drought stress (The left side are JG88 and right side are DT ILs).

content was ∼16–19% (v/v) based on constant monitoring using
the time domain reflectometry method (TRIME-FM moisture
meter; IMKO GmbH, Ettlingen, Germany) at a soil depth of 0–
30 cm. No rainfall occurred during this period at the study site.
Out of 3,200 plants from the four BC2F2 populations, total of
135 plants survived under the severe drought stress, and then
were harvested individually at the maturing stage. All selected
BC2F3 lines were progeny tested under the similar drought stress
(DS) conditions in the summer of 2009, and 72 BC2F3 lines
with significantly higher yield were selected, ranging from 10
lines from the Jigeng88/MR167 population to 24 lines from
the Jigeng88/SN265 population (Table 1 and Figures 1B,C). The
flowchart shows the population development for identification
of QTL in selected population and validation of QTL in random
population (Figure 2).

Phenotypic Data Collection
In the summers of 2012 and 2013, all selected 72 BC2F4 lines
plus 235 random BC2F4 lines from the same four populations
were evaluated under the drought stress and irrigated conditions
in the experimental farms of NAAFS and Chinese Academy of
Agricultural Sciences (CAAS) in Beijing (BJ). The soil of the

test field was a sandy loam in Beijing. In each experiment, 30-
day old seedlings of each ILs were transplanted into a five-
row plot with 30 plants in each plot and a spacing of 20
× 25 cm between plants and rows. A completely randomized
block design was used with two replications per line. Under
the irrigated control condition, water was applied whenever
necessary until most lines had reached the grain-filling stage
(total water applied 4,800m3 ha−1). For drought stress, moderate
stress condition was performed to validate the DT lines at
the NAAFS. A water sheltered facility was adopted in CAAS
for creating drought stress. Normal irrigation was maintained
for 1 month after transplanting, then the plots were drained
and irrigation was withheld completely till harvest. Thus, all
tested lines were subjected to severe drought at the reproductive
stage. During the periods of drought stress, water levels of the
fields were monitored daily at a soil depth of 0–30 cm based
on constant monitoring using the time domain reflectometry
method (TRIME-FM moisture meter; IMKO GmbH, Ettlingen,
Germany). At maturity, all plants were harvested and measured
for grain yield and five plants in each plot were sampled and
measured for following yield related traits: heading date (HD),
plant height (PH), effective panicle number per plant (PN),
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FIGURE 2 | Flowchart of the population development for identification and validation of QTL for drought tolerance in rice.

thousand-grain weight (GW), filled grain number per panicle
(GN), grain weight per plant (GY), and spikelet number per
panicle (SN). HD was recorded when the panicle was exerted
∼50% of the plants in a plot.

Genotyping Experiments
Genomic DNA was extracted using the CTAB method
(Ahmadikhah, 2009). The DNA was isolated from bulk
fresh leaf tissues of each BC2F2 : 3 IL. More than 600 rice anchor
simple sequence repeat (SSR) markers were used to survey the
parental lines, resulting in 181, 201, 197, and 38 polymorphic
SSR markers, respectively, for the four populations. The markers
were used to genotype the selected ILs and random ILs.

Statistical Analysis
Because of the greatly reduced variation among lines within
each of the selected IL population, normal statistical methods
for identifying QTL in random segregating populations are not
appropriate for detecting QTL in selected populations. Therefore,
we took a segregation distortion approach to map segregation
distortion markers (Cui et al., 2015). In addition, we combined
the four selected breeding populations together to perform a
joint QTL mapping following the method developed by Cui
et al. (2015). However, the four selected populations in this study
have different markers. Some markers in some populations were
not genotyped. We first developed a consensus map using the
multipoint method under the Markov model (Cui et al., 2015).
As Cui et al developed, an individual survived from the drought
stress with an underlying quantitative trait yjcalled liability which
can be described by the liner model

yj = Zja+ ξj (1)

where Zj is the genotype indicator for individual j, a is the
genetic effect of locus, ξj is the residual error follow the normal
distribution ξj ∼ N(0, 1). Assume all the individuals survived
are selected based on the yj > 0 criterion. The probability of
surviving is Pr(yj > 0) = 8(Zja). Using the Bayes’ theorem, the
posterior probability of survival for each genotype are πj(11) =

φ118(a)/π̄j, πj(12) = φ128(0)/π̄j, πj(22) = φ228(−a)/π̄j, where
π̄j = φ118(a) + φ128(0) + φ228(−a) and φ11 = 13/16,
φ12 = 2/16, φ22 = 1/16 are the expected Mendelian frequencies
for the three genotypes in BC2F2. When a = 0, the posterior
probabilities are equal to the expected Mendelian frequencies
and we will not be able to detect segregation distortion. If
a 6= 0 the posterior probabilities of genotypes will deviate
from the expected Mendelian Segregation ratios. The segregation
distortion loci could be identified. For each population, we
estimated the effect of each marker and calculated the variance
of the estimated effect. Let âk be the estimated effect and var(âk)
be the variance of the estimate for a marker under consideration.
The Wald test for H0 : ak = 0 in the kth population was obtained
using â2

k
/ var(â

k
). The joint test for all populations for H0 : a1 =

a2 = ... = ap = 0 is

Wald =

p∑

k=1

â2
k

var(âk)
(2)

where p = 4 is the number of populations. When there are
multiple populations, the Wald test simply takes the sum of the
Wald test of each individual population. In fact, the random
model approach was developed by treating each ak as a normally
distributed random variable with a common variance across
populations, i.e., ak∼N(0, σ 2

a ) for k = 1, ..., p. The shared variance
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justified the joint mapping (Cui et al., 2015). The critical value for
genome-wide significance at the 0.05 level was drawn from 1,000
permuted samples (Churchill and Doerge, 1994).

Construction of Genetic Networks
Underlying Drought Tolerance
According to the molecular quantitative genetic theory (Zhang
et al., 2011; Wang et al., 2015), segregating loci at different
levels of signaling pathways contributing to DT in the selected
ILs from each BC population were expected to show significant
frequency shifts and non-random associations in a strictly
hierarchical manner. Here, a functional genetic unit (FGU)
is defined either as a single locus of significant excess
introgression or an associate group (AG) of r (r ≥ 2) unlinked
but perfectly associated loci of equal introgression in the
DT ILs selected from each BC population. Single FGUs of
excessive introgression could be detected by the segregation
distortion method described above, or by simple X2 tests for
detecting significant deviations of the donor and genotypic
frequencies at individual loci across the genome from the
expected allelic and genotypic frequencies estimated from all
genotyped markers of the random populations. In addition,
DT loci involved in epistasis (the same signaling pathways)
were expected to show strong non-random associations in
response to selection, and thus could be detected as association
groups (AGs) each consisting of r (r≥ 2) unlinked but perfectly
associated loci of equal introgression in DT ILs selected
from each BC population. Thus, a multi-locus probability
test:

P(AG) = (pi)
rm × (1− pi)

r(n−m) (3)

where pi is the frequency of the donor introgression in the
random ILs from each BC population, nis the number of the
selected ILs, mis the number of ILs that have co-introgression
of the donor alleles, and (n − m) is the number of ILs
having no introgression at the r unlinked loci in the AG.
Here (pi)

m is the probability of m ILs having co-introgression
of the donor alleles and (1− pi)

n−m is the probability of
(n − m) ILs having no introgression at r unlinked loci.
The threshold to claim a significant case was P ≤ 0.005
(Zhang et al., 2014). For each AG consisting of r (r≥ 2)
unlinked but perfectly associated loci, r × (r − 1)/2 significant
pairwise associations would be existed between the rloci,
which were also confirmed by the linkage disequilibrium (LD)
analyses. To reveal the multi-locus structure or putative genetic
network underlying DT in the ILs from each BC population,
pairwise gametic LD analyses were performed to characterize
the relationship between alleles at all DT FGUs detected in
the DT ILs from each BC population. The equation of LD
statistic

D̃AB = p̃AB − p̃Ap̃B (4)

where p̃AB, p̃A, and p̃Bwere the frequencies of co-introgression
functional AB and functional genotypes at FGUs A and FGUs
B, respectively. A multi-locus genetic network including all

detected FGUs in the confirmed drought-tolerance ILs was
constructed in two steps based on the principle hierarchy:
(1) All the FGUs detected in the DT ILs from a single
population were divided into major groups according to the
LD results. The individual FGUs of different IF within each
group were all significantly and positively associated with
⌢

DsAB
′ = 1.0, and FGUs in different groups were either

independent or negatively associated; (2) Based on the principle
of hierarchy, all associated FGUs within each group were
connected and formed multiple layers according to their
progressively reduced functional genotypes (FG) frequencies
and inclusive relationships (Zhang et al., 2011). The underlying
assumption for the network construction is that all FGUs in
a network are genetically independent (unlinked) from one
another, which was true in our cases because all redundant loci
due to linkage (recombination frequency ≤0.4) associated with
each of the FGUs detected in DT ILs of each population were
removed.

RESULTS

Developing ILs With Significantly Improved
DT and Yields
From a total of 3,200 plants in the four BC2F2 populations,
135 plants survived the drought stress and were selected in
the first round screening. The number of selected individuals
ranged from 28 in population I to 40 in population II (Table 1).
After progeny testing of the 135 DT BC2F3 lines, 17, 21, 10,
and 24 DT ILs from the four populations showed significantly
higher GY than the recurrent parent (JG88) under drought stress
at the reproductive stage. In the phenotyping experiment, all
BC2F4 IL populations showed significantly improved GY under
drought stress when compared to JG88, at Ningxia and/or Beijing
(Table 2). The ANOVA results show that there was a statistically
significant difference in all traits between the normal and drought
stress conditions. The location factor for trait PH, PN, SN,
GW, and HD were found to be statistically significant with P
< 0.01. There was a significantly difference for PH, PN, GW,
and HD between the different lines. The G by E interactions
were existed in the trait PH and PN (Supplementary Table
1). The mean yield advantage of the IL populations over the
RP ranged from 12.7 to 22.5% under the moderate drought
stress (JG88 suffered 58.5% yield loss) in Ningxia, and from
89.4 to 178.9% under the severe drought (JG88 suffered 91.0%
yield loss) in Beijing, even though there was some residual
variation for DT among ILs from each population (Table 2).
Clearly, the more severe of drought stress was, the greater the
yield advantage over the RP the selected DT ILs had. When
the yield related traits of the IL populations were examined,
almost all populations had similar mean trait values as JG88
except for population I which had significantly higher trait
values for PH, SN, and GN. Under the irrigated conditions,
no significant differences were detected for yield and related
traits between the selected IL populations and JG88 (Table 2).
Nevertheless, we were able to identify five promising ILs which
had significant higher yields than JG88 under both drought
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TABLE 2 | Mean performances of the DT introgression lines for grain yield and related traits selected from 4 backcross populations and their recurrent parent (JG88) in

Ningxia (2013) and Beijing (2012) under the drought stress and non-stress irrigated conditions.

Population Location N GY(g) HD(d) PH(cm) PN GN SN GW(g)

Drought stress I NX 17 8.4 ± 1.8* 108.1 ± 6.1 84.5 ± 13.3* 4.7 ± 0.6 121.3 ± 17.0** 151.1 ± 20.0** 17.8 ± 1.5

II NX 21 8.1 ± 1.0* 101.6 ± 3.7 67.5 ± 6.7 5.3 ± 0.7* 94.0 ± 14.8 126.5 ± 18.9 18.0 ± 1.2

III NX 10 8.7 ± 1.5** 103.3 ± 4.1 69.8 ± 4.8 5.7 ± 0.8** 93.3 ± 16.1 119.4 ± 15.9 19.0 ± 1.7

IV NX 24 8.0 ± 1.2* 106.4 ± 1.4 74.2 ± 3.3 5.2 ± 0.6 97.4 ± 10.2 111.6 ± 10.6 18.8 ± 1.8

JG88(RP) NX 7.1 ± 0.4 105.1 ± 1.9 73.6 ± 2.1 4.7 ± 0.4 87.9 ± 3.3 113.4 ± 15.1 20.3 ± 2.4

I BJ 17 4.5 ± 2.1 96.9 ± 8.8* 89.1 ± 12.4* 2.1 ± 1.2 114.8 ± 46.7 150.4 ± 50.9 14.9 ± 1.9

II BJ 21 5.3 ± 1.8 93.3 ± 3.9 79.0 ± 7.1 3.0 ± 1.4 119.0 ± 54.8 170.9 ± 123.4 16.7 ± 1.4

III BJ 10 4.6 ± 2.5 91.7 ± 3.3 81.2 ± 5.6 2.2 ± 1.4 130.1 ± 60.7* 155.4 ± 62.9 16.1 ± 2.4

IV BJ 24 3.6 ± 1.6 98.0 ± 3.0** 89.1 ± 5.4* 1.9 ± 0.9 111.2 ± 52.8 141.0 ± 66.6 16.1 ± 1.9

JG88(RP) BJ 1.9 ± 0.5 92.5 ± 3.2 78.5 ± 6.6 2.2 ± 1.0 97.7 ± 56.2 138.7 ± 60.2 15.7 ± 1.9

Non-stress irrigated

conditions

I NX 17 17.4 ± 3.9 102.5 ± 5.0 95.8 ± 10.7 5.9 ± 1.0 184.1 ± 22.0 204.5 ± 21.7 20.3 ± 1.3

II NX 21 18.5 ± 2.7 96.9 ± 2.3 93.3 ± 7.4 6.2 ± 1.2 175.7 ± 26.2 192.5 ± 27.7 21.5 ± 1.4

III NX 10 16.9 ± 3.8 99.4 ± 3.9 87.4 ± 6.4 5.9 ± 0.9 157.7 ± 30.5 169.1 ± 31.8 22.3 ± 1.9

IV NX 24 18.9 ± 3.1 101.6 ± 1.8 99.4 ± 3.4 6.3 ± 0.9 175.7 ± 20.0 187.3 ± 19.7 21.3 ± 1.2

JG88(RP) NX 17.1 ± 1.4 99.0 ± 2.6 91.0 ± 4.8 6.0 ± 0.6 175.1 ± 28.7 186.6 ± 31.8 21.5 ± 2.1

I BJ 17 22.6 ± 4.5 93.3 ± 6.8 114.2 ± 14.1** 7.3 ± 1.1 217.3 ± 31.9 245.8 ± 29.0 19.1 ± 1.2

II BJ 21 20.0 ± 2.4 90.9 ± 5.1 104.4 ± 6.1 6.2 ± 0.8 206.4 ± 37.9 237.2 ± 44.9 19.6 ± 1.2

III BJ 10 21.6 ± 6.3 91.5 ± 4.8 100.2 ± 7.1 6.8 ± 1.2 192.6 ± 32.6 208.2 ± 31.5 20.6 ± 1.0

IV BJ 24 22.1 ± 2.4 96.2 ± 1.7 109.8 ± 3.6 6.7 ± 0.8 214.4 ± 19.3 226.2 ± 20.3 20.0 ± 1.3

JG88(RP) BJ 21.1 ± 4.7 94.9 ± 4.5 106.5 ± 2.1 7.4 ± 1.7 222.0 ± 25.8 241.0 ± 29.3 19.6 ± 2.2

GY, grain yield; PH, plant height; PN, effective panicle number per plant; GN, filled grain number per panicle; SN, spike number per panicle; GW, thousand grain weight; HD, head date.
*and ** indicate the significance levels of P = 0.05 and 0.01, respectively, based on Duncan’s multiple comparisons in ANOVA.

stress and normal irrigated conditions in both and/or either
environments (Table 3).

Detection and Validation of DT QTL in the
Selected and Random IL Populations
Using a critical value of Wald test of 16.97 drawn from 1,000
permutated samples, 13 QTLs on seven rice chromosomes were
detected in 72 ILs selected from the four BC populations
(Table 4). These included 7 QTL (QDT1.3, QDT2.4, QDT2.9,
QDT7.1, QDT7.2, QDT7.4, and QDT11.5) in the 17 ILs
from population JG88/IR66897B(I), 7 QTL (QDT1.4, QDT6.3,
QDT2.9, QDT6.3, QDT6.5, and QDT10.3) from 21 ILs from
population JG88/MR77(II), 3 QTL (QDT2.9, QDT6.3, and
QDT6.5) from 10 ILs from population JG88/MR167 (III), and
4 QTL (QDT1.3, QDT2.4, QDT6.3, and QDT6.5) from the 24
ILs of JG88/SN265(IV). Of these, 2 QTL (QDT2.9 and QDT6.3)
each was detected in three of the populations, 4 QTL (QDT1.3,
QDT1.4, QDT6.5, and QDT7.1) each was detected in two of the
populations, and the 7 remaining QTL each was detected in a
single population. Two QTL, QDT1.4 near marker RM449 on
chromosome 1 and QDT2.9 near MR266 on chromosome 2 were
identified with the highest Wald values of 65.8 and 41.54.

In order to validate the detected DT QTL, the four random
(unselected) populations each with ∼60 BC2F4 lines from the
same four crosses were evaluated under drought stress in the
replicated trials. Based on the genotypic differences in mean

yields under drought at each of the detected QTL in the random
BC2F4 lines from each population, 11 of the 13 detected QTL
could be validated in the random populations evaluated in the
Ningxia experiment and 8 of the DT QTL could be validated in
the random populations in the Beijing experiment (Table 5). In
all cases, significantly increased GY under drought stress in both
Ningxia and Beijing were associated with the donor homozygote
genotype, indicating that the donor alleles at all these detected
QTL were associated with DT. The average yield advantage under
drought from the donor homozygote at individual QTL ranged
from 4.1% for QDT8.3 to 45.9% for QDT10.3.

Putative Genetic Networks (Multi-Locus
Structures) Underlying DT
Table 6 shows 29 FGUs (28 single loci and 1 association group
or AG) for DT detected by χ2 tests (single loci) and multi-
locus linkage disequilibrium analyses in 72 drought-tolerant
introgression lines (ILs) selected from the four populations.
These included 10 FGUs detected in 17 ILs of JG88/IR66897B (I),
9 loci in eight FGUs in 21 ILs of JG88/MR77 (II), 4 FGUs in 10 ILs
of JG88/MR167 (III), and 7 FGUs in 24 ILs of JG88/SN265(IV),
respectively (Table 6 and Figure 3). The average introgression
frequency (IF) of the donor alleles at the 30 DT loci ranged from
0.147 to 0.81.

Figure 3 shows the four putative genetic networks or multi-
locus structures each containing all DT FGUs identified in
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the selected DT ILs from populations I–IV. Genetic network I
contains 10 FGUs (10 loci) in five largely independent branches
detected in the 17 DT ILs from population Jigeng88/IR66897B.
Branch I-1 consisted of two unlinked but perfectly associated
loci, with RM542 (bin 7.4) of high introgression placed in
the upstream (IF = 0.588) and RM480 (bin 5.8) of lower
introgression (IF = 0.294) in the downstream. Similarly,
branches I-2, I-3, and I-4 each also consisted of two unlinked
but perfectly associated loci with a locus of high introgression
placed in the upstream and a locus of low introgression placed in
the downstream. Branch I-5 contains a single locus near RM141
(bin 6.7). Genetic network II consisted of eight FGUs (9 loci) with
two major branches plus two independent loci detected in the 21
DT ILs from population Jigeng88/MR77. Branch II-1 had RM449
(Bin1.1) of very high introgression (IF = 0.810) in the upstream
as the putative regulator connected with three sub-branches,
RM286 (bin11.1) (IF= 0.333), RM470 (bin 4.6) (IF= 0.214), and
agDTII−1 consisting of two unlinked but perfectly associated loci
at RM336 (Bin7.6) and RM331 (Bin8.3) of low introgression (IF
= 0.286) in the downstream. Branch II-2 consisted of 3 unlinked
but highly associated FGUs with RM406 of high introgression
placed at the top as the putative regulator and 2 FGUs (RM276
in Bin6.3 and RM311 in Bin10.3) of lower introgression in the
downstream. The independent FGUs included RM541 at bin 6.5
of high introgression (IF = 0.429) which were detected as DT
QTL using the segregation distortion method (Table 3). Genetic
network III detected in the 10 ILs of JG88/MR167 consisted of
4 FGUs (4 loci) with a single branch plus two independent loci
(MR518 in bin4.2 andMR253 in bin6.3). Branch III-1 containing
2 unlinked but highly associated loci with MR339 (bin8.3) in
the upstream and MR406 (bin2.9) in the downstream. The
genetic network of JG88/SN265 contained only 7 independent
loci (FGUs). This was not surprising since both JG88 and SN265
are closely related Geng varieties from Northeast China.

DISCUSSION

In this study, we have shown that most selected ILs from
the four BC populations had significantly improved GY under
drought stress without yield penalty under the normal irrigated
conditions (Table 2). This result plus the development of five
promising ILs that had significantly higher yields under both
drought stress and normal irrigated conditions indicated that
backcross breeding was effective for improving DT of high
yielding Geng varieties. We noted that the improved yield
performances of ILs under drought stress were associated
primarily with increased PN and GN, but not with increased
TGW. This is consistent with the effect of natural selection which
tends to act on the number instead of size of rice grains (Ashikari
et al., 2005; Lu et al., 2013). It should be pointed out that none
of the four donors in our BC breeding has good DT, but they
apparently all have genes contributing to DT, indicating the
presence of rich “hidden” genetic diversity in the primary gene
pool of rice for DT, as reported previously (Lafitte et al., 2006; He
et al., 2010; Wang et al., 2013a,b; Ali et al., 2017). This is true for
tolerances to other abiotic stresses such as salinity, submergence,
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TABLE 4 | Thirteen QTL associated with drought tolerance identified by the segregation distortion mapping method in DT introgression lines selected from four backcross

populations.

QTL Marker Position (cM)a Wald valueb Populationc QTL and drought-responsive genes

QDT1.3 RM572 66.4 22.15 I, II rfw1b (Li et al., 2005a)

QDT1.4 RM449 78.4 65.8 II, IV brt1d (Li et al., 2005a)

QDT2.4 RM424 66 17.5 I qDTY2.1 (Dixit et al., 2012); qLRS-2 (You et al., 2006)

QDT2.8 RM425 166 32.72 II

QDT2.9 RM266 192.2 41.54 I, II, III OsPIP1;3 (Lian et al., 2004; Liu et al., 2007)

QDT6.3 RM276 40.3 37.87 II, III, IV

QDT6.5 RM541 75.5 27.82 II, IV qgy6.1 (Palanog et al., 2014)

QDT7.1 RM427 1.1 20.74 I, IV OsCIPK23 (Yang et al., 2008)

QDT7.2 RM125 24.8 25.12 I OsNAC3/ONAC067 (Ooka et al., 2003)

QDT7.4 RM542 34.7 30.42 I rn7a (Li et al., 2005a)

QDT8.3 RM339 72.2 22.05 III QGy8 (Xu et al., 2005); QPn8,QTgw8, QSf8 (Wang et al., 2012)

QDT10.3 RM311 25.2 19.82 II trdw10.1 (Nguyen et al., 2004)

QDT11.5 RM229 77.8 21.75 I

acM means centimorgan, a unit of genetic distance.
bWald value = 16.97 and 20.35 at P = 0.05 and 0.01, respectively.
cThe designations of the populations are the same as Table 1.

TABLE 5 | Phenotype validation of DT QTLs by comparing mean grain yields of QTL genotypes of the four random populations in Ningxia (2013) and Beijing (2012) under

the drought condition.

QTL Marker Population Mean grain yield (g/plant) in Ningxia Mean grain yield (g/plant) in Beijing Yield improvementa (%)

Donor homozygote JG88 homozygote Jg88 Donor homozygote JG88 homozygote Jg88

QDT1.4 RM449 IV 9.22 8.47 7.71 7.54 6.60 6.89 14.5

QDT2.4 RM424 I 10.30 8.8 7.38 39.6

QDT2.8 RM425 II 10.25 8.46 7.63 8.38 6.87 6.52 31.4

QDT2.9 RM266 I 10.23 9.05 7.38 6.39 5.91 5.41 28.4

II 9.92 8.68 8.82 12.5

QDT6.3 RM276 II 9.83 9.04 8.82 8.23 7.00 6.52 18.8

QDT6.5 RM541 II 10.10 8.58 7.63 8.60 6.81 6.42 24.2

IV 8.20 6.70 6.89 19.0

QDT7.1 RM427 I 11.56 8.72 8.82 6.86 6.10 5.41 28.9

IV 9.03 8.31 7.71 17.1

QDT7.4 RM542 I 9.52 9.10 8.82 8.0

QDT8.3 RM339 III 9.18 8.26 8.82 4.1

QDT10.3 RM311 II 11.13 9.05 7.63 45.9

QDT11.5 RM229 I 10.00 9.10 7.38 7.04 6.07 5.41 32.8

aYield improvement (%) = (mean GY of ILs carrying the donor allele – mean GY of JG88)/mean GY of JG88.

high and low temperatures, etc. (Ali et al., 2006; Cheng et al.,
2011; Zhang et al., 2014) as well as for almost all complex traits in
rice (Li and Rutger, 2000; Zhang, 2012).

Rice responses to drought and other abiotic stresses are
known to be controlled by complex gene networks consisting of
many signaling pathways (Wang et al., 2011, 2015). However, it
remains a great challenge to link results from the classic QTL
mapping with those of molecular and transcriptomic analyses.
Resembling the previously reported genetic networks underlying
rice tolerances to cold and submergence (Zhang et al., 2014;
Wang et al., 2015), the genetic networks underlying DT detected
in this study each consisted of multiple independent branches,

each might represent a signaling pathway involved in rice DT
based on the following pieces of evidence. First, all DT QTL of
large effects (high introgression) detected in this study (Table 4)
appeared to be real ones as they were all validated in the
random BC populations of small population sizes that are known
to be less powerful in detecting QTL. Secondly, seven of the
major DT QTL (QDT1.3, QDT1.4, QDT2.4, QDT6.5, QDT7.4,
QDT8.3, and QDT11.5) had high introgression and were placed
as putative regulators in the upstream positions of the genetic
networks (Figure 3), as predicted by the theory (Zhang et al.,
2011). Two other putative regulators at bins 1.3 (branch I-4)
and 2.8 (branch II-2) were also in the approximate vicinity
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TABLE 6 | Genomic information for 29 functional genetic units (FGUs) (28 single loci and 1 association groups or AGs) for drought tolerance (DT) detected by χ
2 tests

(single loci) and multi-locus linkage disequilibrium analyses in 72 drought-tolerant introgression lines (ILs) selected from four populations.

Donor Code AGa Branch Marker Binb Position (cM)c Bd H IF P-value

IR66897B I I-1 RM542 7.4 34.7 10 0 0.588 1.40E-11

IR66897B I I-1 RM480 5.8 130.6 5 0 0.294 1.49E-02

IR66897B I I-2 RM229 11.5 77.8 8 2 0.529 2.66E-10

IR66897B I I-2 RM427 7.1 1.1 8 0 0.471 4.70E-07

IR66897B I I-3 RM424 2.4 66 7 1 0.441 6.66E-06

IR66897B I I-3 RM276 6.3 40.3 4 0 0.235 1.67E-02

IR66897B I I-4 RM572 1.3 61.2 7 0 0.412 3.38E-05

IR66897B I I-4 RM266 2.9 192.2 5 0 0.294 1.67E-02

IR66897B I I-4 RM167 11.2 37.5 1 3 0.147 6.35E-08

IR66897B I RM141 6.7 143.7 6 0 0.353 9.50E-04

MR77 II II-1 RM449 1.1 78.4 17 0 0.81 9.56E-29

MR77 II agDTII−1 II-1 RM336 7.6 61 6 0 0.286 8.36E-03

MR77 II agDTII−1 II-1 RM331 8.3 69 6 0 0.286 8.36E-03

MR77 II II-1 RM286 11.1 0 7 0 0.333 6.32E-04

MR77 II II-1 RM470 4.6 115.5 4 1 0.214 1.14E-01

MR77 II II-2 RM406 2.8 186.4 12 0 0.571 3.03E-13

MR77 II II-2 RM276 6.3 40.3 9 1 0.452 9.35E-06

MR77 II II-2 RM311 10.3 25.2 9 1 0.452 2.14E-07

MR77 II RM541 6.5 75.5 9 0 0.429 6.53E-07

MR167 III III-1 RM339 8.3 72.2 6 0 0.6 2.04E-07

MR167 III RM406 2.9 186.4 4 0 0.4 3.39E-03

MR167 III RM518 4.2 25.5 4 0 0.4 3.39E-03

MR167 III RM253 6.3 37 4 0 0.4 3.39E-03

SN265 IV RM449 1.4 78.4 8 3 0.396 4.95E-08

SN265 IV RM506 8.1 0 8 1 0.354 1.81E-04

SN265 IV RM541 6.5 75.5 7 2 0.333 5.77E-05

SN265 IV RM585 6.3 25.1 7 2 0.333 5.77E-05

SN265 IV RM426 3.9 157.3 7 0 0.292 4.42E-03

SN265 IV RM481 7.1 3.2 6 0 0.25 3.28E-02

SN265 IV RM283 1.2 31.4 6 0 0.25 3.28E-02

aAGs are defined as a group unlinked but perfectly associated loci of equal introgression in the selected DT ILs from each BC population, detected by multi-locus probability tests.

P-value is the probabilities for the null hypothesis that the genotypic frequencies fit the Mendelian segregation based on single locus X2 tests.
bBold ones were DT QTLs detected by the segregation distortion approach in Table 2.
ccM means centimorgan, a unit of genetic distance.
dB, H, and IF are the frequencies of the donor homozygote, heterozygote, and donor introgression frequency in the selected DT ILs from each population.

to QDT1.4 and QDT2.9, suggesting they were likely due to
linkage. Thirdly, according to the QTLs/genes located in the
region within 200 kb are the same QTL/gene, we found that
most of the major QTL identified in this study were mapped to
approximately the same locations as previously reported QTL
or important regulatory genes for DT (Table 4). For example,
QDT7.2 (near RM125) was mapped to the genomic location
harboring ONAC067/OsNAC3, a member of plant-specific NAC
family that is known to regulate plant responses to drought, cold
and high salinity (Kikuchi et al., 2003; Takasaki et al., 2010).
This region also harbor two previously reported DT QTL in
rice detected in a set of recombinant inbred lines developed
from the cross between Zhenshan 97 (Xian) and a upland rice
cultivar IRAT109 (tropical Geng; Yue et al., 2005, 2008). Similarly,
QDT2.9 was mapped together with OsPIP1-3, a gene that showed
increased transcription in response to drought and probably

played an important role in drought avoidance in rice (Lian et al.,
2004). The QDT7.1 was mapped in the region with a cloned
gene OsCIPK23 which is a multi-stress induced gene mediates
a signaling pathway commonly shared by both pollination and
drought stress. TheQDTY2.4wasmapped to the same location as
most a previously reported DTQTL, qDTY2.1, and qLRS-2 (Dixit
et al., 2012). The QDT1.3 and QDT1.3 located on chromosome 1
were mapped in the adjacent region harboring rfw1b and brt1d
(Li et al., 2005a). The QDT8.3 was mapped in the same region
of QGy8 for grain yield, QPn8 for panicle number, QTgw8 for
thousand grain weight and QSf8 for seed fertility (Wang et al.,
2012) under drought stresses. The QDT10.3 was mapped to the
same region as the trdw10.1 was reported by Nguyen et al.
(2004). TheQDT2.8,QDT6.3, andQDT11.5 are probably newDT
QTLs which have been validated in random population of this
study. All these results strongly suggested that most main-effect
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FIGURE 3 | Putative genetic networks (multi-locus structures) underlying drought tolerance (DT) of rice detected in JG88 backcross introgression lines (BILs) from four

populations. In the corresponding graphical genotypes of each network, the unfilled, fully colored, and patched cells represent the recipient homozygote, donor

homozygote, and heterozygote genotypes. The numbers in the cells of each FGU are the number of loci included in the FGUs. The loci (markers) included in each of

the detected association groups (AGs) are shown in Table 6. Solid arrow lines connected two FGUs in each branch of a network represent putative functional

relationships with those of high introgression as putative regulators in the upstream and those of low introgression in the downstream, and the thickness of an arrow

line was proportional to the introgression frequency of the downstream FGU in Table 6.

QTL detected in this study were most likely regulatory genes
that play important roles in regulating rice responses to DT
and probably other abiotic stresses. We noted that 8 additional
downstream FGUs by our non-random association analyses were
undetectable by the segregation distortion method (SDM). This
was due partially to the fact that SDM considers only allelic
frequency shifts but not on the deviation of genotypic frequency
shifts from direction selection, and primarily to its inability to
detect epistasis (Cui et al., 2015).

Finally, the DT ILs and the genetic information regarding
the DT QTL and the network (Supplementary Table 2) they

carry provide useful materials and information for further
improving rice DT and yield by designed QTL pyramiding
(Zhang et al., 2014; Ali et al., 2017). As we noted in Table 2,
there were considerable residual variation among individual
ILs for GY and related traits, and so were for different QTL
from different donors in their genetic compositions (Figure 1).
According to our experiences, it is hoped that better and
promising progeny that combine higher levels of DT and grain
yield can be readily achieved using this breeding strategy with
relatively short period of time and limited breeding effort
(Ali et al., 2017).
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Dry direct-seeding of rice is rapidly increasing in China, but variable planting depth

associated with machine sowing can lead to low seedling emergence rates. Phenotype

analysis of 621 rice accessions showed that mesocotyl length (ML) was induced by

deep soil covering and was important in deep-sowing tolerance in the field. Here, we

performed and compared GWAS using three types of SNPs (non-synonymous SNP,

non-synonymous SNPs and SNPs within promoters and 3 million randomly selected

SNPs from the entire set of SNPs) and found that Non-Syn GWAS (GWAS using

non-synonyomous SNP) decreased computation time and eliminated confounding by

other loci relative to GWAS using randomly selected SNPs. Thirteen QTLs were finally

detected, and two new major-effect genes, named OsML1 and OsML2, were identified

by an integrated analysis. There were 2 and 7 non-synonymous SNPs in OsML1 and

OsML2, respectively, from which 3 and 4 haplotypes were detected in cultivated rice.

Combinations of superior haplotypes of OsML1 and OsML2 increased ML by up to

4 cm, representing high emergence rate (85%) in the field with 10 cm of soil cover. The

studies provide key loci and naturally occurring alleles of ML that can be used in improving

tolerance to dry direct-seeding.

Keywords: deep-sowing tolerance, genome-wide association study, mesocotyl length, non-synonymous SNP,

Oryza sativa

INTRODUCTION

Rice is one of the most important food crops, feeding more than one-half of the world population.
Rice planting is currently carried out in two ways, namely transplanting and direct-seeding (Farooq
et al., 2011). Transplanting is a traditional system based on transplanting of seedlings from seedbeds
to paddy fields, and is used to ensure high seedling emergence and uniform plant density (Farooq
et al., 2011; Wu et al., 2015). Transplanting by hand remains the predominant method in China,
accounting for more than 90% of the total area. Direct-seeding is the major cultivation method
in Europe and the United States due to mechanized farming practices, and savings in labor
and time (Farooq et al., 2011). Recently, dry direct-seeding is increasing rapidly in China, but
variable planting depths associated with machine sowing cause agronomic problems that prevent
the achievement of optimum plant populations (Farooq et al., 2006a,b). Poor emergence and
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weak seedling establishment caused by deep soil greatly
restrict the application of direct-seedling technology. Thus,
an understanding of the genetic mechanisms affecting the
plant establishment by dry direct-seeding is needed to support
breeding solutions.

Themesocotyl is an embryonic structure between the scutellar
node and coleoptilar node, and it can directly push the shoot tip
above the soil surface during germination (Lee H. S. et al., 2012).
Thus, mesocotyl length (ML) is an important trait affecting plant
establishment under deep sown conditions in rice (Turner et al.,
1982; Wu et al., 2015; Lu et al., 2016). Earlier studies showed
that drill-seeded semi-dwarf rice genotypes emerge more slowly
and less uniformly than non-dwarf types with long mesocotyls
(Turner et al., 1982). However, further study indicated there
was no correlation between ML and mature plant traits such
as plant height and internode length (Mgonja et al., 1993).
Thus, it should be possible to breed semi-dwarf accessions
with long mesocotyls and to identify genes determining ML.
Mesocotyls can elongate in dark and water-covered situations
as well as under deep sown conditions (Feng et al., 2017).
Under dark and water-covered conditions, elite germplasm with
long mesocotyls were identified in different subpopulations and
ecotypes (Redoña and Mackill, 1996a; Wu et al., 2005; Luo et al.,
2007). The previous studies generally showed that accessions with
long mesocotyls were rare in cultivated rice. Some elite indica
accessions with long mesocotyls were identified under direct-
seeding conditions of 5 cm depth of sand cover (Lu et al., 2016).
Given that mesocotyl elongation in soil-sand culture differs from
elongation under dark and water-covered conditions (Simon
et al., 2011), further deep-sowing field experiments were needed
to identify germplasm with long mesocotyls and to determine the
relationship between ML and emergence rate (ER).

Traditional bi-parental linkagemapping has been fully applied
to detect QTL for complex traits, including ML. Five QTLs for
ML were first identified using an F2 population of 204 plants
from a cross between a low-vigor japonica “Labelle” and a high-
vigor indica “Black Gora” (Redoña and Mackill, 1996b). Using a
DH population crossed between indica and japonica, eight QTLs
for ML were detected (Cao et al., 2002). Additionally, 11, 8,
and 27 QTLs for ML were identified by using RIL population,
respectively (Cai and Morishima, 2002; Ouyang et al., 2005;
Huang C. et al., 2010). In a subsequent study, linkage mapping of
ML was conducted by using BIL population from a cross between
the cultivated rice and weedy rice with long ML (Lee H. et al.,
2012). These identified genomic regions that were associated with
ML, and were conducive to breeding for deep-sowing tolerance
and gene cloning.

Previous studies demonstrated that genes OsBRI1, D10, D17,
D27, D3, D14, PTOX1, and OsTCP5 were involved in ML by
comparison of mutants and wild type (Hu et al., 2010, 2014;
Gao et al., 2014; Tamiru et al., 2014; Kameoka and Kyozuka,
2015). Studies showed that the elongation of mesocotyls were
regulated by strigolactones and cytokinins during germination
of rice seeds in darkness (Hu et al., 2010, 2014; Chen et al.,
2014; Tamiru et al., 2014; Kameoka and Kyozuka, 2015). Other
reports indicated that brassinosteroids, ethephon and gibberellic
acid were also involved (Watanabe et al., 2015; Liang et al.,

2016). Dynamic transcriptome analysis suggested plant hormone
signal transduction, α-linolenic acid metabolism and diterpenoid
biosynthesis were critical processes of mesocotyl growth that
were inhibited by light (Feng et al., 2017). Importantly, a
single natural variation of the GY1 gene for ML was identified
from 3,000 accessions, and was investigated by map-based
cloning (Xiong et al., 2017). The gene functioned at the initial
step of jasmonic acid biosynthesis to repress mesocotyl and
coleoptile elongation. Despite these reports, identification of
natural variation in ML may be a better way to find genes
associated with ML for breeding and for gaining insights into the
molecular basis of variation in ML.

The advent of the next-generation sequencing technology
offers abundant genetic information and a solid basis for genome-
wide association studies (GWAS). Compared with conventional
linkage mapping, GWAS explores a wider range of natural
variation and enables a greater number of significant SNPs to be
identified. By GWAS of 1,019,883 SNPs in 270 rice accessions,
13 SNPs were identified to be highly associated with ML of rice
plants grown in water (Wu et al., 2015). Another GWAS of 4,136
SNPs in 469 indica rice accessions identified 17 loci for ML,
explaining 19.31% of the phenotypic variation (Lu et al., 2016).
These two preliminary GWAS provided reliable QTL regions
for ML, although it was hard to distinguish functional loci.
High density sequencing and GWAS of a large representative
collection of germplasm was necessary to gain further insights
into loci and naturally occurring alleles for ML.

To breed rice accessions for dry direct-seeding, the following
problems needed to be solved: (1) identification of germplasm
with long mesocotyls and investigation of the relationship
between ML and seedling ER under deep-sowing conditions in
the field; and (2) exploration of QTLs or candidate genes for
ML that can be further used in molecular breeding by marker
assisted selection. In this study, we evaluated ML and ER of a
large population of germplasm under deep sown conditions in
the field and identified several accessions with long mesocotyls
as possible breeding parents. More than 15 million SNPs were
identified in the germplasm following sequencing at an average
depth of 15X.We first screened for non-synonymous SNPs linked
to ML and performed GWAS between ML and non-synonymous
SNPs. Candidate genes/loci for ML were verified by an integrated
analysis of GWAS, linkage mapping, allelic frequency differences
between phenotypic pools, expression, and sequence alignment.

MATERIALS AND METHODS

Materials and Sequencing
A total of 621 cultivated rice accessions from the 3000 Rice
Genome Project (3KRGP) (Li J. Y. et al., 2014; Alexandrov et al.,
2015) formed the materials for identification of ML QTLs. The
collection was based on broadly genetic diversity, and comprised
mini-core collections selected from an original core set of 4,310
primary accessions of Chinese cultivated rice (Zhang et al.,
2011), and 402 lines in the International Rice Molecular Breeding
Network (Yu et al., 2003). The sequencing data of the 621
accessions were directly from the 3KRGP, which have an average
sequencing depth of 15X and generated >15 million SNPs when
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compared with the Nipponbare reference genome (Li Z. et al.,
2014).

Phenotyping
Based on previous studies (Turner et al., 1982; Lu et al., 2016),
we chose 10 cm depth of soil cover to measure MLs of different
accessions, which could exceed the maximum capacity of
mesocotyl elongation in rice. We then designed field experiments
with 10 cm depth of soil cover at the Experiment Station of China
Agricultural University, Beijing. Ten full and uniformed seeds of
each accession were planted in the field. A 10 cm soil layer was
placed over the seeds followed by sprinkling with adequate water.
The field experiment was conducted in summer of 2014 in two
fields as two replications (Figure S1). After 10 days, MLs of all
seedlings were measured with a ruler.

For an experiment in plastic boxes, three groups of five
accessions with ML in the range of 0–0.5, 2–3, and 5–6 cm were
planted on a thick soil layer (Figure S2). Each accession was
planted in one column with 30 plants as repetition. The seeds
in separate boxes were covered with 1, 3, 5, and 7 cm of soil
followed by sprinkling with adequate water. MLs of all seedlings
were measured after 10 days.

Non-synonymous SNPs and Population
Genetic Analysis
Based on information on coding sequence (CDS) coordinates
and transcript from MSU-RGAP 7, we separated the non-
synonymous SNPs from a total of 15 million SNPs using an in-
house Perl script. A neighbor-joining (N-J) tree was generated
from more than 75,000 randomly selected SNPs using Tassel 5
and Mega 6 software. Principal components (PC) and kinship
matrix were calculated by software GAPIT to verify population
structure using more than 3 million SNPs with minor allele
frequency > 0.05 and missing rates < 0.5. LD heatmaps of two
important QTLs identified in GWAS were generated using the
R package “LD heatmaps.” Candidate regions were identified
using an r2 > 0.6. Nucleotide diversity (π) (Nei, 1987) and
Tajima’s D (Tajima, 1989) were calculated using an in-house Perl
script.

Screening of SDSs and ESDSs for
Mesocotyl Length
For screening of the SDSs (SNPs with significant differences
in allele frequency between polar pools, p < 0.05) and ESDSs
(SNPs with extremely significant differences in allele frequency
between polar pools, p < 0.01) associated with ML by bulked
segregant analysis, we selected accessions with polar ML from
typical indica and japonica accessions, followed by chi-squared
tests of allele frequency for each non-synonymous SNP. To
identify the SDS- and ESDS-enriched windows, we performed
a permutation test to obtain significant thresholds by random
shuffling of 10,000 iterations of SNP numbers of all 500 kb sliding
windows along the entire genome. We finally set 99th percentiles
of SDS and ESDS numbers of permutation tests as threshold
values.

Comparison of GWAS Using Three Types
of SNPs for Mesocotyl Length
To perform GWAS efficiently it is important to eliminate false
positives from the population structure and to identify family
relationships in natural population. The first three PCs were used
to construct the PC matrix. We performed GWAS using CMLM
with PC and kinship, which accounts for population structure
and identifies the optimal group kinship matrix (Zhang et al.,
2010a). Previous studies indicated that a trait-specific kinship
derived from weighted SNPs has better genomic prediction
accuracy than kinship derived from all SNPs (Zhang et al., 2010b;
Wang et al., 2014). Thus, we performed and compared GWAS
of the CMLM using 3 groups of SNPs to search for target genes
for ML. Group I included non-synonymous SNPs; group II
included non-synonymous SNPs and SNPs located in 5′ flanking
sequences of genes (≤1Kb upstream of the first ATG); and group
III included 3 million randomly selected SNPs from the entire
SNP set.

Given that the default parameters were too strict for
detecting significant associations when the threshold was derived
from the total number of markers, we used the formula
“−log10(0.01/effective number of SNPs with a p-value less than
0.01),” i.e., the threshold at a significance level of 1% after
Bonferroni-adjusted multiple test correction (Pan et al., 2015).
False discovery rate (FDR) was performed to compare with the
threshold value (Benjamini and Hochberg, 1995). All signals at a
significance level of 0.01 after Bonferroni-adjusted multiple test
corrections were up to a significance level of FDR (p < 0.05).

RNA Extraction and qRT-PCR
Total RNA was extracted from mesocotyls of 6 rice accessions
using RNAiso Plus (Takara). The cDNA was generated in 25 µl
reaction mixtures containing 2 µg Dnase I-treated RNA, 200U
M-MLV reverse transcriptase (Takara), 40U Recombinant RNase
Inhibitor (Takara) and 0.1 µM oligo (dT)18 primer. qRT-PCR
was performed in total volumes of 10 µl containing 5 µl SYBR
premix EX Taq (Takara), 0.2 µl Rox Reference Dye II (Takara),
0.4mM gene-specific primers and 0.5 ul of cDNA on an ABI
7500 Real time PCR system (Applied Bio-systems). The gene
LOC_Os03g50885 was used as an internal reference.

RESULTS

Population Characterization and
Phenotypic Variation in Mesocotyl Length
The PC analysis showed that PC1 could explain more than
90% genetic variation, suggesting the 621 accessions could be
classified in two major subpopulations (Figure 1A and Figure
S3). The result was also supported by the N-J tree and kinship
plot (Figure 1B and Figure S3). Therefore, referring to the
reported classification information of the sample (Yu et al.,
2003; Zhang et al., 2011), we divided the population into two
subgroups, including 390 indica and 231 japonica accessions.
Large variations in ML and ER were observed in repeated
phenotypic assays in the field with 10 cm of soil cover, with ML
ranging from 0.1 to 6.19 cm and ER ranging from 0 to 85%
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FIGURE 1 | Mesocotyl lengths (MLs) in 621 cultivated rice and relationship among ML, emergence rate (ER) and planting depth. (A) Principal component plot and

distribution of accessions with different ML. (B) Neighbor-joining tree and distribution of accessions with ML of more than 3 cm on the tree. (C) Relationship between

ER and ML (upper) and histogram of ML (lower) in field plantings with 10 cm of soil cover. (D) Differentiation of MLs in cultivated accessions. (E) Comparison of MLs of

indica and japonica. (F) Relationship between ER and ML in box plantings with different depths of soil cover. Different letters above bars indicate significant differences

(p < 0.05) detected by Duncan’s multiple range test. (G) Relationship between ML and depth of soil cover for accessions with different mesocotyl elongation

capacities.

(Figures 1C,D and Table S1). Generally, variation in ML in rice
fitted a negative binomial distribution, and most of accessions
had short mesocotyls ranging from 0 to 1 cm (Figure 1C).
There was high ER (85%) when ML exceeded 4 cm in the field

with 10 cm of soil cover (Figure 1C and Figure S4). Whereas
most accessions had short ML there were significant differences
in ML between indica and japonica (Table S2). There was a
higher proportion of accessions with ML of 0–1 cm in japonica
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(46.7%) than in indica (30.2%) (Figure 1E). However, more
indica accessions had long mesocotyls of 4 cm or more than
in japonica (Figure 1E). Finally, we identified 23 indica and 4
japonica accessions having deep-sowing tolerance with ER of
about 80% and with ML of more than 4 cm (Figures 1A,B and
Table S3). The average plant height of these accessions was about
104 cm. Considering the weak correlations betweenML and plant
height in rice (Table S4), these accessions were considered to be
potentially useful parental germplasm for breeding.

To gain further insight into the relationship among ML, ER
and depth of soil cover we measured the ER of accessions with
different ML at different depths of soil cover (Figure S2). Three
groups of five accessions were selected according to ML in the
range of 0–0.5, 2–3, and 5–6 cm in the field. The 15 accessions
were planted on a thick soil layer in plastic boxes. The seeds
in separate boxes were covered with 1, 3, 5, and 7 cm of soil.
Under shallow sowing conditions (covered with 1 and 3 cm of
soil), the three groups accessions had higher ER of 60–90%
(Figure 1F) and shorter ML of 0.1–2.6 cm (Figure 1G). There
were no significant correlations between ML and ER in boxes
covered with 1 or 3 cm of soil. Under deep sowing (covered
with 5 and 7 cm of soil), only five accessions with long ML
(>5 cm) had higher ER (≈87%) (Figure 1F), and the other two
groups with ML in the range of 0–0.5 and 2–3 cm showed
lower ER of 16 and 39%, respectively (Figure 1F). There were
highly significant correlations between ML and ER with Pearson
correlation coefficients of 0.81 and 0.78 in boxes covered with
5 and 7 cm of soil, respectively. The results showed that ML
was induced by the depth of soil cover, and greater ML led to
improved ER under deep sowing conditions.

Characteristics of Non-synonymous SNPs
Along the Entire Genome and Screening of
SDSs and ESDSs
Polymorphisms causing protein-coding differences are most
likely to be important functional loci associated with agronomic
traits (Yano et al., 2016). Here, we focused on non-synonymous
SNPs in all 50,086 annotated genes from MSU-RGAP 7
except transposons and retrotransposons. The 572,511 non-
synonymous SNPs were screened from 15 million SNPs across
the whole genomes of all accessions. Among them 73,000 SNPs
were found to cause premature terminations (Figures 2A,B). The
analysis of minor allele frequencies (MAFs) indicated that 54, 55,
and 60% of the non-synonymous SNPs could be considered as
rare variants in the full population, and indica and japonica for
groups with low MAF (<0.05) (Figures 2C–E).

To explore non-synonymous SNPs associated to ML, we
constructed separate pools with extreme differences in ML
based on conventional bulked segregant analysis for indica and
japonica. To reduce genetic differences unrelated to ML between
polar pools, we took no account of accessions at PC1 values
ranging from −400 to 300. The accessions with PC1 < −400
were defined as typical indica, and those with PC1 > 300
were considered to be typical japonica. Each pool included
20 accessions of each subgroup (Table S5). On the basis of
chi-squared tests of allele frequency between the polar pools,

we selected out the SDSs and ESDSs associated with ML
(Figures 2F,G and Figure S5). As a result we obtained 35,911,
and 40,615 SDSs in indica and japonica, respectively. Among
them, there were 19,073 and 26,055 ESDSs associated with
ML in each subgroup. These SNPs appeared to be randomly
distributed over the entire genome except for a few enriched
peaks. Using thresholds of extreme significance for each window
established by permutation tests we selected the regions with
peaks higher than the threshold as candidate loci associated with
ML (Figures 2F,G and Figure S5).

Comparison of GWAS Using Three Types
of SNPs for Mesocotyl Length
Quantile-quantile (Q-Q) plots for ML showed that CMLM
accounted for false positives arising from the population
structure and family relationships in our population on the
basis of GLM (Figures 3A–C). By performing GWAS using each
group separately, we identified 23, 53, and 91 SNPs for ML at
significance levels of 0.01 after Bonferroni-adjusted multiple test
correction in the full population (Figures 3A–C and Table 1 and
Tables S6, S7). Due to lower genome-wide linkage disequilibrium
(LD) decay rates in indica and japonica at 123 and 167 kb (Huang
X. et al., 2010), adjacent significant SNP with distances <170 kb
weremerged into an independent QTL. Thirteen, 11 and 20QTLs
were identified by GWAS using the separate groups (Table 1 and
Tables S6, S7). We also performed GWAS of ML in indica with
its wider phenotypic variation (Figure S6). Here we identified 3,
5, and 4 QTLs, including 11, 21, and 17 SNPs associated with ML,
respectively (Tables S8–S10). With GLM, these SNPs and QTLs
showed higher−log(p) values as well (Figures S7, S8 and Table 1

and Tables S6–S10). By comparison of GWAS results using the
three sets of SNPs, five QTL in the full population (named as
qFML3-2, qFML7-2, qFML7-3, qFML7-4, and qFML11-1) from
GWAS using group I were detected in GWAS using groups II and
III; one QTL in indica (named as qIML7-2) from GWAS using
group I were also detected in GWAS of groups II and III. The
results demonstrated that Non-Syn GWAS (GWAS using SNPs
from group I) was a feasible method to identify QTL regions as
well as GWAS of 3 million randomly selected SNPs.

Due to PC and kinship derived from genetic markers different
sets of markers result in different PC and kinship. That is the
biggest difference among GWAS using three groups of SNPs.
To assess the effect of the original GWAS using groups I and
II, we performed complementary GWAS between ML and SNPs
in these groups using PC and kinship data derived from group
III. As shown by the Q-Q and Manhattan plots, similar GWAS
results were obtained using PC and kinships derived from groups
I, II ,and III in CMLM (Figure 3 and Figures S6, S9). By further
comparing peak−log(p) values of each QTL between the original
and complementary GWAS using the full population 9 of 13 and
8 of 11 QTLs in the original GWAS of the full population had
higher signals than in the complementary GWAS using groups I
and II, respectively (Table 1 and Table S6). Furthermore, all 3 and
5 QTLs in the original GWAS in indica also had higher signals
than the complementary GWAS using groups I and II (Tables
S8, S9). These results indicated that PC and kinship derived from
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FIGURE 2 | Summary of non-synonymous SNPs detected in the full population and their distribution associated with mesocotyl length in the indica genome. (A)

Termination codon SNP (T-C SNP) along the genome. (B) Non-synonymous SNPs (N-S SNP) along the genome. Histograms of minor allele frequencies (MAFs) of

non-synonymous SNPs in the (C) full population, (D) indica, and (E) japonica. Distributions of (F) SDSs and (G) ESDSs along the indica genome. SDS and ESDS

show SNPs with significant and extremely significant differences (p < 0.05; p < 0.01) in allele frequency between polar pools. For each 500 kb sliding window, the

numbers of SDSs and ESDSs were plotted on the entire genome. The sliding step is 50 kb. Adjacent chromosomes are delineated using different colors. Horizontal

black lines show the thresholds for the 99th percentile of 10,000 permutations of the SDS and ESDS numbers.
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FIGURE 3 | Genome-wide association studies of mesocotyl length under CMLM in full population using three sets of SNPs and different PC and kinship.

Quantile-quantile plots and Manhattan plots of the CMLM using groups (A) I, (B) II, and (C) III in full population. Quantile-quantile plots and Manhattan plots of CMLM

using groups (D) I and (E) II with PC and kinship derived from group III in full population. In quantile-quantile plots, gray dots show GLM, and other colored points

show CMLM. The horizontal black dashed lines in Manhattan plots of CMLM show thresholds at p = 0.01 after Bonferroni-adjusted multiple test correction. Yellow

stripes show two important signals in three GWAS using three sets of SNPs in the full population.

groups I and II effectively reduced the frequency of false positives.
Moreover, Non-Syn GWASmarkedly reduced the computational
burden.

Exploration of Candidate Gene OsML1
By comparing Non-Syn GWAS to previous bi-parental mapping
results (Redoña and Mackill, 1996b; Cai and Morishima, 2002;
Cao et al., 2002; Ouyang et al., 2005; Huang C. et al., 2010;
Lee H. et al., 2012; Lee H. S. et al., 2012; Eizenga et al., 2016),
we confirmed 4 QTL for ML, including qFML2-1, qFML3-1,
qFML3-2, and qFML11-1. Among them, QTL qFML3-2 was
previously identified for four times (Table S11). Based on high-
density sequencing of four parental accessions in two of the
bi-parental mapping studies (Table S11), we identified 28 non-
synonymous SNPs with different alleles between the parents in
the range of 300 kb around peak SNP (Chr3_30603087). LD

analysis showed that 9 of 28 non-synonymous SNPs were in
the same LD block with r2 > 0.6, including 2 non-synonymous
SNPs (Chr3_30603087, Chr3_30606285) above the threshold
with−log(p) values of 7.31 and 6.74, respectively (Figure 4A and
(Table 1). The both loci were ESDSs with χ

2-values of 20.72 and
19.12 in indica (Table 1). The analysis of association and linkage
mapping and screening of ESDSs indicates that one or both non-
synonymous SNPs could be functional loci located in candidate
genes LOC_Os03g53320 and LOC_Os03g53340, respectively.

To confirm the functional gene for ML, we further
investigated the relationship betweenML and other polymorphic
protein-coding differences in the two genes. There were three
InDel (Chr3_30605444, Chr3_30605446 and Chr3_30606411)
in the CDS of LOC_Os03g53340 in 621 accessions but none
in LOC_Os03g53320 (Table S12). However, no significant
difference in ML was detected between alleles of each InDel of
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FIGURE 4 | Identification of OsML1 for mesocotyl length in qFML3-2. (A) Genome-wide association signals in the region at 30.3–30.9Mb on chromosome 3 and LD

heatmap (bottom) for 28 non-synonymous SNPs (colored red) with different alleles between parents of known bi-parental maps. Blue arrow indicates possible

functional locus in OsML1 (LOC_Os03g53320). Triangular block shows region with strong local LD (r2 > 0.6). (B) Expression analysis of OsML1 in the mesocotyls

from 6 accessions with long- and short-mesocotyls. Names and ML of accessions are plotted on the X-axis. Red and blue bars show long- and short-mesocotyl

accessions, respectively. Data represent means ±s.d (n = 3). Asterisks represent significant differences between accessions with long- and short-mesocotyls

(**p < 0.01, Student’s t test). (C) Structure of OsML1 showing non-synonymous SNPs and amino acid polymorphisms. (D) Haplotype analysis of two

non-synonymous SNPs in OsML1. Red arrow indicates possible functional locus. (E) Comparison of ML among haplotypes of OsML1 in indica and japonica.

Accessions with haplotype colored red had significantly longer mesocotyls than members of haplotypes colored green.

LOC_Os03g53340.We alsomeasured expression levels of the two
candidate genes in mesocotyls using accessions with long- and
short-mesocotyls by qRT-PCR. One (LOC_Os03g53320) showed
more than 13.8-fold higher expression in short-mesocotyl
accessions compared to long-mesocotyl accessions (Figure 4B),
whereas the other (LOC_Os03g53340) showed no difference
in expression levels in mesocotyls between long-mesocotyl and
short-mesocotyl genotypes (Figure S10). Since there were not
obvious differences in ML between alleles of 3 InDel as well as
expression level between long- and short-mesocotyl accessions in
LOC_Os03g53340, we suggest that LOC_Os03g53320 is the most
likely functional gene for ML.

Here, we rename gene LOC_Os03g53320, which encodes
a hypothetical protein, as OsML1. There were two non-
synonymous SNPs in OsML1 among the 621 accessions; only
one of these (Chr3_30603087) showed an obvious signal in
the integrated analysis (Figure 4C). Based on the two non-
synonymous SNPs, we identified three haplotypes of OsML1 in
indica with distinct phenotypes. Accessions with haplotype A
produced significantly longer mesocotyls than those containing
haplotypes B or C (Figures 4D,E). Further sequence alignment
between the long mesocotyl haplotype A and short mesocotyl
haplotypes B and C showed that SNP (Chr3_30603087) could be
the functional locus of OsML1.

Exploration of Candidate Gene OsML2
We focused on qFML7-2 with the highest signal in the whole
genome. In view of the short physical distance covering qFML7-
2, qFML7-3, and qFML7-4 we redefined the QTL region based on
local LD. As indicated in the LD heatmap seven non-synonymous

SNPs above threshold in qFML7-2 and qFML7-3 are in the same
LD block (named as Block 1) (Figure 5A). We also found strong
LDs with r2 of ≈0.9 among the seven SNPs, except for the peak
non-synonymous SNP (Chr7_13611491) with r2 of ≈0.5. These
results indicated that one of the seven non-synonymous SNPs
within Block 1 could be the functional locus for ML.

After comparisons with previous bi-parental mapping studies
we established that the QTL was a new locus for ML. We checked
the alleles of all 7 non-synonymous SNPs between the parental
accessions of the previous bi-parental mapping populations
(Table S13) and no allelic difference could explain why this QTL
was not identified in previous mapping studies.

To search for functional SNPs and genes for ML in Block
1, we performed a sequence alignment analysis of the 7 non-
synonymous SNPs in the LD block. In the full population
there were four main haplotypes (A–D) involving more than
three accessions. Three (B, C, and D) and all four haplotypes
were detected in japonica and indica, respectively (Figure 5B).
Accessions carrying haplotype C had shorter ML than those
carrying B or D, with significant differences in indica. The peak
non-synonymous SNP (Chr7_13611491) was the only locus with
a consistent allele (A) in long mesocotyl haplotypes B and D,
whereas allele (T) was present in short mesocotyl haplotype C
(Figure 5B). We suggest that the peak non-synonymous SNP
might be the functional locus for ML in Block 1.

To check the inference we divided the population into
groups carrying alleles (A) and (T) of the peak locus, and re-
examined the relationship between ML and each of other 6 non-
synonymous SNPs above threshold in Block 1. In 222 and 151
accessions carrying allele (A) in indica and japonica, respectively,
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FIGURE 5 | Identification of OsML2 for mesocotyl length. (A) Genome-wide association signals (top) in the region 13.4–16.4Mb on chromosome 7 and LD heatmap

(bottom) of 10 non-synonymous SNPs above the threshold. A total of 10 red points show non-synonymous SNPs above threshold in qFML7-2, qFML7-3 and

qFML7-4, and blue arrow indicates possible functional locus in OsML2 (LOC_Os07g24010). Triangular block (named Block 1) shows region with strong local LD

(r2 > 0.6). (B) Haplotype analysis (left) of 7 non-synonymous SNPs above threshold in Block 1 and comparison of ML (right) among haplotypes in indica and japonica.

Different letters above the violins indicate significant differences (p < 0.05) when analyzed by Duncan’s test. Red arrow indicates possible functional locus. (C)

Independent-sample T-tests for ML differences between alleles of each of the 6 non-synonymous SNPs in Block 1 using accessions carrying allele (A) of the peak

signal (Chr7_13611491). Data in parentheses show number of accessions. Manhattan plots for ML in Block 1 using (D) 373 accessions and (E) 222 indica

accessions carrying allele (A) of the peak signal. Red points show 6 non-synonymous SNPs in Block 1. (F) Expression analysis of OsML2 in the mesocotyls from 6

accessions with long- and short-mesocotyls. Names and ML of accessions are plotted on the X-axis. Red and blue bars show long- and short-mesocotyl accessions,

respectively. Data represent means ± s.d (n = 3). Asterisks represent significant differences between accessions with long- and short-mesocotyls (**p < 0.01,

Student’s t test). (G) Haplotype analysis (left) of 12 non-synonymous SNPs in OsML2 and comparison of ML (right) among haplotypes of OsML2 in indica and

japonica, respectively. Different letters above the violins indicate significant differences (p < 0.05) detected by Duncan’s test.

there was no significant difference in ML between alleles of
each non-synonymous SNP (Figure 5C). In 104 and 2 accessions
carrying allele (T) in indica and japonica, we detected no allelic
diversity in the other 6 non-synonymous SNPs (Figure 5B).
We performed another complementary GWAS using accessions
carrying allele (A) of the peak SNP in the full population and
indica, respectively. There was no signal for ML in Block 1, and
the 6 non-synonymous SNPs showed p-values <−log(p) = 1
in the full population and indica (Figures 5D,E). These results
showed that the other 6 non-synonymous SNPs were not
functional loci associated with ML, despite the higher −log(p)
values in the original Non-Syn GWAS of the full population and
indica (Tables 1 and Table S8). We suggest that the signals in
the other 6 non-synonymous SNPs were produced in accessions
carrying allele (T) of the peak SNP (Chr7_13611491).

We checked the expression level of the candidate
LOC_Os07g24010 including non-synonymous SNP
Chr7_13611491. There was about a 15.9-fold higher expression

in short-mesocotyl accessions compared to long-mesocotyl
accessions (Figure 5F). We renamed LOC_Os07g24010 as
OsML2; it also encoded a hypothetical protein. There were 12
non-synonymous SNPs in OsML2. Among them, six (13611166,
13611223, 13611304, 13611463, 13611491, and 13611535)
showed high signals with −log(p) > 4 in the Non-Syn GWAS
using the full population (Table S14). Based on the 12 non-
synonymous SNPs in OsML2, four and two haplotypes were
identified in indica and japonica, respectively. There were clear
differences in ML among accessions carrying haplotypes A, B,
C, or D (Figure 5G). The results showed that OsML2 was an
important expressed gene in regulating mesocotyl elongation,
and several non-synonymous SNPs were associated with ML.

Cross-Validation of Two Genes for
Mesocotyl Length
For efficient utilization of OsML1 and OsML2 in breeding for
deep-sowing tolerance, it is important to uncover the genotypic
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effect of each haplotype and the combined haplotypes of two
genes. Based on the above sequence alignment analysis of
each gene, we focused on OsML1-A, OsML2-A, OsML2-B, and
OsML2-D as long ML haplotypes, whereas OsML1-B, OsML1-
C, and OsML2-C were considered to be short ML haplotypes.
Among 12 possible allelic combinations of the two genes, eleven
could be detected in 621 rice accessions. There were more
genetic diversity in indica, including 11 allelic combinations,
but only 3 allelic combinations were identified in japonica
(Figure 6A). Considering the complexity of population structure
and genetic background, we performed statistical analysis in
indica by one-way ANOVA. The MLs were the shortest in
accessions without long ML genotypes, OsML1-C + OsML2-
C (0.62 cm) and OsML1-B + OsML2-C (0.87 cm), followed
by accessions with only one long ML genotypes, OsML1-C +

OsML2-A (1.12 cm), OsML1-C + OsML2-B (1.15 cm), OsML1-B
+OsML2-A (1.35 cm),OsML1-B+OsML2-B (1.66 cm),OsML1-
B+OsML2-D (1.91 cm),OsML1-C+OsML2-D (2.27 cm), while
accessions with both longML genotypes had longestML,OsML1-
A + OsML2-B (3.07 cm), OsML1-A + OsML2-A (3.69 cm),
and OsML1-A + OsML2-D (3.76 cm) (Figure 6A). Haplotypes
OsML1-A and OsML2-D formed the best combination with
longest ML and should be the best genotype for use in molecular
marker assisted breeding for long ML.

For validation, we identified accessions with long ML
haplotypes for each gene from 3,024 cultivated rice accessions
(Li J. Y. et al., 2014; Alexandrov et al., 2015). Three hundred
and sixty seven and 982 accessions were detected with OsML1-A
andOsML2-D, respectively, and 110 had both alleles. We selected
7 lines with OsML2-D, 2 lines with OsML1-A and OsML2-A
and 1 line with OsML1-A and OsML2-D, and grew them in a
plastic box with 10 cm of soil cover. The mean MLs were 4.57,
4.70, and 3.74 cm, respectively (Figure 6B). Unfortunately no
seed of other accessions was available, but the results supported
the hypothesis that OsML1 and OsML2 are functional genes and
that the long ML haplotypes acting in an additive manner can
be used in molecular marker assisted breeding. Additionally, we
demonstrated a powerful strategy for efficient cloning of complex
trait QTL that combines Non-Syn GWAS, known linkage map

information, allelic frequencies differences between phenotypic
pools, expression analyses and haplotype analyses.

Evidence of Positive Selection on OsML1 in
Japonica
To explore whether the two genes were targeted by natural
or human selection during rice domestication, we performed
signature identification of selection using 621 cultivated and
446 wild rice accessions (Huang et al., 2012a). We extracted
the sequencing data including the gene and a 2 kb promoter
region, respectively, within OsML1 and OsML2. Selective signal
scan were performed within the both genes using the ratio of
the genetic diversity in wild rice to that in indica and japonica
(πW/πI and πW/πJ), respectively (Table 2). High selective signal
was detected within OsML1 in japonica (πW/πJ = 4.59). The
Tajima’s D was lowest at the value of −2.19, suggesting strong
positive selection across OsML1 in japonica.

DISCUSSION

Mesocotyl Elongation Is a Key Trait for
Deep-Sowing Tolerance
Rice accessions for dry direct-seeding need have the ability to
withstand deep planting for access to moisture or to tolerate

TABLE 2 | Nucleotide diversity and Tajima’s D Test.

Gene_Population π Tajima’s D

OsML1_Wild 0.00224 −0.65

OsML1_Cultivated 0.00301 0.20

OsML1_Ind. 0.00365 1.97

OsML1_Jap. 0.00049 −2.20

OsML2_Wild 0.0061 1.31

OsML2_Cultivated 0.01671 1.27

OsML2_Ind. 0.01093 0.30

OsML2_Jap. 0.00604 −1.02

FIGURE 6 | Functional validation of haplotype combinations of OsML1 and OsML2. (A) ML of different combinations of haplotypes in OsML1 and OsML2. Different

letters indicate significant differences (p < 0.05) detected by one-way ANOVA. (B) Cross-validation by phenotyping of 10 accessions representing different genotypes

of OsML1 and OsML2.
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variable planting depth associated with machine sowing. Many
studies have been carried out to identify deep-sowing tolerant
cereal genotypes and to examine the relationship between
mesocotyl and/or coleoptile length and deep-sowing tolerance
(Turner et al., 1982; Kirby, 1993; Luo et al., 2007; Chung, 2010;
Wu et al., 2015; Lu et al., 2016). Here a diverse set of 621 cultivars
was tested for deep-sowing tolerance under field conditions and
in subsequent depth-of-sowing experiments in plastic boxes. Our
results, like previous studies, confirmed two points: (1) ML is
induced by deeper soil covering (Wu et al., 2015; Lu et al., 2016),
(2) and variation in ML fits a negative binomial distribution and
there are few elite cultivated rice genotypes with long mesocotyls
(Luo et al., 2007). Moreover, our results showed that ER was not
affected greatly until the sowing depth reached 3 cm. Therefore,
we suggest that new accessions for dry direct-seeding should have
ML of more than 3 cm.

Comparison of ML between the two main rice subgroups
showed that average ML in indica was significantly longer than
in japonica. Given that indica rice was originally developed
from crosses between japonica and local wild rice (Huang et al.,
2012a) and that weedy and wild rice have longer ML (Cai and
Morishima, 2002; Chung, 2010; Eizenga et al., 2016), we suggest
that short mesocotyls are probably the result of an evolutionary
change due to the long period of traditional rice cultivation
by transplantation. Weedy and wild rice could be elite genetic
resources for solving the problem of poor seedling establishment
in direct-seeded rice (Chung, 2010). However, in the present
work we also identified several germplasm with long mesocotyls
and good seedling emergence under deep sown conditions and
those elite germplasm can be used as parents in breeding rice
accessions for dry direct-seeding.

Non-syn GWAS Was Conducive in
Identifying Functional Loci and Alleles
GWAS has become a commonmethod in searching for candidate
genes underlying target traits in rice (Huang X. et al., 2010;
Huang et al., 2012b; Si et al., 2016; Yano et al., 2016). The
Mixed Linear Model (MLM) with PC and kinship is efficient
in decreasing false positives due to population structure and
relationships among individuals (Yu et al., 2006). However, for
complex traits affected by population structure, MLM weakens
the real association and reduces signal strength of known genes.
CMLM improves the statistical power by using group kinship
(Zhang et al., 2010a). Constructing a trait-specific kinship derived
fromweighted SNP analysis is another strategy to improveMLM,
as achieved by SUPER and FarmCPU (Wang et al., 2014; Liu
et al., 2016). We derived two sets of SNPs (groups I and II) from
15million polymorphisms according to annotated gene locations
and possible influence on gene function, and then we obtained
572,511 non-synonymous SNPs and 1,801,421 SNPs located in
the 5′ sequences of genes (≤1Kb upstream of the first ATG) by
this approach. Finally, we performed and compared GWAS using
these groups to search for candidate genes affecting ML. this
provides an alternative solution for constructing a trait-specific
kinship derived from polymorphisms that can be screened out
according to biological function of target traits. Additionally, this
greatly reduced the computational burden by performing GWAS

using these SNPs that accounted for amino acid sequence and
expression.

There were two differences between Non-Syn GWAS and
GWAS using a random sample of genetic markers (group III),
one was the loci, the other was PC and kinship matrix derived
from these loci. In our studies, we assessed their impact on
the GWAS results. By comparison of GWAS between ML and
SNPs in group I using different PC and kinship, Non-Syn
GWAS detected the same SNPs for ML as GWAS with PC
and kinship derived from group III. The results suggested that
CMLM using PC and kinship derived from group I had same
efficiency as CMLM using PC and kinship from group III.
Further comparison of Non-Syn GWAS and GWAS using group
III indicated that there were less loci in QTL regions (local LD
block of peak SNP) identified by Non-Syn GWAS. Thus, we were
able to quickly and conveniently identify functional loci by the
integrated analysis without confounding by other loci with little
likelihood of biological function.

OsML1 and OsML2 Are Natural Variants for
Mesocotyl Length, and Could Be Useful in
Breeding for Deep-Sowing Tolerance
Four of 13 QTLs in Non-Syn GWAS of the full population
overlapped with loci identified in previous linkage mapping
studies (Cai and Morishima, 2002; Ouyang et al., 2005; Huang
C. et al., 2010; Lee H. S. et al., 2012). Among them, qFML3-2
located in chromosome 3 was previously detected four times in
bi-parental mapping studies. However, none QTL in Non-Syn
GWAS overlapped with association signal in previous GWAS
(Wu et al., 2015; Lu et al., 2016). The most likely reason for this
finding was that different depths of soil cover were applied in
these GWAS (Wu et al., 2015; Lu et al., 2016).

Interestingly, both genes showed higher expression in short-
mesocotyl accessions compared to long-mesocotyl accessions.
Furthermore, long ML haplotypes of both genes (OsML1-A,
OsML2-A,OsML2-B, andOsML2-D) could be loss-of-function or
partial loss-of-function variations. Nucleotide diversity analysis
and Tajima’s D Test showed that OsML1 was strongly directly
selected in japonica accessions. These results supported that
short ML was a target of selection during the long term process
of conversion from wild rice to japonica under the traditional
transplanting system.

Sequence alignment of two genes also showed that there
was less genetic diversity of OsML1 and OsML2 in japonica,
and most of japonica rice had haplotypes OsML1-B and
OsML2-B associated with short mesocotyls. However, there were
significant differences among OsML1 and OsML2 haplotypes in
indica. Superior haplotypes with long mesocotyls (OsML1-A and
OsML2-D) can be used for molecular marker assistant selection,
and those two genes can also be further cloned and analyzed, then
used for gene transformation and breeding of rice accessions for
deep-sowing tolerance.
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Drought is one of the most adverse abiotic factors limiting growth and productivity of

crops. Among them is barley, ranked fourth cereal worldwide in terms of harvested

acreage and production. Plants have evolved various mechanisms to cope with water

deficit at different biological levels, but there is an enormous challenge to decipher genes

responsible for particular complex phenotypic traits, in order to develop drought tolerant

crops. This work presents a comprehensive approach for elucidation of molecular

mechanisms of drought tolerance in barley at the seedling stage of development. The

study includes mapping of QTLs for physiological and biochemical traits associated

with drought tolerance on a high-density function map, projection of QTL confidence

intervals on barley physical map, and the retrievement of positional candidate genes

(CGs), followed by their prioritization based on Gene Ontology (GO) enrichment analysis.

A total of 64 QTLs for 25 physiological and biochemical traits that describe plant

water status, photosynthetic efficiency, osmoprotectant and hormone content, as well

as antioxidant activity, were positioned on a consensus map, constructed using RIL

populations developed from the crosses between European and Syrian genotypes. The

map contained a total of 875 SNP, SSR and CGs, spanning 941.86 cM with resolution

of 1.1 cM. For the first time, QTLs for ethylene, glucose, sucrose, maltose, raffinose,

α-tocopherol, γ-tocotrienol content, and catalase activity, have been mapped in barley.

Based on overlapping confidence intervals of QTLs, 11 hotspots were identified that

enclosedmore than 60% ofmappedQTLs. Genetic and physical map integration allowed

the identification of 1,101 positional CGs within the confidence intervals of drought

response-specific QTLs. Prioritization resulted in the designation of 143 CGs, among
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them were genes encoding antioxidants, carboxylic acid biosynthesis enzymes, heat

shock proteins, small auxin up-regulated RNAs, nitric oxide synthase, ATP sulfurylases,

and proteins involved in regulation of flowering time. This global approach may be

proposed for identification of newCGs that underlies QTLs responsible for complex traits.

Keywords: barley, drought tolerance, function map, QTL, QTL hotspot, CG prioritization, GO enrichment

INTRODUCTION

Drought is one of the most devastating abiotic stresses which
limits strongly crops growth and productivity. It varies in
occurrence, duration and severity, and also from location to
location, and in the same location from year to year. Increases
in the frequency, severity, and affected areas of droughts are
projected due to global climate changes (Baum et al., 2007;
Cattivelli et al., 2011; Fang and Xiong, 2015). Plant water deficit
occurs when the rate of transpiration exceeds water uptake, and
is a component of several different stresses including drought
(Bray, 1997). In order to survive and reduce stress damage, plants
respond to drought stress with a variety of defense reactions,
including stomata closure, limitation of transpiration, repression
of photosynthesis and cell growth, activation of respiration,
accumulation of osmoprotectants, or antioxidants, although their
growth, development, and yield are usually negatively affected
(Shinozaki and Yamaguchi-Shinozaki, 2007; Farooq et al., 2009;
Cattivelli et al., 2011).

To adapt to water deficit conditions, plants have evolved
complex strategies of drought resistance, which integrate
multiple adaptations, from the cellular to the whole plant level,
and often are specific for particular genotype × environment
relationships. Thanks to extensive research, four major drought
resistance mechanisms have been described and their indicators
dissected: drought escape manifested by a short life cycle,
photoperiod sensitivity and plasticity of development; drought
avoidance through reduced water loss or increased water uptake;
drought tolerance through osmotic adjustment and antioxidant
capacity; and drought recovery related to capability to resume
the growth after a complete loss of turgor pressure and leaf
dehydration (Bray, 2007; Farooq et al., 2009; Chen et al., 2010;
Fang and Xiong, 2015). Despite the efforts, much slower progress
has been made in understanding genetic basis of drought
resistance and in developing more tolerant genotypes, owing
to the genetic complexity of this trait and its quantitative
inheritance with hundreds of genes of small, often epistatic
and/or pleiotropic effects and low heritability (Tuberosa and
Salvi, 2007; Cattivelli et al., 2011; Fan et al., 2015).

Barley (Hordeum vulgare L.) is the fourth most widely
cultivated cereal in terms of harvested acreage and production
(FAO, 2016). It is an excellent model plant to decipher genetic
background of drought resistance as it has considerable genetic
adaptability to a wide range of environments and a high level of
drought tolerance showed by local landraces and wild barley (H.
vulgare spp. spontaneum). Being a valuable resource of alleles for
adaptive traits, drought tolerant genotypes have been increasingly
exploited in quantitative trait loci (QTL) studies to uncover

the genetic control of multiple adaptations to drought stress
(Baum et al., 2007; Cattivelli et al., 2011). Over last two decades
numerous QTLs controlling agronomic performance and yield
components under drought stress have been identified for barley
(Teulat et al., 2001b; Baum et al., 2003; Talamé et al., 2004; von
Korff et al., 2008; Cuesta-Marcos et al., 2009; Kalladan et al.,
2013; Mansour et al., 2014; Tondelli et al., 2014). While these
studies were oriented to decipher genomic regions important for
barley breeding in order to maintain crop yield and grain quality
under drought stress, they have seldom been used to elucidate the
mechanisms of drought resistance at the genetic and molecular
level (Baum et al., 2007; Fang and Xiong, 2015).

To fulfill this purpose, various indicator traits of
physiological/biochemical processes occurring under drought
have been investigated in barley using diverse mapping
populations and drought stress conditions. Most studies
concentrated on the parameters related to plant water status,
resulting primarily in the identification of QTLs for relative
water content (RWC), and then, for osmotic adjustment (OA),
osmotic potential (OP), water content (WC), or carbon isotope
discrimination (Teulat et al., 1997, 1998, 2001a, 2003; Diab
et al., 2004; Chen et al., 2010; Szira et al., 2011; Wójcik-Jagła
et al., 2013; Honsdorf et al., 2014; Fan et al., 2015; Mora et al.,
2016). In contrast, only individual studies have detected QTLs
for water-soluble carbohydrates (WSC, Teulat et al., 2001a;
Diab et al., 2004) and proline content (Sayed et al., 2012; Fan
et al., 2015). Additionally, some studies on the photosynthetic
efficiency under drought stress conditions have identified QTLs
related to chlorophyll fluorescence parameters, chlorophyll
content or PSII (photosystem II) photochemical activity (Guo
et al., 2008; von Korff et al., 2008; Wójcik-Jagła et al., 2013;
Honsdorf et al., 2014; Mora et al., 2016) and plasma membrane
integrity (Wójcik-Jagła et al., 2013). Recently, QTLs for multiple
metabolites accumulation under drought stress (Piasecka et al.,
2017), including QTLs for the content of fat-soluble antioxidants:
α- and γ-tocopherols (Templer et al., 2017), have been detected.

These papers present a valuable source of data on the
chromosomal regions potentially involved in drought response
in barley, however, the comprehensive integration of the
majority of these results and the anchoring of the identified
QTLs on barley genome to decipher genes and networks
for QTLs underlying particular physiological traits could be
challenging. The difficulties arise not only from inherent
limitations associated with particular mapping populations and
applied methods but foremost from a lack of the information on
the proper genomic localization of these QTLs which preclude
their precise positioning on physical maps (Mir et al., 2012; Salvi
and Tuberosa, 2015). Today, more comprehensive and effective
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approach to decipher the genetic basis of QTLs (Monclus
et al., 2012; Bargsten et al., 2014; Kumar et al., 2017) may be
applied also in barley. The availability of SNP (single nucleotide
polymorphism) markers based on within-gene polymorphisms
(Close et al., 2009) together with high-throughput genotyping
methods enable production of function maps with high density
genome coverage for QTL mapping (Potokina et al., 2008;
Mammadov et al., 2012). Such maps provide straight-forward
connection of the identified QTL intervals to the reference
barley genome sequence (Mayer et al., 2012), which could be
followed by the analysis of large candidate gene assemblies and
their biological interpretation using public databases (e.g., Gene
Ontology; GO) and bioinformatics high-throughput enrichment
tools.

This study present a first comprehensive approach for
elucidation of genetic basis of physiological mechanisms of
drought response/tolerance in barley based on the identification
of the positional candidate gene (CG) assembly within the
QTL confidence intervals, followed by the exploration of their
putative functions related to drought tolerance. The study
aimed particularly (1) to identify QTLs for a wide range of
physiological/biochemical traits representative for plant water
status, photosynthetic efficiency, osmoprotectant and hormone
content, as well as activity or accumulation of antioxidants under
drought stress on a created high-density function map; (2) to
project QTL confidence intervals on physical barley genome
map; and (3) to retrieve a set of potentially causative CGs,
underlying the analyzed traits using a Gene Ontology (GO)
enrichment approach.

MATERIALS AND METHODS

Plant Material
Barley (H. vulgare L.) population of 100 recombinant inbred
lines (RIL), named MCam, produced by the single-seed descent
(SSD) method from the cross between spring genotypes “Maresi”
and Cam/B1/CI08887//CI05761 (here after referred as CamB),
was used in this study to phenotype a set of physiological and
biochemical traits under drought stress and control conditions,
followed by their QTL mapping on a high-density function
map. “Maresi” is a German advanced cultivar (semidwarf,
two-rowed, malting type), of high and stable yielding under
the European environmental conditions (pedigree and seed
source: http://genbank.vurv.cz/genetic/resources/asp2/default_a.
htm), whereas CamB is a Syrian breeding line (two-rowed,
early heading), kindly obtained from ICARDA (International
Center for Agricultural Research in the Dry Areas), adapted to
dry environments (detailed characteristics of parental genotypes:
Górny, 2001; Filek et al., 2015, 2016; Chmielewska et al., 2016).

Plant Growth Conditions and Drought
Stress Treatment
The experiment was carried out in a phytotron (growth
chamber). Seeds of each RIL were sterilized and sown separately
in a box (22 L; 10 RIL per day), filled with a mixture of sandy
loam and sand (7/2, v/v). In this substrate, a pF range of
2.2–3.0 indicated easily available water whereas pF > 4.2 was

the permanent wilting point, as calculated based on the water
retention curve (Filek et al., 2015). The pF-value is defined
as a logarithm of the pressure p (expressed in centimeters of
water head) necessary for removal of water from soil capillaries
(Mikołajczak et al., 2017). Soil moisture was regulated two times
a day. After germination (4 days, at 25◦C), the boxes containing
30 plants were kept at 5◦C (day/night) during the next 10 days,
then the following parameters were settled in phytotron growth
chamber: photoperiod 16/8 h (day/night), the temperature of
20/17◦C (day/night), irradiance of 520 µmol(photon)m−2s−1.
After 10 days, the number of plants in a box was reduced to
25. The substrate humidity was determined by monitoring boxes
weight, and it was kept at 11% water content (VWC), i.e., pF =

2.8. After 13 days (at the moment of the emergence of the 4th
leaf) the temperature was set to 25/16◦C and soil drought (3.65%
VWC, i.e., pF = 4.0) was applied to plants for 10 days. Plants
grown in boxes with 11% VWCwere used as the control (optimal
condition growth). The boxes were randomly distributed in
the growth chamber, and their location was changed twice a
day. Measurements of the physiological/biochemical traits were
performed at the seedling stage, on the third leaf for the plants
from both (control and drought stress) conditions after 10 days
of drought. Depending on the trait, the measurements were
performed in 4–25 biological replications.

Phenotyping
Altogether, 40 different physiological/biochemical traits were
measured at the seedling stage for RILs and the parents
(described below and in Table 1). To facilitate the analysis,
the traits were grouped into four categories according to
their roles in drought stress response: plant water status (5
traits), photosynthetic efficiency (19 traits), osmoprotectant
and hormone content (7 traits), activity and accumulation of
antioxidants (9 traits).

Plant Water Status
Relative water content (RWC), water content (WC), water loss
(WL) rate, water use efficiency (WUE), and electrolyte leakage
(EL) were determined in this category. RWC was calculated
according to Barrs (1968), where RWC = (FW – DW)/(TW –
DW) × 100%, and where FW, DW and TW, respectively, are
fresh, dry and turgid weight. To measure TW, leaf samples were
placed in water (7◦C) in darkness for 24 h, for the complete
rehydration. WC was calculated as (DW/FW) × 100%. WL
rate was calculated on the basis of the depletion of leaf FW
during 24 h under the appropriate growing conditions. WUE was
calculated as Pn/E, where Pn and E are net photosynthesis and
transpiration rates, respectively, estimated by the measurement
of gas exchange (next section). EL test was used to determine
the plasmamembrane integrity. For each genotype, samples were
prepared as described by Płazek et al. (2014).

Photosynthetic Efficiency
Photochemical efficiency was estimated by means of chlorophyll
a fluorescence registration. Measurements were taken using a fast
chlorophyll fluorescence induction kinetics fluorometer Handy
PEA and modulated fluorescence system FMS2 (Hansatech,
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TABLE 1 | Physiological and biochemical traits used in QTL analysis.

Trait category Abbrev. Physiological/biochemical trait Units

Plant water status WC Water content g H2O/g DW

WL Water loss rate g H2O/g DW

RWC Relative water content %

WUE Water use efficiency µmol CO2/mmol H2O

EL Electrolyte leakage %%

Photosynthetic

efficiency

ABS/RC Light absorption flux (ABS) per PSII reaction center (RC) %

TR0/RC Trapped energy flux per PSII reaction center (RC) %

ET0/RC Electron transport flux per PSII reaction center (RC) %

DI0/RC Dissipated energy flux per PSII reaction center (RC) %

ABS/CS Light absorption flux per excited leaf cross-section at t = 0 (CS) %

TR0/CS Trapped energy flux per excited leaf cross-section at t = 0 (CS) %

ET0/CS Electron transport flux per excited leaf cross-section at t = 0 (CS) %

DI0/CS Dissipated energy flux per excited leaf cross-section at t = 0 (CS) %

RC/CS The maximum number of active reaction center (RC) per excited leaf cross-section at t = 0 (CS) %

φpo Maximal quantum yield of primary photochemistry (TR0/ABS) %%

ψo Exciton transfer efficiency to the electron transport chain (ET0/TR0) %%

φeo Electron transport yield (ET0/ABS) %%

(1-B)av The average fraction of open RC during the time needed to complete the closure of all RCs %

PIabs The performance index per absorption %

Fv
′/Fm

′ Efficiency of excitation energy capture by open PSII RC %%

qP Photochemical quenching %%

8PSII Photochemical quantum yield of PSII %%

Pn Net photosynthesis rate µmol CO2/m
2s

E Transpiration rate mmol H2O/m
2s

Osmoprotectant

and hormone

content

Pro Free proline content µg/g FW

Glu Glucose content µg/mg DW

Fru Fructose content µg/mg DW

Suc Sucrose content µg/mg DW

Raf Raffinose content µg/mg DW

Mal Maltose content µg/mg DW

Eth Ethylene content nl/g FW

Activity and

accumulation of

antioxidants

SOD Superoxide dismutase activity U

CAT Catalase activity U

POX Peroxidase activity U

GTt γ-tocotrienol content µg/mg DW

ATt α-tocotrienol content µg/mg DW

DTf δ-tocopherol content µg/mg DW

GTf γ-tocopherol content µg/mg DW

ATf α-tocopherol content µg/mg DW

BC β-carotene content µg/mg DW

DW, dry weight; FW, fresh weight; U, arbitrary unit of enzyme activity per mg of total soluble protein.

Kings Lynn, UK). The induction of a chlorophyll fluorescence
signal was measured after 30min of leaf dark adaptation in
clips (Hansatech). Before measurements, the LED-light source
of the fluorometer was calibrated using an SQS light meter
(Hansatech, Kings Lynn, UK). The conditions used to determine
polyphasic chlorophyll a fluorescence transients were: excitation
irradiance of 3,000 µmol m−2s−1, a pulse duration of 1 s, and
fixed gain of 0.7 (Handy PEA ver. 1.3 software, Hansatech).
Fourteen parameters were calculated (Kalaji et al., 2011):

ABS/RC and ABS/CS—light absorption flux, respectively, per
PSII reaction center (RC) and per excited leaf cross-section at
t = 0 (CS); ET0/RC and ET0/CS (electron transport flux per
RC and CS); TR0/RC and TR0/CS (trapped energy flux per
RC and CS); DI0/RC and DI0/CS (dissipated energy flux
per RC and CS); RC/CS (the maximum number of active RC
per CS); φpo (TR0/ABS—maximal quantum yield of primary
photochemistry); ψo (ET0/TR0—exciton transfer efficiency to
the electron transport chain); φeo (ET0/ABS—electron transport
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yield); PIabs (the performance index per absorption); (1-B)av (the
average fraction of open RC during the time needed to complete
the closure of all RCs). FMS2 measurements were made after
light adaptation of the leaf (usually 2–5min at 500µmol (quanta)
m−2s−1) when the fluorescence signal (Fs) became constant.
Three parameters: the photochemical quantum yield of PSII
(8PSII), the photochemical quenching (qP) and the efficiency
of excitation energy capture by open PSII RC (Fv

′/Fm
′) were

calculated according to Genty et al. (1989). The gas exchange rate
(Pn; E) was measured using an infrared gas analyzer (Ciras-1,
PP Systems, Hitchin, UK) and Parkinson leaf chamber (PLC6).
The controlledmeasuring conditions were: CO2 concentration of
400 µmol (CO2) mol−1 (air), 30% relative humidity, irradiance
of 800 µmol (quanta) m−2s−1 and the leaf temperature of 25◦C.
The measurements of chlorophyll fluorescence and gas exchange
were carried out from 10 a.m. to 2 p.m. (beginning of day 6 a.m.,
day length 16 h), and until stable measurement values were
obtained. The order of plants measurements (photosynthesis and
fluorescence) during each day of was random.

Osmoprotectant and Hormone Content
Seven compounds were quantified in this category. Soluble
carbohydrates (glucose, fructose, sucrose, raffinose, and maltose)
were identified by their retention times and quantified by
integrating peak areas against the internal standard according
to the procedure by Janeczko et al. (2010). Measurements
were made using a high performance liquid chromatography
consisting of the following modules: a gradient pump (Agilent
1200, Santa Clara, CA, USA), autosampler (Agilent 1200),
the thermostat STH 585 (Dionex, Sunnyvale, CA, USA), ESA
detector Coulochem II Analitical Cell 5040 with a gold working
electrode and a palladium reference electrode, an analog/digital
converter (Agilent), program control and data collector software
ChemStation Rev.B.04.01 (Agilent).

The content of free proline was determined
spectrophotometrically (at λ = 520 nm) according to the
methods by Bates et al. (1973) and Marin et al. (2009), with the
use of UV/VIS spectrophotometer (UV-1800, Rayleigh, Beijing,
China) and it was calculated from the standard curve.

For ethylene production, each sample (0.1 g FW) was
homogenized in 70% ethanol. Following the centrifugation,
the supernatant was evaporated (at 40◦C) and the pellet was
dissolved in H2O (1ml), and 1 pmol HgCl2 was added. Then, the
sample was transferred into a new vial and incubated on ice (for
5min) with a mixture of 5% NaOCl and saturated NaOH (2/1,
v/v). The gas sample was taken from the vial, and ethylene was
quantified by gas chromatography (Hewlett Packard 5890 Series
II, Palo Alto, CA, USA) with Porapak R column (80/100 mesh,
Agilent, Santa Clara, CA, USA) and detector (flame ionization)
as described by Grzesiak et al. (2013).

Activity and Accumulation of Antioxidants
Antioxidant enzymes (3), fat-soluble antioxidants (5) and β-
carotene were quantified in this category. To measure the
activity of antioxidant enzymes: superoxide dismutase (SOD),
catalase (CAT), and peroxidase (POD), the plant material
was homogenized at 4◦C in 0.05mM potassium phosphate

buffer (KP) with 0.1mM EDTA. The supernatant was divided
into three subsamples after centrifugation. The activity of
SOD [EC 1.15.1.1.] was determined spectrophotometrically by
the cytochrome reduction method (McCord and Fridovich,
1969) with the modifications by Szechyńska-Hebda et al.
(2012). Changes in absorbance were followed with a Biochrom
Ultrospec II spectrophotometer (LKB, Sweden) at λ = 550 nm.
The inhibition of oxidized cytochrome c absorbance was
monitored. The activity of CAT [EC 1.11.1.6] was measured
spectrophotometrically according to Aebi (1984) with the
modifications by Wojtania et al. (2016). The decrease in H2O2

absorbance was measured at λ = 240 nm. The activity of POD
[EC 1.11.1.11] was measured spectrophotometrically using the
method by Lück (1962) with the modifications by Wojtania et al.
(2016). The increase in oxidized p-phenylenediamine absorbance
was monitored at λ = 485 nm.

Tocochromanols (α- γ- δ-tocopherols and α- γ-tocotrienols)
and β-carotene were measured based on the modified method
by Surówka et al. (2016). Briefly, lyophilized samples were
extracted in 0.1% solution of butylated hydroxytoluene (BHT)
in ethanol/acetone/methanol/2-propanol (8/3/3/1 v/v) at 70◦C in
shaking water bath for 15min, then 80%KOHwas added, and the
extraction was continued for 30min. Next, samples were diluted
with H2O (1/1 v/v) and cleaned on Chromabond XTR cartridge
(Macherey-Nagel, Germany). Compounds of interest were eluted
by n-hexane, vacuum evaporated (Rota Vapor, Switzerland) and
reconstituted in 1% BHT in methanol/dichloromethane (3/1 v/v)
prior HPLC separation. The Agilent 1260 (Santa Clara, CA, USA)
UHPLC binary system with diode array (DAD) and fluorescence
(FLD) detectors was used. Separation was achieved on Ascentis
Express C-18 (Supelco Analytical, SigmaAldrich, USA) analytical
columns at 0.8 ml/min, 60◦C and linear gradient of A) 0.5%
formic acid (FA) in acetonitrile (ACN)/H2O (6/4 v/v) and B) 0.5%
FA in 2-propanol/ACN (9/1 v/v), from 40 to 100% of B in 15min.
Tocochromanols were detected by FLD, whereas β-carotene by
DAD. Identity and quantity of compounds were confirmed by
the comparison with data obtained for the pure standards under
identical conditions.

Statistical Analysis
All physiological traits data were analyzed with Statistica
12.0 software (Stat. Soft Inc., USA). The normality of trait
distributions was verified using the Shapiro–Wilk test. Linear
correlation coefficients (Pearson’s) were calculated between all
the analyzed traits separately for drought and control conditions.
The F-test was used to assess the homogeneity of variance and
the Student’s t-test to compare the statistical significance of
differences of the analyzed traits between control and drought
conditions.

In the QTL analysis absolute values of all
physiological/biochemical traits were used which described
the drought response/tolerance level of RILs, and drought stress
indices (DSI), which are relative values, were also calculated
for all measured traits to compare among RILs (Bouslama
and Schapaugh, 1984; Wójcik-Jagła et al., 2013) according to
the formula: DSI (%) = (d/c) × 100%, where d and c are the
absolute values obtained under drought and control conditions,
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respectively. DSI data were included into QTL mapping as a set
of additional phenotypic traits.

Genotyping
Mapping Functional CGs on a Consensus Barley Map
A consensus barley linkage map of SNP markers from BOPA1
(barley oligonucleotide pool assay 1; Close et al., 2009) and simple
sequence repeat (SSR) markers, published earlier (Mikołajczak
et al., 2016), was used in this study for the map enrichment
with functional candidate genes (CG) and the construction of
a new high-density, function barley map for the QTL analysis.
Briefly, the consensus map was constructed for the MCam
population and two other bi-parental RILs: LCam (derived
from “Lubuski” × CamB) and GH (derived from “Georgie”
× “Harmal”), produced from the crosses between European
(drought susceptible) and Syrian (drought tolerant) spring barley
cultivars. The map consisted of 819 markers, spanned 953.8 cM
(an average resolution of 1.2 cM) and comprised of 13 linkage
groups attributed to barley chromosomes 1H-7H. The map was
uniformly covered with the markers, and was in good agreement
with other integrated barley maps (Varshney et al., 2007; Close
et al., 2009). The number of linkage groups exceeding the number
of barley chromosomes was probably the effect of a diverse
genetic background of parental genotypes, but it did not affect the
marker order within the linkage groups, nor the CGs mapping
and the overall quality of the map.

For the enrichment of the map, a group of 41 CGs potentially
involved in drought response was selected based on the
transcriptome analysis of “Maresi” and CamB genotypes under
drought stress (Janiak et al., 2018). In addition, 23 genes encoding
barley orthologs of drought tolerance-related genes, described
in model species, were chosen (Supplementary Material S1).
Publicly available genomic sequence information in GenBank
(http://www.ncbi.nlm.nih.gov/genbank/) was utilized to identify
barley genomic sequences of these CGs, so called functional CGs
(Pflieger et al., 2001). The information on the structure and the
chromosomal localizations of the CGs was derived from Ensembl
Plants (http://plants.ensembl.org/index.html; ver. 082214v1).

For polymorphisms identification in the functional CG
sequences, total genomic DNAs of two RIL populations, MCam
and GH, and their parental forms, were extracted using a method
by Doyle and Doyle (1987) with minor modifications. Primer
pairs (Supplementary Material S2) for the PCR amplifications of
CG fragments (800–1,200 bp) from genomic DNA of parental
genotypes were designed with the software Primer 3 (http://
bioinfo.ut.ee/primer3-0.4.0/). PCR products were sequenced
from both ends at Genomed company (Warsaw, Poland;
www.genomed.pl). The sequences assembly was done with
the CodonCode Aligner software (CodonCode Corporation,
Centerville, MA, USA).

Sequence polymorphisms (SNPs or insertions/deletions)
identified in the CG sequences between the parental genotypes
of RILs (“Maresi” vs. CamB or “Georgie” vs. “Harmal”) were
subsequently genotyped within the adequate RIL population
using one of the following methods: CAPS (cleaved amplified
polymorphisms) or dCAPS (derived CAPS) for SNPs, and PCR
for indels. In case of CAPS, the same primer pairs were used

for the PCR amplification, then PCR products were cleaved
with the appropriate restriction enzymes and visualized by 2.0%
agarose gel electrophoresis. In the dCAPS, mismatch primers
were designed with the dCAPS Finder 2.0. software (http://
helix.wustl.edu/dcaps/dcaps.html) for nested-PCR amplification
step, which followed the standard PCR amplification, then
PCR products were cleaved with the appropriate restriction
enzymes and visualized by 4.0% agarose gel electrophoresis.
The indels were genotyped using the PCR amplifications with
a newly designed primer pairs, followed by 4.0% agarose gel
electrophoresis of the PCR products. Primer pairs designed
for the methods of genotyping polymorphisms are given in
Supplementary Material S2.

The functional CG linkage analysis was performed on the
individual maps of the adequate mapping populations (MCam
or GH), and was followed by construction of a new consensus,
function map with the use all three maps and the software
JoinMap 3.0 (Van Ooijen and Voorrips, 2001), according
the procedure described previously (Mikołajczak et al., 2016).
Marker order within each linkage group was check for the
accordance with the other consensus barley maps (Varshney
et al., 2007; Close et al., 2009). Final chromosome maps were
drawn with the MapChart software (Voorrips, 2002).

QTL Analysis
QTL analysis was performed with the MapQTL 5.0 software (Van
Ooijen, 2004) for 40 physiological/biochemical traits measured
under both water regimes (optimal water supply and drought)
and for their DSI. QTLs were first mapped by interval mapping
(IM), followed by multiple-QTL model (MQM), using the
marker closest to the peak at each putative QTL as a cofactor.
After performing a genome-wide permutation test with 1,000
iterations (Churchill and Doerge, 1994), a LOD (logarithm of
the odds) thresholds from 2.8 to 3.5 (depending on the trait)
were used to establish the presence of significant QTLs (p <

0.05). Confidence intervals for the QTLs were estimated based
on two-LOD support interval, by taking two positions around
the peak of the LOD profile, which had LOD-values by 2.0 lower
than the maximum. The percentage of phenotypic variation (R2)
explained by each QTL was calculated and a QTL was considered
as major when it explained >10% of the phenotypic variation.
The additive genetic effects were also calculated for the QTLs,
and positive value indicated that the “Maresi” allele increased the
trait value, whereas negative value indicated the decrease in the
trait value caused by the “Maresi” allele. The QTLs which showed
overlapping confidence intervals were clustered into hotspots.

Identification of Positional Candidate
Genes Within QTL Confidence Intervals
In order to identify the positional candidate genes (CG; i.e.,
closely linked genes localized within QTL regions; Pflieger et al.,
2001), genetic and physical map integration was performed
based on the positions of markers defining the boundaries
of QTL confidence intervals (or the closest to them) in the
genome. Nucleotide sequences of markers were mapped to the
barley reference genomic sequence deposited in Ensembl Plants
database (version 082214v1; http://plants.ensembl.org/index.
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html) using BLAST tool in order to project QTLs on the physical
map (maximum E-value = 1E-100, minimum 95% identity of
the sequence). Gene models found within the physical QTL
intervals were retrieved using BioMart tool and grouped into the
same four gene categories as the physiological/biochemical traits
and corresponding QTL regions. This classification was based
on the assumption that positional CGs identified within QTL
regions related to a given trait category should be involved in
the biological processes relevant to this trait category under the
analyzed water regime.

GO Enrichment Analysis
With the aim to identify GO terms (Biological Processes; BPs)
associated with positional CGs and to determine the over-
representation of a given GO term in an analyzed set of
genes compared to the genome-wide background frequency,
the GO enrichment analysis was performed using the PLAZA
Monocots database version 3.0 (http://bioinformatics.psb.ugent.
be/plaza/versions/plaza_v3_monocots; Proost et al., 2015). The
significance of over-representation was determined using the
hyper geometric distribution followed by the Bonferroni
correction for multiple testing (corrected p≤ 0.05). Furthermore,
PLAZA was used to barley/Arabidopsis cross-species analysis in
order to identify putative barley orthologs in the Arabidopsis
thaliana genome. It was motivated by the extensive annotation
features available for this model species.

RESULTS

Phenotypic Variation and Correlations
Among Traits
Descriptive statistics for physiological/biochemical traits
evaluated in the MCam RIL population and parental genotypes
is shown in Supplementary Material S3. The mean values
of most of the measured parameters under both conditions:
optimal water supply (C) and drought stress (D) as well as
their stress indices (DSI), significantly differentiated both
parental genotypes and varied among the RILs. Almost all traits
were distributed normally within RIL population, and lines
which exceeded the parental range of variation for different
traits were observed. Significant transgressive segregation
suggests a broad genetic diversity of parental genotypes and
the polygenic inheritance of the investigated traits. Drought
stress conditions caused a significant decrease of mean values
for the majority of physiological parameters describing plant
water status, specific energy fluxes, quantum efficiency ratios,
photochemical activity of PSII and efficiency of gas exchange.
On the other hand, an increase in proline and ethylene content,
as well as in the activity of antioxidant enzymes and fat-soluble
antioxidants, was observed. Analyzed genotypes varied in terms
of carbohydrates content, both under control and drought
conditions. Drought stress increased the accumulation of
glucose, fructose and sucrose, whereas maltose and raffinose
contents were diminished.

Under control conditions, strong significant correlations
(|r| ≥ 0.5, p < 0.05) were exclusively observed among
photosynthesis-related traits and parameters describing plant

water status (Figure 1). The strongest positive correlations were
revealed between: net photosynthesis (Pn) and transpiration
(E); the photochemical quantum yield of PSII (8PSII) and
the photochemical quenching (qP); the performance index per
absorption (PIabs) and quantum efficiency ratios (φpo, ψo, φeo).
Furthermore, three groups of parameters were found with
significant internal correlations: specific energy fluxes (ABS, TR0,
ET0, DI0) per excited leaf cross-section (CS), specific energy
fluxes per reaction centre (RC), and quantum efficiency ratios
(φpo,ψo, φeo). The strongest negative correlations were observed
between: transpiration (E) and water use efficiency (WUE); and
between ABS/RC, TR0RC, DI0/RC and the efficiency of excitation
energy capture by open PSII reaction centres (Fv’/Fm’), PIabs, φpo,
and φeo.

Interestingly, the increasing number and magnitude of
significant correlations, both among physiological parameters
and between physiological and biochemical traits, was revealed
under drought stress conditions (Figure 1). Photosynthetic
efficiency parameters and plant water status traits were positively
correlated in the majority of cases. The strongest relationships,
not identified under control conditions, were observed between:
the RWC and 8PSII, Pn, E, Fv

′/Fm
′; as well as 8PSII and

the number of active RCs per CS (RC/CS), specific energy
fluxes (ABS, TR0, ET0,) per CS, PIabs, and (1-B)av. Only three
parameters, i.e., electrolyte leakage (EL), ABS/RC, and DI0/RC
were strongly and negatively correlated with all of the other
physiological traits. This indicates drought-induced increase of
the permeability of cell membranes, inactivation of a part of RC
pool and increase of the antenna size. Under drought stress,
in contrast to optimal water supply, we observed numerous
and mainly negative correlations between the physiological and
biochemical parameters (in particular, for SOD, POX, γ- and
α-tocopherols activities). Taken together, these results revealed
the changes in cellular metabolism during water deficit which
activated the processes enhancing barley adaptation capacity to
unfavorable conditions and prevented from a negative impact of
drought stress on photosynthesis efficiency.

Quantitative Trait Loci Identification
QTL analysis was performed using our previously published
high-density SNP and SSR-based consensus genetic map
(Mikołajczak et al., 2016) which was enriched with 64 functional
CGs including differentially expressed genes (DEGs) derived
from the transcriptome analysis of parental genotypes under
drought stress and barley orthologs of drought tolerance-related
genes described in model species (Supplementary Material S1).
The newly constructed barley function map consists of 875 loci
and spans 941.86 cM with an average resolution of 1.1 cM. Based
on comparison with physical map we estimated that it covers
about 95% of the barley genome. This provides an excellent
framework for QTL identification. In order to extensively
evaluate the response of the analyzed genotypes to drought,
both, the direct values of the 40 physiological and biochemical
parameters measured under control conditions and drought
stress, as well as the relative values (DSI) for each trait, were used
in QTL mapping.
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FIGURE 1 | Correlation diagram for physiological (green) and biochemical (yellow) traits evaluated among RILs. Correlations under control conditions and drought

stress are presented, respectively, in the lower and upper triangular. Statistically significant Pearson’s coefficients (r, p<0.05) are represented by colored matrix cells.

A total of 64 QTLs for 25 drought tolerance-related traits
that describe plant water status, photosynthetic efficiency,
osmoprotectant, and hormone content, as well as activity
and accumulation of antioxidants were identified among all
of the chromosomes, except 4H (Figure 2). The number of
detected QTLs varied from 1 to 4, depending on the trait
and the experiment variant (C/D/DSI). The highest number of
QTLs were positioned on chromosomes 2H and 3H (18 and
17, respectively), and 5H (12). Eight regions for QTLs were
mapped on chromosomes 6H and 7H, whereas chromosome 1H
contained a single QTL. The maximum LOD scores estimated
in the QTL confidence intervals ranged from 3.0 to 20.76, while
the phenotypic variation explained by an individual QTL varied
from 6.7 to 87.5%. Chromosome 3H contained regions that
accounted for most of the observed phenotypic variation in
the investigated parameters (14 QTLs with at least 30% of R2).
Favorable alleles which had positive effects on the variation in

analyzed traits came from both parental genotypes, “Maresi” and
CamB.

Under control conditions, the QTL analysis revealed 32
chromosomal regions for 17 traits (Table 2). Most (22) QTLs
were found to determine photosynthetic efficiency. The others
were related to the plant water status traits (4), raffinose
content (2), maltose content (2), sucrose content (1), and
catalase activity (1). About a half of the identified QTLs under
control conditions explained a large proportion of the observed
phenotypic variation (R2 ≥ 30%). Chromosomal regions with
the highest R2 values (exceeding 60%) were mapped for RWC,
TR0/CS, DI0/CS and maltose content. Furthermore, two QTLs
located on chromosome 7H, which explained more than 85%
of the observed phenotypic variation in maltose content, were
characterized by the highest LOD scores (>20.0) among all
the QTLs revealed in the analyzed RIL population. Three
functional CGs, co-segregating with the maximum LOD scores
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FIGURE 2 | Continued
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FIGURE 2 | High-density consensus function map of barley with the positions of QTLs for physiological and biochemical traits related to the drought stress response.

Markers are given on the right side of the linkage groups. Functional candidate genes are given in red. Bars represent intervals associated with QTLs for: drought

stress (red), control conditions (green), stress indices (blue), and QTL hotspots (patterned).
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TABLE 2 | Summary of QTLs detected for 17 physiological and biochemical traits in the MCam population under control conditions.

Trait Control conditions

QTL name Chr. Nearest marker LOD Confidence interval [cM] Additive effect R2 [%]

PLANT WATER STATUS

RWC QcRWC.2H 2H 252-556 7.44 126.13–127.13 −0.463 84.4

QcRWC.3H_2.1 3H scssr25538 7.34 37.59–42.52 9.432 83.8

WC QcWC.2H 2H 5184-1163 3.34 54.46–56.46 −0.338 13.1

QcWC.3H_1 3H 5260-462 3.11 104.52–104.83 0.358 12.1

PHOTOSYNTHETIC EFFICIENCY

ABS/RC QcABS/RC.6H 6H 885-104 7.01 20.25–21.22 −0.182 34.8

TR0/RC QcTRo/RC.5H_3 5H HvABI5 3.46 0–0.32 0.051 10.5

QcTRo/RC.6H 6H 2188-425 8.53 20.25–21.22 −0.108 30.7

ET0/RC QcETo/RC.5H_3 5H X71362.1 3.75 41.96–44.59 −0.024 11.9

QcETo/RC.6H 6H 885-104 7.55 20.25–21.22 −0.048 30.0

DI0/RC QcDlo/RC.2H 6H 885-104 5.62 20.25–21.22 −0.072 30.0

ABS/CS QcABS/CS.2H 2H 2464-1228 3.35 118.27–118.27 787.930 10.0

QcABS/CS.3H_2.1 3H EBmac0708 6.51 16.02–18.08 1907.390 55.6

QcABS/CS.3H_2.2 3H ConsensusGBS0632-3 11.09 30.01–34.01 −1722.250 59.1

QcABS/CS.5H_2 5H Bmac0096 4.05 21.56–21.56 −192.893 11.6

TR0/CS QcTRo/CS.2H 2H 2464-1228 4.28 118.27–118.32 637.155 10.7

QcTRo/CS.3H_2.1 3H EBmac0708 7.59 16.02–18.08 1558.190 57.8

QcTRo/CS.3H_2.2 3H ConsensusGBS0632-3 12.39 30.01–34.01 −1448.690 60.5

QcTRo/CS.5H_2 5H Bmac0096 4.25 21.56–21.56 −152.128 6.7

DI0/CS QcDlo/CS.3H_2.1 3H EBmac0708 9.04 14.02–18.08 331.108 63.8

QcDlo/CS.3H_2.2 3H 265-1229 7.99 31.01–35.29 −359.451 64.3

QcDlo/CS.6H 6H 2188-425 3.03 18.74–20.25 −55.813 6.7

φpo Qcphi_po.3H_1.1 3H 6634-263 4.43 32.33–36.69 −0.006 17.0

Qcphi_po.3H_1.2 3H ABC19175-1-2-375 5.66 57.79–59.70 0.008 23.5

ψo Qcpsi_o.2H 2H GBM1462 3.15 129.13–138.17 0.009 17.2

(1-B)av Qc(1-B)av.6H 6H 885-104 5.8 20.25–21.22 −0.470 30.0

Fv’/Fm’ QcFv’/Fm’.6H 6H 885-104 3.85 20.25–21.22 0.018 23.3

OSMOPROTECTANT AND HORMONE CONTENT

Suc QcSuc.5H_3 5H GMS061 4.68 55.55–56.54 −6.558 21.1

Raf QcRaf.1H_1 1H 5194-1118 3.84 33.95–34.34 −0.339 16.2

QcRaf.2H 2H Bmag0692 9.01 16.28–29.33 −0.458 34.8

Mal QcMal.7H_1.1 7H 2148-498 20.76 1.79–5.69 −14.320 87.5

QcMal.7H_1.2 7H ADC1 20.75 16.36–20.66 14.387 85.4

ACTIVITY AND ACCUMULATION OF ANTIOXIDANTS

Cat QcCAT.2H 2H 1865-396 7.29 14.23–14.63 −0.003 30.3

Functional candidate genes that co-segregated with the maximum LOD scores within confidence intervals of mapped QTLs are underlined; LOD ≥ 10 and R2 ≥ 30 are in bold.

R2, percentage of phenotypic variation explained by individual QTL.

within confidence intervals of the QTLs mapped under control
conditions, were found. X71362.1 gene, encoding a member of
the dehydrin family, was associated with the QTL for ET0/RC
on chromosome 5H. On the same chromosome, HvABI5 gene,
involved in plant response to abscisic acid, was located in theQTL
confidence interval for TR0/RC. Finally, the QTL for maltose
content mapped on chromosome 7H co-segregated with barley
ortholog of ADC1 gene which encodes arginine decarboxylase.

The QTL analysis performed for the same
physiological/biochemical parameters of RILs grown under
drought stress conditions showed the presence of 19 QTL

regions for 11 traits (Table 3). All detected QTLs were declared
as the major ones, as they explained more than 10% of the
phenotypic variation of the particular traits. The highest number
of QTLs was identified for photosynthetic efficiency parameters
(7), as well as osmoprotectant content (6). The remaining QTLs
were found to determine plant water status (4), ethylene content
(1), and α-tocopherol activity (1). The highest R2 values and
LOD scores described the chromosomal regions involved in the
proline and maltose accumulation. Drought-induced proline
level was found to be controlled by three major QTLs mapped
on chromosomes 2H and 3H, which explained between 73.6 and
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TABLE 3 | Summary of QTLs detected for 11 physiological and biochemical traits in the MCam population under drought stress.

Trait Drought stress conditions

QTL name Chr. Nearest marker LOD Confidence interval [cM] Additive effect R2 [%]

PLANT WATER STATUS

WL QdWL.2H 2H 5880-2547 6.84 14.03–14.23 −0.202 21.9

QdWL.5H_3 5H 3412-579 4.15 57.16–9.59 0.136 12.9

QdWL.7H_2 7H ConsensusGBS0356-1 3.15 23.72–25.99 −0.121 10.6

WC QdWC.2H 2H 5880-2547 3.82 14.03–14.23 −0.323 17.2

PHOTOSYNTHETIC EFFICIENCY

ABS/RC QdABS/RC.2H.1 2H 9490-843 3.97 5.42–8.31 −0.085 17.3

QdABS/RC.2H.2 2H 285-2932 4.09 119.60–120.57 −0.166 17.7

TR0/RC QdTRo/RC.2H.1 2H AK356764.1 3.55 10.92–14.03 −0.051 13.4

QdTRo/RC.2H.2 2H 2809-271 4.69 66.78–67.71 −0.047 16.9

ET0/RC QdETo/RC.2H 2H AK353596.1 3.85 132.17–145.34 0.041 20.5

DI0/CS QdDlo/CS.5H_3 5H 5156-737 3.89 51.79–52.38 44.152 17.5

(1-B)av Qd(1-B)av.7H_2 7H 497-386 3.33 37.97–40.35 −0.354 18.7

OSMOPROTECTANT AND HORMONE CONTENT

Pro QdPro.2H.1 2H Bmag0692 6.36 19.28–28.33 3.114 12.2

QdPro.2H.2 2H 6328-736 10.62 118.44–118.63 −7.080 75.2

QdPro.3H_2.1 3H EBmac0708 10.53 15.02–19.08 −11.964 73.6

QdPro.3H_2.2 3H 265-1229 11.58 33.01–35.29 20.832 77.5

Mal QdMal.3H_2.1 3H EBmac0708 18.38 17.02–18.08 1.370 85.8

QdMal.3H_2.2 3H GBM1420 18.44 36.75–42.52 −1.533 85.9

Eth QdEth.2H 2H Bmag0692 3.66 18.28–26.33 0.084 18.5

ACTIVITY AND ACCUMULATION OF ANTIOXIDANTS

ATf QdATf.6H 6H ConsensusGBS0136-7 4.36 0–2.75 −0.019 20.0

Functional candidate genes that co-segregated with the maximum LOD scores within confidence intervals of mapped QTLs are underlined; LOD ≥ 10 and R2 ≥ 30 are in bold. R2,

percentage of phenotypic variation explained by individual QTL.

77.5% of the observed phenotypic variation, but an additional
locus with a smaller effect was identified on chromosome 2H.

In addition, two QTLs located on chromosome 3H, involved in

maltose content regulation, were characterized by LOD scores
above 18.0 and R2 values that exceeded 85%. Two differently

expressed functional CGs were found to be associated with
the chromosomal regions for fast kinetics of chlorophyll a

fluorescence parameters, located on chromosome 2H. Gene

AK356764.1 that encodes transketolase co-localized with the
QTL for TR0/RC, whereas gene AK353596.1 encoding a member
of the peroxidase family showed coincidence with the LOD peak
region for ET0/RC.

All 13 QTLs mapped for stress indices (DSI) of 11 parameters
were classified as the major ones (Table 4). Most of them

were detected for photosynthetic efficiency and osmoprotectant

content (6 and 4, respectively), similarly to the drought stress
conditions. The other QTLs were identified for leaf water content

(1) and tocochromanols activity (2). The highest proportion

of observed phenotypic variation, ranging from 60.8 to 82.1%,
was explained by two QTLs positioned on chromosome 3H:

for sucrose and for γ-tocotrienol stress indices. Two functional

CGs from the transcriptome analysis of “Maresi” and CamB
co-segregated with maximum LOD scores within the QTL

confidence intervals, identified on chromosome 5H. Dehydrin

gene (X71362.1) co-localized with theQTLs for leaf water content
stress index, while AK356764.1 gene that encodes cysteine
protease was associated with the QTL for TR0/RC stress index.

Co-location of QTLs for Different Traits
The positioned QTLs were not distributed evenly in the barley
genome, and they clearly tend to be clustered in the particular
chromosome regions. Based on their overlapping confidence
intervals, 11 hotspots were identified that contained together
more than 60% of mapped QTLs for different traits (Table 5,
Figure 2). The highest number of hotspots (4), that combined
the QTLs from all investigated trait categories analyzed in all
experiment variants (C/D/DSI), was located on chromosome 2H,
followed by three hotspots which contained 2–6 overlapping
QTL confidence intervals detected on chromosome 3H. Two
hotspots were localized on chromosome 5H, each of them for
two physiological parameters. Then, a single genomic region on
chromosome 6H enclosed 7 QTLs for photosynthetic efficiency
under control water conditions. The last hotspot, that included
2 overlapping QTLs for DSI of fast kinetics of chlorophyll a
fluorescence parameters, was identified on chromosome 7H.

QTL Projection on Barley Genome
One of the main goals of this study was to identify the positional
candidate genes (CGs) within QTL confidence intervals, followed
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TABLE 4 | Summary of QTLs for stress indices (DSI) for 11 physiological and biochemical traits in the MCam population.

Trait Stress indices (DSI)

QTL name Chr. Nearest marker LOD Confidence interval [cM] Additive effect R2 [%]

PLANT WATER STATUS

WC QdsiWC.5H_3 5H X71362.1 4.98 41.96–44.59 6.097 23.6

PHOTOSYNTHETIC EFFICIENCY

ABS/RC QdsiABS/RC.7H_3 7H 2378-498 3.68 13.39–17.73 3.663 16.7

TR0/RC QdsiTRo/RC.5H_3 5H 3477-1248 3.84 64.75–65.63 −2.242 14.4

QdsiTRo/RC.7H_3 7H 2378-498 4.19 11.39–17.73 2.399 16.5

ET0/RC QdsiETo/RC.5H_3 5H AK364080.1 3.57 49.85–50.94 3.310 16.2

DI0/RC QdsiDlo/RC.5H_2 5H 4570-591 3.61 16.46–18.57 15.007 18.1

qP QdsiqP.7H_2 7H ABC03024-1-3-368 3.00 11.98–13.36 4.848 15.5

OSMOPROTECTANT AND HORMONE CONTENT

Glu QdsiGlu.2H 2H 5880-2547 5.81 14.03–14.23 −107.193 25.7

Suc QdsiSuc.3H_2.1 3H EBmac0708 4.88 16.02–18.08 405.162 60.8

QdsiSuc.3H_2.2 3H 265-1229 4.29 31.01–35.29 −400.512 54.6

Mal QdsiMal.5H_3 5H GBM5008 3.28 37.50–38.03 17.274 15.5

ACTIVITY AND ACCUMULATION OF ANTIOXIDANTS

GTf QdsiGTf.7H_3 7H 6628-1302 3.09 21.05–26.34 60.182 16.0

GTt QdsiGTt.3H_2 3H 265-1229 14.1 32.01–35.29 −248.340 82.1

Functional candidate genes that co-segregated with the maximum LOD scores within confidence intervals of mapped QTLs are underlined; LOD ≥ 10 and R2 ≥ 30 are in bold. R2,

percentage of phenotypic variation explained by individual QTL.

by the exploration of their putative functions related to drought
tolerance.We used the availability of the barley reference genome
sequence to search for positional CGs in the chromosomal
regions corresponding to the confidence intervals of the QTLs
determined on the consensus map. The integration of the genetic
and physical map led to the identification of overall 3,198
positional candidate genes that could be responsible for the
variation in the analyzed traits (Supplementary Material S4;
Figure 3A). Among them, there were the CGs (1,101) underlying
the drought response-specific QTLs, i.e., those QTLs which were
detected under drought stress conditions and for the stress
indices. The number of genes included in a particular QTL
region for all analyzed traits varied between 1 and 550, and was
correlated with the confidence interval size, whereas the total
ratio between physical and genetic distances was 2.11 Mbp/cM.

Comparative analysis of the number of the positional CGs
classified into four trait categories, as well as three analyzed
experiment variants (C/D/DSI) was shown on Figures 3B–E.
When considering plant water status and antioxidant activity,
699 and 172 genes, respectively, were specific to the analyzed
experiment variants. Altogether, 2,004 positional CGs were
identified for photosynthetic efficiency, and approximately 30%
of CGs involved in this process under drought stress (192 out
of 665) were also detected in the control conditions. Even larger
overlap was observed among 933 genes corresponding to the
osmoprotectant and hormone content. Approximately 30% of
positional CGs identified under drought stress (88 out of 289)
were also detected under control conditions, while as much as
66% (192) were commonwith stress indices of the analyzed traits.
Only 9 genes were identified exclusively under drought stress
within this trait category.

QTL Candidate Genes Prioritization
Due to the limited resolution of QTL mapping which resulted
in a high number of identified positional candidate genes, we
applied GeneOntology (GO) enrichment approach to: (1) predict
the functional ontologies associated with positional CGs, (2) to
determine the over-representation of certain GO terms in the
analyzed gene sets compared to the genome-wide background
frequency, (3) to reduce the number of CGs to potentially
casual genes responsible for the variation in the considered
traits.

As for the gene sets detected for the analyzed trait categories
under optimal water supply, the functional annotation showed
their participation in Biological Processes (BP) clearly relevant
for the proper shaping of plant growth and development
at the morphological, anatomical and physiological levels.
They included e.g., post-embryonic organ development,
carbohydrate mediated signaling, pentose metabolic process,
protein phosphorylation, stomatal movement, defense response,
as well as biosynthesis and transport of various compounds
(Supplementary Material S5). In order to gain an insight
into molecular mechanisms of drought stress response in
barley, the special attention was paid to 1,101 positional
CGs underlying drought response-specific QTLs. The GO
enrichment analysis resulted in narrowing down this number
to 143 prime candidates involved in the significantly over-
represented BPs which were closely related to the exposition
of the analyzed genotypes to drought stress (Figure 4). Some
of them are described as unknown in existing annotations
and assessment of their potential engagement in drought
response in barley requires further exploration of their biological
functions.
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TABLE 5 | Main characteristics of QTL hotspot regions.

Hotspot Trait Experiment variant QTL name Chromosome Confidence interval [cM]

qHS2.1 TR0/RC D QdTRo/RC.2H.1 2H 10.92–14.63

WC D QdWC.2H

WL D QdWL.2H

CAT C QcCAT.2H

Glucose DSI QdsiGlu.2H

qHS2.2 Proline D QdPro.2H.1 2H 16.28–29.33

Ethylene D QdEth.2H

Raffinose C QcRaf.2H

qHS2.3 Proline D QdPro.2H.2 2H 118.27–118.63

TR0/CS C QcTRo/CS.2H

ABS/CS C QcABS/CS.2H

qHS2.4 ET0/RC D QdETo/RC.2H 2H 129.13–145.34

ψo C Qcpsi_o.2H

qHS3.1 Maltose D QdMal.3H_2.1 3H 14.02–19.08

Proline D QdPro.3H_2.1

DI0/CS C QcDlo/CS.3H_2.1

TR0/CS C QcTRo/CS.3H_2.1

ABS/CS C QcABS/CS.3H_2.1

Sucrose DSI QdsiSuc.3H_2.1

qHS3.2 Proline D QdPro.3H_2.2 3H 30.01–35.29

DI0/CS C QcDlo/CS.3H_2.2

TR0/CS C QcTRo/CS.3H_2.2

ABS/CS C QcABS/CS.3H_2.2

γ-tocotrienol DSI QdsiGTte.3H_2

Sucrose DSI QdsiSuc.3H_2.2

qHS3.3 Maltose D QdMal.3H_2.2 3H 36.75–42.52

RWC C QcRWC.3H_2.1

qHS5.1 TR0/CS C QcTRo/CS.5H_2 5H 21.56

ABS/CS C QcABS/CS.5H_2

qHS5.2 ET0/RC C QcETo/RC.5H_3 5H 41.96–44.59

WC DSI QdsiWC.5H_3

qHS6.1 Fv’/Fm’ C QcFv’/Fm’.6H 6H 18.74–21.22

(1-B)av C Qc(1-B)av.6H

DI0/CS C QcDlo/CS.6H

DI0/RC C QcDlo/RC.2H

ET0/RC C QcETo/RC.6H

TR0/RC C QcTRo/RC.6H

ABS/RC C QcABS/RC.6H

qHS7.1 TR0/RC DSI QdsiTRo/RC.7H_3 7H 11.39–17.73

ABS/RC DSI QdsiABS/RC.7H_3

D, drought stress; C, control conditions; DSI, stress index.

CGs for Plant Water Status
The GO enrichment in the set of positional CGs identified for
plant water status under drought stress, revealed 17% of them to
be involved in the oxidation-reduction process (Supplementary
Material S6). A detailed analysis showed that two barley genes,
MLOC_5505 and MLOC_69302, encoding enzymes belonging
to the dehydrogenase and peroxidase families, respectively, were
identified in qHS2.1 hotspot which included the overlapping
QTLs for leaf water content and water loss under drought, as well

as glucose content stress index and catalase activity under control
water conditions. The other genes of this GO category are:
MLOC_6299 (an ortholog of Arabidopsis AT5G65110, involved
in biosynthesis of long chain fatty acid), MLOC_4579 (flavonol
synthase), and MLOC_71498 (an ortholog of Arabidopsis
gene AT4G25650, encoding translocation channel at the
inner envelope membrane of chloroplasts). All these genes
were detected in the QTL confidence interval for water
loss, on chromosome 7H. The remaining highly enriched
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FIGURE 3 | Comparative analysis of the numbers of positional candidate genes identified within QTL confidence intervals with respect to the experiment variants (C,

D, DSI) for all traits (A) and for the considered trait categories: plant water status (B), photosynthetic efficiency (C), osmoprotectant and hormone content (D), activity

and accumulation of antioxidants (E). D, drought stress; C, control conditions; DSI, stress index.

group of genes were annotated as intermembrane transport
(MLOC_52403 encoding vesicle-associated membrane protein),
homoserine metabolic process and “de novo” L-methionine
biosynthetic process (MLOC_71910, cystathionine gamma),
cyanidin 3-O-glucoside metabolic process and beta-glucoside
metabolic process (MLOC_36976, UDP-glucosyl transferase),
and regulation of brassinosteroid mediated signaling pathway
(MLOC_72613, L-type lectin-domain containing receptor kinase
III). Among the CGs for water content stress index, the most
enriched Biological Process was carboxylic acid biosynthesis. A
detailed analysis of the genes classified into this BP category
revealed two barley genes: MLOC_18300 (a member of NCED-
related gene family) encoding the key enzyme involved in ABA
biosynthesis, and MLOC_53947 for putative plastid pyruvate
dehydrogenase. The others significantly over-represented GO
terms were: proline biosynthesis process, ornithine catabolic
process, arginine catabolic process to glutamate (MLOC_35821,
ornithine aminotransferase), regulation of ATPase activity, and
response to heat (MLOC_37449, protein DnaJ).

CGs for Photosynthetic Efficiency
The functional annotation analysis of the positional CGs
identified for photosynthetic efficiency under drought stress
showed that the majority of genes belong to the GO categories

of protein folding, response to heat, response to high light
intensity, and response to hydrogen peroxide (Supplementary
Material S7). They include genes locatedmostly on chromosomes
2H and 7H that encoded heat shock proteins (MLOC_568,
MLOC_31567, MLOC_41281) and chaperonins (MLOC_51927
and MLOC_54083). Some of them are involved in folding
of RuBisCO, the major enzyme at the first step of carbon
fixation in the Calvin cycle. A particularly interesting GO
category comprised three genes mapped on chromosomes
2H and 5H (MLOC_15256, MLOC_19075, MLOC_38928),
encoding ATP sulfurylases involved in the sulfate assimilation
pathway. The other highly enriched Biological Process among
CGs for photosynthetic efficiency in response to drought
was detection of abiotic stimulus. Two genes, one encoding
phytochrome A (MLOC_824) and the other involved in the
chromatin remodeling in the response to environmental cues
(MLOC_60235) were found within this category. The most
enriched GO terms of the CGs for photosynthetic efficiency
DSI included three groups. The first group consisted of the
over-represented BPs related to DNA dealkylation and DNA
demethylation (MLOC_53029 and MLOC_11707, encoding
DNA repair proteins). Another highly represented GO category
was lipid transport. Here, MLOC_51456 encoding a non-
specific lipid-transfer protein was found. The BPs belonging
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FIGURE 4 | Biological processes significantly over-represented in the gene sets for the analyzed trait categories: under drought stress (D) and for stress indices (DSI).
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to the last group were related to short-day photoperiodism
that included MLOC_6879 (an ortholog of Arabidopsis gene
AT3G24440, VERNALIZATION INSENSITIVE 3-LIKE 1) and
MLOC_19228 (an ortholog of Arabidopsis gene AT5G46210,
CULLIN4). Red or far-red light signaling pathway was another
overrepresented BP from this group, including MLOC_20045,
encoding nucleoside diphosphate kinase and MLOC_53845, an
ortholog of Arabidopsis gene PFT1, encoding phytochrome and
flowering time regulatory protein).

CGs for Osmoprotectant and Hormone Content
The majority of drought-specific CGs for the osmoprotectant
and hormone content category were common for drought
stress conditions and stress indices (DSI). According to
the GO enrichment, they are involved in tripeptide and
modified amino acid transport, glutathione transport
(MLOC_174, a member of Crt-like transporters), glycerol
biosynthetic process (MLOC_40292, glycerol-3-phosphatase
1), and phytochromobilin metabolic process (MLOC_70465,
phytochromobilin oxidoreductase; Supplementary Material S8).
These genes encode proteins located in chloroplasts and they
were mapped in qHS3.1 hotspot which included the overlapping
QTLs for sucrose content stress index, as well as for proline
and maltose content under drought stress. Among CGs for this
category, GO enrichment analysis led to the identification of two
barley genes exclusive for drought stress, which were positioned
in qHS3.2 hotspot. MLOC_65646 is a putative ortholog
of Arabidopsis gene AT5G20990, encoding molybdopterin
biosynthesis protein, which is involved in molybdenum cofactor
biosynthesis, whereas MLOC_22343, encoding molybdate
transporter showed enrichment in BP categories related to
vacuolar transmembrane transport, molybdate ion export from
vacuole, and sulfate transport. The most represented category of
BPs among the CGs for osmoprotectant and hormone content
stress indices was auxin mediated signaling pathway. One of
the genes involved in this process was MLOC_58506, encoding
a member of the small auxin up-regulated RNA family. It
was mapped on chromosome 5H in QTL confidence interval
for maltose content stress index. Other highly enriched GO
categories were the same as for the plant water status under
drought stress: cyanidin 3-O-glucoside metabolic process,
beta-glucoside metabolic process (MLOC_36976, UDP-glucosyl
transferase), and regulation of brassinosteroid mediated pathway
(MLOC_72613, L-type lectin-domain containing receptor kinase
III).

CGs for Activity and Accumulation of Antioxidants
For the activity and accumulation of antioxidants trait category,
a single QTL for α-tocopherol content under water-deficiency
conditions was identified on chromosome 6H. The GO
enrichment analysis among CGs for α-tocopherol led to the
identification of over-represented BP categories, such as:
regulation of isopentenyl diphosphate biosynthetic process,
regulation of phospholipid biosynthetic process, nitric oxide
metabolic process, and indole glucosinolate metabolic process
(Supplementary Material S9). In-depth analysis showed
MLOC_63263, encoding a chloroplastic/mitochondrial

NO-associated protein, and MLOC_57100, encoding O-
methyltransferase which is involved in flavonol biosynthesis.
The analysis of the GO annotations of the positional CGs for
antioxidant activity DSI revealed their involvement in: flavonol
metabolic process, flavone metabolic process (MLOC_73233,
O-methyltransferase), and urea transport (MLOC_58872,
an ortholog of Arabidopsis gene AT4G01470, encoding
tonoplast intrinsic protein functions as water and urea channel).
Furthermore, the both selected genes for antioxidant activity
stress indices were identified in qHS3.2 hotspot which overlapped
6 QTLs, among them for γ-tocotrienol and sucrose stress indices,
as well as proline content under drought stress.

DISCUSSION

The identification of genes underlying particular QTLs, followed
by the elucidation of their molecular functions, is one of the
paramount challenges in the modern plant genetics, as more
than 2500 studies on QTL analysis in crop plants have been
published so far (Kumar et al., 2017). Most studies have focused
on exploiting the highly saturatedmolecular functionmaps to co-
localize QTL regions with the genetic markers, based on within-
gene polymorphisms (Diab et al., 2008; Sehgal et al., 2012; Li
W. T. et al., 2013; de Miguel et al., 2014; Mikołajczak et al.,
2016). In a standard strategy, after fine mapping of a QTL, a
positional cloning of the QTL has been proposed to identify a
gene or genes underlying a complex trait (Kumar et al., 2017).
Although, there are examples of successful positional cloning
of QTLs (Salvi and Tuberosa, 2007; Collins et al., 2008; Mir
et al., 2012), this procedure remains difficult and cumbersome,
especially for large genomes. This could explain a small number
of cloned QTLs in barley with only a few examples related to
abiotic stress tolerance, such as boron (Sutton et al., 2007), and
aluminum toxicity (Furukawa et al., 2007) or freezing tolerances
(Francia et al., 2007).

Recently, the availability of complete genome sequences for
a growing number of plant species gave the opportunity to
gain an insight into the physical gene space, resulting in the
straightforward searching for all possible positional candidate
genes associated with QTL confidence intervals (Monclus et al.,
2012; Bargsten et al., 2014; Correa et al., 2014). Therefore, an
inherent bottleneck is an effective selection of themost promising
CGs within QTL regions, typically including tens to hundreds
of genes, most of them unrelated to the trait of interest. Various
methods to prioritize CGs within the QTL regions for the target
trait can be combined, including the approach based on CGs
overrepresentation in the biological processes, the analysis of
their differential expression at transcriptome and/or proteome
levels or functional annotation of CGs based on their orthologs
in related or model species (Monclus et al., 2012; Bargsten et al.,
2014; Kumar et al., 2017).

Our study presents the comprehensive multistep approach for
elucidation of the genetic basis of drought response mechanisms
in barley. Firstly, the identification of precise chromosomal
regions underlying physiological and biochemical indicators
of the drought tolerance was accomplished by merging the
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extensive analysis of these parameters under drought stress and
classical quantitative genetic approach, performed with the use
of strict threshold criteria and a high-density function map.
Next, the anchoring of drought response-specific QTLs to the
reference barley genome sequence was performed, after the
thorough evaluation of QTL data. Finally, a huge number of
identified positional CGs was reduced to potentially causative
genes underlying the analyzed traits, using a Gene Ontology
enrichment approach, followed by additional prioritization tools.
Below, the most important results of the particular steps of the
study are discussed.

Reliability and Accuracy of QTL Mapping
QTL analysis in this study identified a total of 64 QTLs for 25 out
of 40 physiological and biochemical traits measured under the
optimal and drought stress conditions (absolute values), as well
as for their DSI (relative values). The identified QTLs showed
LOD scores ranging from 3.0 to 20.8, and explained 6.7 to
87.5% of observed variation (R2). The applied LOD threshold
of 3.0 to declare a presence of the QTL ensured the detection
of reliable and significant QTLs involved in the formation of
analyzed traits and the exclusion of small effect, tentative QTLs
(Salvi and Tuberosa, 2015; Kumar et al., 2017). Using the same
criterion (LOD > 3.0), Liu et al. (2017) identified 11 significant
QTLs for 6 traits, out of a total of 15 stomatal and photosynthetic
traits related to salinity tolerance in barley, while with a lower
LOD score (2.5 < LOD < 3.0), the authors added 11 tentative
QTLs for 11 traits to this list. Similarly, Wójcik-Jagła et al. (2013),
in two barley mapping populations identified in total 33 QTLs
(LOD> 2.5) for physiological parameters measured under short-
time drought, but only 11 QTLs were detected with a LOD score
>3.0. In the present study, with the aim to search for positional
candidate genes associated with QTL confidence intervals, we
decided to consider only significant QTLs with a high LOD score.

The QTLs detected in our study are characterized by a large
phenotypic effect and a high accuracy of mapping (Mir et al.,
2012; Kumar et al., 2017). Assuming that the proportion of
phenotype variation explained by a major QTL should be above
10% (Kumar et al., 2017), as much as 95% of the QTLs identified
in our study can be considered as the major ones, including all 32
QTLs detected under drought stress and for DSI. Similarly, the 11
significant QTLs detected by Liu et al. (2017), mentioned above,
can be classified as the major QTLs, as each of them explained at
least 11.2% of variation. On the contrary, in the work of Wójcik-
Jagła et al. (2013) only 4 out of 33 QTLs detected in two mapping
populations could be considered as the major ones using the
above criterion. Moreover, the majority of the QTLs (92.2%) of
our study were precisely positioned on the linkage map within
confidence intervals below 6.0 cM. It is not a common situation
as usually the linkage analysis locates QTLs within the confidence
intervals of 10–30 cM (Chander et al., 2008; Li et al., 2008; Capelle
et al., 2010; Chen et al., 2010; Kumar et al., 2017). However, in
accordance with our results, Bertholdsson et al. (2015) showed a
group of 5 QTLs including 3 major QTLs for quantum yield of
electron transport of PSII under waterlogging in barley, and all
of them but one, were mapped within confidence intervals below
5.0 cM.

Co-locations of Present and Known QTL
Regions
Over the last two decades, QTL for a wide range of traits related
to the drought tolerance, including physiological/biochemical
characteristics, have been mapped to all seven barley
chromosomes (Mir et al., 2012). A precise comparison
among these results is not possible owing to the differences

in used plant materials and maps, various traits analyzed
and diverse methodology applied, however, some interesting
observation can be made in regard to the results of the present

study. The QTLs identified in our study were mapped to all
barley chromosomes, except 4H, with the highest number of
QTLs located on chromosomes 2H, 3H and 5H. Based on the
overlapping confidence intervals, 11 hotspots were identified

that contained together over 60% of mapped QTLs for all the
traits, most on 2H (4) and 3H (3). In the previous studies with
the same mapping population, aimed at the detection of QTLs
underlying yield-related agronomic traits under drought and

control conditions (Mikołajczak et al., 2016, 2017; Ogrodowicz
et al., 2017), the important role of the regions on chromosomes
2H and 3H was also reported. Moreover, the most significant
QTL hotspot on 2H, clustering QTLs for the length of main stem

and yield traits (Mikołajczak et al., 2017), as well as heading date
(Ogrodowicz et al., 2017), co-localized with a hotspot region
(qHS2.1) of the present study. The other region of overlapping

QTL hotspots between these studies was found on chromosome
5H. Similarly, Mora et al. (2016) revealed the highest number of

QTLs for drought-related morphological and physiological traits
on chromosomes 2H and 3H, using a distinct barley gene-pool

and environmental conditions. Recently, meta-QTL analysis

approach has been developed which is aimed in the integration
of data from multiple QTLs studies and has a greater statistical

power for the detection of, so called, meta-QTLs (MQTL), and
more precise estimation of their genetic effects (Wu and Hu,

2012). Zhang et al. (2017) performed a meta-QTL analysis of

drought tolerance in barley using 72 major QTLs described in
several studies, and most of QTLs were located on chromosomes

2H, 3H, 5H, and 7H. As a result, MQTLs, integrating QTLs for
barley drought tolerance, have been positioned on chromosomes,
with some particularly important regions, common to drought
and salinity tolerance on 2H (2), 3H (1), and 5H (1).

In the present study no overlapping QTLs identified for a
given trait under different water regimes were found. A similar
situation was observed by Wang et al. (2014) in QTL mapping
for yield-related traits in barley in six diverse environments.
Mora et al. (2016) also showed that 80% of the identified QTLs

for analyzed traits were specific for a particular environment.
According to this observation, we used only the QTLs detected
under drought stress conditions and QTLs for adequate DSI,
to be subjected for the co-location analysis, projection to barley

genome sequence and positional CGs identification.
For the plant water status related traits, a total of 5 QTLs

were detected under drought stress conditions and for adequate
DSI in our study. Among them, two neighboring regions
from chromosome 5H have been pointed in previous studies:
QdsiWC.5H_3 for the water content DSI and QdWL.5H_3 for
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water loss under drought stress co-located with QTL region for
RWC determined by Teulat et al. (2001a, 2003), in the close
vicinity of dhn1 and dhn9 genes encoding dehydrins. This co-
location is further confirmed as QdsiWC.5H_3 (R2 = 23.6%) was
mapped into the position of X7136.1 gene, a functional CGwhich
encodes a dehydrin protein. This gene was chosen for mapping
based on the transcriptome analysis of parental genotypes of
MCam population under drought stress.

For the photosynthetic efficiency category 13 QTLs were
detected under drought stress conditions and for adequate DSI.
The analysis revealed that two QTL regions from the distal part
of a long arm of chromosome 2H: QdABS/RC.2H.2 for PSII
light absorption flux per RC and QdET0/RC.2H (from hotspot
qHS2.4) for electron transport flux in PSII per RC co-localize
with two hotspots for chlorophyll a fluorescence parameters
detected by Guo et al. (2008). These two chromosomal regions
were also identified by Wójcik-Jagła et al. (2013) with QTLs
for photochemical quantum yield of PSII (8PSII) DSI, and for
photochemical quenching (qP). The region of QdET0/RC.2H
seems to be especially significant as it explained the highest
proportion of the variation (20.5%) and was mapped in the
position of AK353596.1 gene (MLOC_65477), a functional CG
used for map construction. This gene encodes for an enzyme
from the peroxidase class engaged in reactive oxygen species
(ROS) detoxification. Different ROS are excessively formatted
under drought stress, but they are also produced during the
light phase of photosynthesis where about 10% of the pool of
electrons is transferred to oxygen forming superoxide anion
radical (Foyer and Noctor, 2000). The AK353596.1 gene was
selected for mapping based on its differential expression between
parental genotypes of MCam under drought (Janiak et al., 2018).
Thus, the relationship between this gene and the identified QTL
seems to be well-supported. Additionally, two other QTLs related
to photosynthetic efficiency of PSII showed the co-locations with
QTLs detected previously. The region of Qd(1-B)av.7H_2 from
7H co-located with the QTL for initial fluorescence (F0) from
the study of Guo et al. (2008) and QdsiDI0/RC.5H_2 from 5H
overlapped with the chromosomal region of four QTLs for DSI
for PSII photosynthetic efficiency and water content (Wójcik-
Jagła et al., 2013).

In the osmoprotectant and hormone content category,
altogether 11 drought response-specific QTLs were detected.
It should be underscored that our study for the first time
identified the QTLs for glucose, maltose, sucrose and ethylene
content under drought stress conditions in barley. Among
them, the QTL from the short arm of 2H, QdsiGlu.2H, for
glucose content DSI, overlapped with three other QTLs for WC,
WL, and TR0/RC (hotspot qHS2.1, around SNP marker 5880-
2547) and was mapped near the position of another functional
CG, AK356764 (MLOC_21709, an ortholog of Arabidopsis
AT3G60750), encoding transketolase. This enzyme is involved
in the Calvin-Benson cycle during the light-independent phase
of photosynthesis, and according to GO terms, might be
also involved in salinity tolerance, gluconeogenesis and water
transport. The QdsiGlu.2H region showed the co-location with
QTL for WSC concentration at full turgor under drought stress
(WSC100) designated by Diab et al. (2004). The most interesting

result was obtained in the case of six, partially overlapping QTLs
for proline, maltose and sucrose content, located in the distal
part of a long arm of chromosome 3H. These QTLs explained
the highest amount of phenotype variation (54.6–85.9%), were
divided among three neighboring hotspots (qHS3.1, qHS3.2,
qHS3.3), and coincided with the QTL regions for proline content
under drought and salinity stresses identified by Sayed et al.
(2012) and Fan et al. (2015), respectively.

In the activity and accumulation of antioxidants category, 3
QTLs were detected under drought stress conditions and for
adequate DSI. Here again, for the first time our study determined
the QTLs for α-tocopherol (QdATf.6H on 6H) and γ-tocotrienol
(QdsiGTt.3H_2) content under drought stress in barley. The
region QdsiGTt.3H_2 for γ-tocotrienol content DSI explained
82.1% of phenotype variation for this trait and was included into
the hotspot qHS3.2 together with QTLs for proline and sucrose
content (co-locations presented above). A third QTL region,
QdsiGTf.7H_3 for γ-tocopherol content DSI was mapped on
chromosome 7Hnear SNPmarker 6628-1302 and showed the co-
location with the QTL for γ-tocopherol content under drought
stress detected recently by Templer et al. (2017).

Prioritization of Positional CGs Related to
Drought Response-Specific QTLs
Although the sequence assembly of the barley genome has been
accessible since 2012 (Mayer et al., 2012), only a few studies
demonstrated the genetic and physical map integration resulting
in numerous putative CG identification (Fan et al., 2015; Piasecka
et al., 2017; Templer et al., 2017; Zhang et al., 2017). In the
present work, the QTL projection on the genome was extended
by the GO enrichment analysis. This allowed an efficient selection
of CGs on the basis of their relevance to biological processes
related to analyzed trait categories. To the best of our knowledge,
it was the first attempt to apply the Gene Ontology-based
prioritization to barley QTL analysis. The resulting reduction
in the number of genes was almost eight-fold: out of the 1,101
CGs corresponding to the drought response-specific QTLs, we
selected 143 significant candidates predicted to be responsible
for the variation in the considered traits. Similar findings have
been reported by Bargsten et al. (2014) who prioritized rice
QTL data leading to the ten-fold reduction in the number
of candidate genes. The GO enrichment was also successfully
applied to select CGs participating in the genetic determination
of the grapevine cluster architecture (Correa et al., 2014), as well
as the productivity, growth, and water-use efficiency in poplar
(Monclus et al., 2012).

Unquestionably, the thorough examination of CGs revealed
in the present study is necessary to confirm their exact role
in drought stress response in barley. However, we want to
point out that our findings have been supported by results
of the global gene expression profiling of parental genotypes
that had been used for QTL mapping in our study (Janiak
et al., 2018). The differentiated expression due to drought stress
was confirmed for 34 CGs from the set of 143 genes selected
based on prioritization approach. In the following paragraphs,
we characterize the best candidates for further experimental
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validation of their role in driving drought response. The genes
have been carefully chosen based on one of the following criteria:
(1) differentiated expression under drought stress, (2) location
within overlapping QTL confidence intervals (hotspots), (3) well-
documented engagement of their orthologs in model species in
drought stress response.

The majority of CGs identified within drought response-
specific QTLs for plant water status corresponded to the
oxidation-reduction process. It is well-recognized that
accumulation of reactive oxygen species (ROS) in the
chloroplasts and mitochondria is an early response of plants
to decreased water potential inside the cells during adverse
stress conditions (Xiong et al., 2002; Choudhury et al., 2013).
Many studies have revealed the ROS-mediated retrograde
signaling pathway from chloroplasts to nucleus, which results
in substantial changes in the expression of the nuclear genes
that maintain chloroplasts function and other aspects of plant
adaptation to environmental cues (reviewed in Chi et al.,
2015). In contrast, an attention has been drawn to the role of
ROS as major drivers of cellular oxidative damages (Noctor
et al., 2014). Among the barley genes that correlated with the
oxidation-reduction process, we highlighted MLOC_69302
encoding ascorbate peroxidase (APX) as a key player involved in
the hydrogen peroxide removal. It was reported that APX loss-
of-function Arabidopsis mutants accumulated more hydrogen
peroxide and were significantly more sensitive to different
abiotic stresses than the wild type (Koussevitzky et al., 2008).
Another gene identified in our study that may be important
for barley drought response, MLOC_4579, encodes a flavonol
synthase. Flavonols are members of secondary metabolites highly
accumulated under various stresses which are involved in ROS
scavenging leading to the enhancement of oxidative tolerance
(Nakabayashi et al., 2014). Therefore, it can be suspected that the
identified barley redox-linked genes contribute to regulation of
ROS homeostasis under water deprivation.

The carboxylic acid biosynthesis was the second over-
represented process among CGs identified in intervals of QTLs
for plant water status.Within this group,MLOC_18300 encoding
a member of 9-cis-epoxycarotenoid dioxygenase family (NCED),
which catalyzes an essential regulatory step in ABA biosynthesis,
was found (Seo and Koshiba, 2002). Drought stress-stimulated
accumulation of ABA modulates root hydraulic conductivity
and regulates shoot vs. root growth, as well as alters guard
cell ion transport, promoting stomatal closure and reducing
water loss by transpiration (Roychoudhury et al., 2013; Sah
et al., 2016). Another identified gene, MLOC_53947, encodes
a putative plastid pyruvate dehydrogenase which contributes to
transforming pyruvate to Acetyl-CoA, the precursor for fatty
acid biosynthesis (Johnston et al., 1997; Mentzen et al., 2008). It
was shown that prolonged drought exerts phospholipid bilayer
destabilization and increases its permeability leading to the ion
leakage (Bajji et al., 2002; Fang and Xiong, 2015). Therefore, an
enhanced biosynthesis of fatty acids may be a crucial strategy
of protecting plasma membrane integrity against the damage
under drought stress, maintaining osmotic homeostasis and cell
turgor pressure, as well as controlling transcellular water and ion
transport.

Our analysis clearly showed a putative involvement of
numerous genes encoding the heat shock proteins (HSP)
in the regulation of photosynthetic efficiency under drought
stress in barley. Members of different HSP families perform
the molecular chaperone function by participation in the
proper protein folding and assembly. Furthermore, they enable
disposal of non-functional and aggregated stress-labile proteins
(Santhanagopalan et al., 2015). It is well-recognized that HSP
proteins play a pivotal role in the protection of photosynthetic
components against stress injuries. Recent studies have revealed
that stress-induced impairment of photosynthesis results in the
reduction of carbon fixation and oxygen evolution, as well as
disruption of the linear electron flow. One of the main effects
of photoinhibition is the exposure of chloroplasts to excess
excitation energy. This increases the generation of ROS by
the incomplete reduction of molecular oxygen, which in turn
induce remarkable damages in chloroplast proteins, lipids, and
pigments (Filek et al., 2015; Pospisil, 2016). The components
of photosynthetic apparatus particularly sensitive to oxidative
stress are: PSII with its oxygen-evolving complex, the carbon
assimilation process driven by RuBisCO, and the ATP generating
system (Allakhverdiev et al., 2008). Among genes for HSP
identified in this work, the most represented group was orthologs
of Arabidopsis AT5G51440 encoding HSP20-like chaperone
(MLOC_568 andMLOC_31567). HSP20 proteins are encoded by
nuclear multigenic families and are located in different cellular
compartments (Lopes-Caitar et al., 2013). In Arabidopsis, 19
genes encoding HSP20 were identified, whereas 36 and 23HSP20
genes were described in poplar and rice, respectively (Scharf et al.,
2001; Waters et al., 2008; Sarkar et al., 2009). An intriguing over-
represented biological process among CGs for photosynthetic
efficiency under drought stress was the sulfate assimilation,
represented by MLOC_19075, an ortholog of Arabidopsis gene
AT4G14680 encoding ATP sulfurylase. Many studies indicate
the importance of sulfur as the component of a wide range
of compounds with fundamental biological functions, including
tolerance to various abiotic stresses (Prioretti et al., 2014). ATP
sulfurylases catalyze the first step in the sulfate assimilation
pathway. They activate sulfate (SO2−

4 ; a metabolically inert form
of sulfur taken up by roots), yielding a high-energy adenosine-
5′-phosphosulfate (APS) that is reduced to sulfide (S2−) and
incorporated into cysteine. In turn, cysteine acts as a donor of
highly reactive thiol group (-SH) for numerous S-compounds
(Prioretti et al., 2014; Anjum et al., 2015). One of them is
glutathione, whose contribution to drought stress tolerance by
ROS detoxification and stress-induced signal transduction has
been extensively evidenced (Munemasa et al., 2013; Pyngrope
et al., 2013; Nahar et al., 2015).

Other relevant biological processes related to the
photosynthetic efficiency, over-represented among CGs analyzed
in this work, were: short day photoperiodism and red or far
red light signaling pathway. Within this group, we highlighted
two barley genes, MLOC_6879 and MLOC_53845, orthologs
of Arabidopsis VERNALIZATION INSENSITIVE 3-LIKE 1
(VIN3-LIKE1) and PHYTOCHROME AND FLOWERING TIME
1 (PFT1), respectively, involved in the control of flowering
time. Many studies have reported a limiting effect of drought
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stress on plant yield, including early arrest of floral development
leading to the interruption of plant reproduction. One of the
mechanisms to cope with the water deficit adopted by plants is
an acceleration of the flowering process to shorten plant life cycle
via drought escape. In Arabidopsis, the FLOWERING LOCUS T
(FT) is a master regulator of flowering promotion. It activates
the expression of meristem identity genes which control the
reprogramming of shoot apical meristem to form flowers (Turck
et al., 2008; Kazan and Lyons, 2016). FT gene is up-regulated
by a transcription factor CONSTANS (CO) and repressed by
the product of FLOWERING LOCUS C (FC). Furthermore,
PFT1 gene was shown to activate expression of FT through
CO- dependent and independent manner. In contrary, FC is
epigenetically down-regulated by the vernalization response
genes (e.g., VIN3-LIKE1; Inigo et al., 2012; Kazan and Lyons,
2016). Taking these data into account, it could be suggested
that drought stress occurring at the seedling stage may trigger
the up-regulation of MLOC_6879 and MLOC_53845 genes to
switch on a drought escape adaptive mechanism by promotion
of flowering. This suggestion is supported by a distinctly early
flowering of one of the parental genotypes used for QTL
mapping, the Syrian line CamB (Ogrodowicz et al., 2017).

We identified several CGs for accumulation of
osmoprotectants and hormones within the hotspot regions:
qHS2.1, qHS2.3, qHS3.1, and qHS3.2, which suggests their
engagement in the complex metabolic networks, probably
common to different drought-responsive compounds. As
an example, MLOC_174 [a CRT (chloroquine-resistance
transporter)-like transporter 3, involved in modified amino
acid and glutathione transport], MLOC_40292 (glycerol-3-
phosphatase), and MLOC_20354 (gamma-secretase subunit,
involved in Notch signaling pathway) were candidate genes for
the proline, sucrose, and maltose accumulation. Furthermore,
a special attention was given to five genes (MLOC_58506,
MLOC_58508, MLOC_58507, MLOC_65368, MLOC_65978)
encoding SAUR-like auxin-responsive proteins. Many findings
suggest participation of auxin in the plant response to stresses,
including drought (Du et al., 2013; Krishnamurthy and
Rathinasabapathi, 2013; Rahman, 2013; Shi et al., 2014). It is
well-documented, that small auxin up-regulated RNAs (SAUR)
are the most numerous family among early auxin response
genes, found to be tandemly duplicated in plant genomes
(Wu et al., 2012). Accordingly, the SAUR genes identified
in this work are clustered within single QTL chromosomal
region for maltose content on chromosome 5H. Despite of
progressive identification of SAUR genes in different plant
species, the functions of most of them, especially in the
stress response, remained elusive due to their large genetic
redundancy (Ren and Gray, 2015). However, recent studies
revealed the role of SAUR genes in hypocotyl elongation and
leaf senescence in Arabidopsis, bacterial blight resistance in
rice, and drought tolerance in wheat (Chae et al., 2012; Kai
et al., 2013; Aoki et al., 2016; Guo et al., 2018). Therefore,
it can be hypothesized that observed decrease in maltose
content under drought stress conditions, may be regulated
by auxin-mediated SAUR genes, but this requires further
verification.

The most striking result of GO enrichment was the
identification of two genes: MLOC_65646 (encoding
molybdopterin biosynthesis protein) and MLOC_22343
(encoding molybdate transporter) involved in the formation of
molybdenum cofactor (Moco), which acts as an active compound
at the catalytic center of a wide range of oxidation-reduction
enzymes (Mendel, 2013). One of these enzymes is aldehyde
oxidase which converts abscisic aldehyde to ABA in the last step
of the ABA biosynthesis pathway. It was shown that aldehyde
oxidase requires the sulfurylated form of Moco for providing its
activity (Mendel and Haensch, 2002). This reaction is catalyzed
by Moco sulfurase encoded in Arabidopsis by LOS5/ABI3 gene
(Xiong et al., 2001). The study of Li Y. et al. (2013) have revealed
that soybean transgenic lines with overexpression of LOS5/ABI3
showed a reduced electrolyte leakage, enhanced accumulation of
proline and antioxidant enzymes, as well as significant increase
in ABA content and drought tolerance. The identification on
the aforementioned barley genes in the QTL hotspot qHS2.3 for
ABS/RC and proline content suggests an interplay between the
decreasing photosynthetic efficiency and expression of genes
engaged in molybdenum cofactor synthesis, which results in
ABA-mediated proline accumulation.

Considering CGs related to the activity and accumulation
of antioxidants, we distinguished two genes, MLOC_57100 and
MLOC_73233, orthologs of Arabidopsis AT5G54160 (AtOMT1),
encoding O-methyltransferase. Enzymes belonging to the OMT
family catalyze transfer of methyl group to the oxygen atom of
the wide range of low molecular weight organic compounds,
including flavonoids, alkaloids, and phenylpropanoids. Their
methylated products are involved in lignin biosynthesis and
response to environmental cues (Lam et al., 2007). Furthermore,
it has already been shown that drought stress increased
OMT transcription in maize, soybean, and grape (Yamaguchi
et al., 2010; Liu et al., 2013; Giordano et al., 2016). Since
MLOC_73233 was located in the hotspot qHS3.2 that includes
QTLs for γ-tocotrienol, proline and sucrose content, it can be
hypothesized that O-methylation of intermediate products in the
metabolic pathways of these drought-response compounds plays
an important role in improving barley tolerance to water deficit.

A putative candidate gene for α-tocopherol accumulation is
MLOC_63263 encoding an ortholog of Arabidopsis AT3G47450
(NITRIC OXIDE SYNTHASE1; AtNOS1). Nitric oxide (NO) is a
short-lived, highly membrane permeable, inorganic free radical.
It is a crucial signaling molecule mediating diverse physiological
processes and defense mechanisms in plants, likewise ROS
(Siddiqui et al., 2011). The increased accumulation of NO was
reported in wheat and pea under osmotic stress, in parsley
under water deficit conditions, and in tobacco under various
types of abiotic stimuli (Gould et al., 2003; Kolbert et al.,
2005). It is worth noting that NO participates in the ABA-
mediated control of stomatal aperture by negative feedback
regulation (Wang et al., 2015). The recent study of Yang et al.
(2015) showed an interplay between NO and ROS homeostasis.
They demonstrated that NO positively regulates the activity
of Arabidopsis ascorbate peroxidase APX1 by S-nitrosylation
of cysteine residue, which increases its enzymatic activity of
hydrogen peroxide detoxification.
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CONCLUSION

To dissect complex drought tolerance traits and decipher
genes underlying resistance mechanisms in barley we employed
multidisciplinary approach integrating the latest achievements
and tools of physiology, genetics and genomics. Our study
proved that thorough physiological/biochemical analysis merged
with precisely performed QTL mapping, followed by the use
of prioritization tools to dissect genes within physical QTL
confidence intervals, is an effective approach to designate the
most relevant CGs underlying quantitatively inherited traits. The
list of CGs selected on the basis of GO prioritization can be
further narrowed down by identifying those that are differentially
expressed under drought stress, located within overlapping
QTL confidence intervals (hotspots), or have orthologs in
model species with well-documented engagement in drought
stress response. However, further detailed experimentation using
mutants and/or overexpression lines is required to confirm the
individual CG relation to the studied trait, before breeding
application.
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The sensitivity to abscisic acid (ABA) by its receptors, pyrabactin resistance-like proteins
(PYLs), is considered a most important factor in activating the ABA signal pathway
in response to abiotic stress. However, it is still unknown which PYL is the crucial
ABA receptor mediating response to drought stress in cotton (Gossypium hirsutum
L.). Here, we reported the identification and characterization of highly induced ABA
receptor GhPYL9-11A in response to drought in cotton. It is observed that GhPYL9-11A
was highly induced by ABA treatment. GhPYL9-11A binds to protein phosphatase 2Cs
(PP2Cs) in an ABA-independent manner. Moreover, the GhPYL-11A-PP2C interactions
are partially disrupted by mutations, proline (P84) and histidine (H111), in the gate-latch
region. Transgenic Arabidopsis overexpressing GhPYL9-11A plants were hypersensitive
to ABA during seed germination and early seedling stage. Further, the increased in root
growth and up regulation of drought stress-related genes in transgenic Arabidopsis as
compared to wild type confirmed the potential role of GhPYL9-11A in abiotic stress
tolerance. Consistently, the expression level of GhPYL9-11A is on average higher
in drought-tolerant cotton cultivars than in drought-sensitive cottons under drought
treatment. In conclusion, the manipulation of GhPYL9-11A expression could be a useful
strategy for developing drought-tolerant cotton cultivars.

Keywords: ABA, ABA receptor, GhPYL9, PP2C, seed germination, drought stress, cotton

INTRODUCTION

Abscisic acid (ABA) is a multifunctional phytohormone that regulates multiple aspects of plant
growth and development, including seed dormancy and germination (Fang et al., 2008), vegetative
development (Finkelstein et al., 2002), root elongation (Xing et al., 2016), leaf senescence (Liang
et al., 2014), and fruit ripening (Zhang et al., 2009). ABA has also long been known to be a key
endogenous messenger in the response to abiotic and biotic stresses, such as drought, salinity, cold,
and pathogen infection (Choi et al., 2000; Xiong et al., 2002; Zhu, 2002; Sheard and Zheng, 2009;
Yoshida et al., 2014). ABA-regulated stress responses include changes in gene expression, increased
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stomatal closure, reduced transpiration rate, protection of
photosynthesis, and regulation of plant growth.

Previous studies have demonstrated that pyrabactin
resistance-like (PYL), clade A protein phosphatase 2C (PP2C),
and sucrose non-fermenting 1- related protein kinase 2 (SnRK2)
proteins are the three core components of the ABA signaling
cascade (Park et al., 2009; Sheard and Zheng, 2009; Zhu, 2016).
The primary step in initiating the ABA signaling pathway is
triggered by the PYL ABA receptors (Sheard and Zheng, 2009),
which contain a central hydrophobic ligand-binding pocket
(Iyer et al., 2001). In the absence of ABA, two β-loops, termed
the gate and latch, together with several nearby structural
elements form a large open pocket for ligand binding. When
ABA is present, ABA binds to this pocket, leading to a series
of conformational rearrangements, including gate and latch
closure, which sequester ABA within the pocket. The ABA-
bound PYL receptor physically interacts with and sequesters
the constitutive SnRK2 repressor, PP2C, allowing SnRK2
kinases autophosphorylation. ABA-activated SnRK2 kinases
subsequently phosphorylate and activate downstream ABA-
responsive element-binding transcription factors that induce
the expression of ABA-responsive genes (Melcher et al., 2009;
Miyazono et al., 2009; Nishimura et al., 2009).

The PYL proteins belong to the START/Bet V1 superfamily
(Iyer et al., 2001). There are fourteen PYL members in
Arabidopsis, and this family is divided into three subfamilies
based on amino acid sequences similarity (Zhao et al., 2013,
2016). All PYL proteins have highly conserved amino-acid
residues in key interaction domains, including ABA-binding
pocket, and the two entrance loops. Despite these similar
structural features, PYLs have distinct properties and different
expression patterns that explain the versatility of ABA signaling
in plant growth and development. For example, Arabidopsis
PYR1, PYL1, and PYL2 are able to form dimers in solution,
whereas PYL proteins 4–10 exist as monomers (Hao et al., 2011).
PYR1, PYL1, PYL2, and PYL3 interact with several clade A
PP2Cs in an ABA-dependent manner. In contrast, most other
PYL proteins except for PYL7 inhibit PP2Cs independently of
ABA (Bai et al., 2013; Li et al., 2013; Zhao et al., 2013). Recently,
several genetic studies have elucidated the significance of these
receptors in ABA response; pyr1 pyl1 pyl2 pyl4 quadruple mutants
show ABA insensitivity (Park et al., 2009; Nishimura et al., 2010;
Gonzalez-Guzman et al., 2012), and a pyl8 single mutant has
altered ABA responses during seed germination and seedling
growth, as well as decreased drought resistance (Antoni et al.,
2013; Zhao et al., 2014). PYL9 enhances drought resistance by
limiting transpiration water loss and regulating senescence in old
leaves and growth in young tissues (Zhao et al., 2016). Moreover,
both PYL9 and PYL8 act as critical regulators of lateral root
formation in response to ABA (Xing et al., 2016).

Upland cotton (Gossypium hirsutum L.) is an important
economic crop and is an important source of fiber and oil
(Wang et al., 2012, 2017; Shan et al., 2014). Compared with the
model plants Arabidopsis and rice, cotton has higher tolerance
to drought and salt stress (Liang et al., 2016). However, its
growth and development, as well as fiber yield and quality are
also significantly affected by severe environmental conditions,

especially drought stress (He et al., 2016). To date, a number
of candidate genes for drought tolerance in cotton have been
identified. Several stress-related genes, including GhABF2 (Liang
et al., 2016), GhNAC2 (Gunapati et al., 2016), GhATAF1 (He et al.,
2016), GhbHLH130 (Guang et al., 2014), GhSARP1 (Liu et al.,
2016), GhMKK3 (Wang C. et al., 2016), Di19-1 and Di19-2 (Qin
et al., 2016), have been shown to regulate stress response in an
ABA-dependent manner. Therefore, understanding ABA signal
transduction in cotton will accelerate the molecular breeding of
stress-tolerant cotton cultivars.

Because ABA has an essential role in plant growth and
development, understanding how each PYL protein affects plant
physiology has both basic and applied agricultural significance.
Although there have been a number of studies of ABA receptors
in the model plant Arabidopsis and other crops, such as rice
and soybean, functional analysis of PYLs in upland cotton has
not been reported. Upland cotton is a typical allotetraploid crop
that was formed about 1–2 MYA by hybridization between an
A-genome ancestor and a D-genome ancestor (Chen et al., 2007;
Lin et al., 2010; Paterson et al., 2012; Li et al., 2014; Cao, 2015;
Yuan et al., 2015), and the PYL gene family expanded in this
process. In this study, we carried out genome-wide analysis to
identify all PYL genes in the two diploid progenitor species,
G. raimondii and G. arboretum, and two tetraploids G. hirsutum
and G. barbadense. Genome-wide expression profiling analysis
revealed that GhPYL9-11A was the most highly expressed
PYL gene during drought stress in upland cotton. Consistent
with a function in drought stress response, overexpression of
GhPYL9-11A in Arabidopsis remarkably increases ABA sensitivity
and enhances drought tolerance. The future characterization of
GhPYL9-11A will further our understanding of ABA-mediated
stress response in cotton, and facilitate its application in breeding
drought tolerant cotton cultivars.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
Upland cotton (G. hirsutum) seeds of cultivar Y18R, a restores
variety developed by our lab (Shi et al., 2012), were planted
during the regular cotton cultivation season in 2015 and
2016 in the experimental farm at the Biotechnology Research
Institute, Chinese Academy of Agricultural Sciences (Beijing,
China). The recommended cultural and plant measures were
adopted during the growth of cotton crop. For expression
analysis, various organs including leaf, root, stem, and seed,
were collected after 1 week of the onset of flowering stage.
For analysis of ABA-induced GhPYL9-11A expression, cotton
plants were grown in the Greenhouse with a 12-h-light
(30◦C)/12-h-dark (26◦C) photoperiod with about 300 µM
m−2s−1 photon density and 45% humidity, and the leaves of
3-weeks old plants were sprayed with 100 µM ABA (Sigma–
Aldrich, United States). Ten plants were collected at 0, 1,
3, and 6 h after treatment and stored at −70◦C for RNA
isolation.

Arabidopsis thaliana Col-0 seed and GhPYL9-11A transgenic
plants were sterilized for approximately 10 min in 10% bleach
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FIGURE 1 | Heat map of pyrabactin resistance-like (PYL) family genes in
upland cotton. Detailed information about gene annotations can be found in
Table S1. Gene annotation data were obtained from the Cotton Functional
Genomics Database (https://cottonfgd.org/).

and then rinsed in sterile deionized water three times. Sterilized
seeds were sown on petri dishes containing 0.8% agar media
with 1/2 MS nutrients and 1% sucrose. After stratification at
4◦C for 2 days, the dishes were moved to a growth chamber
at 22◦C with a 16-h light/8-h dark cycle and 70% humidity.
All seedlings were grown vertically before transplanting to
media supplemented different concentrations of ABA and
mannitol.

Gene Cloning and Expression Analysis
The full-length open reading frame of GhPYL9-11A was
amplified from G. hirsutum L. using the Invitrogen RACE
system (Invitrogen, United States). Total RNA was extracted
using the EASYspin reagent (YPHBio, China). After DNase
treatment, approximately 2 µg total RNA was reverse-transcribed
using the ReverTra Ace qPCR RT Master Kit (Toyobo,
Japan). Quantitative RT-PCR (qRT-PCR) analysis was performed
using SYBR Green I PCR mix (SSoFast EvaGreen Supermix,

Bio-Rad, United States) and the Bio-Rad CFX96 real time PCR
system. Data were analyzed with Opticon monitor software
(Bio-Rad). The cotton GhHISTON3 (GhHIS3) and Arabidopsis
Actin 8 genes, both with stability expression in the different
tissues, developmental stages and environmental conditions
(Zhu et al., 2017), were used as internal controls. Primers
used are listed in Table S1. Values are means ± SD of
three biological repeats. Student’s t-test was used for statistical
analysis.

Vector Construction and Arabidopsis
Transformation
The GhPYL9-11A full-length coding sequence was cloned
into pBI121-35S to generate the pBI121-35S:GhPYL9-11A
overexpression construct. The constructs were transfected
into Agrobacterium tumefaciens GV3101 by electroporation,
and then transformed into Arabidopsis Col-0 pants using
the floral dipping method (Liu L. et al., 2015). Homozygous
transgenic Arabidopsis lines were obtained, and the lines
GO16, GO21, and GO22, which have high levels of
GhPYL9-11A expression, were selected for further analysis.
The primers used for vector construction are listed in
Table S1.

Yeast Two-Hybrid Assay
The Y2H assay was performed using the MatchmakerTM

Gold Yeast Two-hybrid System (Clontech, United States).
Full length cDNA of GhPYL9-11A was amplified and cloned
into the pGBKT7 vector, and AtABI1, AtABI2, GhPP2C1,
and GhPP2C2 full length cDNAs were amplified and cloned
into the pGADT7 vector. GhPYL9-11A point mutations
were introduced by site-directed mutagenesis using pBI121-
35S:GhPYL9-11A as a template, and GhPYL9-11AP84S and
GhPYL9-11AH111A were cloned into the pGBKT7 vector.
Each pair of AD and BD constructs was co-transformed
according to the manufacturer’s protocol. The positive yeast
liquid culture was serially diluted to OD600 = 0.6 and
3 µL of dilutions 1:10, 1:100, 1:1,000, and 1:10,000 were
inoculated onto various plates [Synthetic Dropout Medium
(SD) -leucine (Leu)/tryptophan (Trp), SD-Leu/Trp/histidine
(His), and SD-Leu/Trp/His supplemented with 10 µM
ABA]. All plates were incubated at 28◦C for 2 days and
then photographed.

Germination Assay
Surface-sterilized seeds were sown on 1/2 MS without or with
ABA (0.3 and 0.5 µM) or mannitol (150 and 300 µM).
After 5 days seeds with green shoots were scored as
germinated.

Drought Stress Treatment
To test the drought tolerance of 35S:GhPYL9-11A transgenic
Arabidopsis, the homozygous F2 generation was subjected to
drought stress in soil in a growth chamber. Seed from GO1,
GO2, GO3, and wild type lines were imbibed at 4◦C for
2 days and directly planted in soil in the same pots (30 cm
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FIGURE 2 | Phylogenetic analyses of GhPYL9-11A homologs and organic-specific expression of GhPYL9-11A. (A) Phylogenetic relationship of GhPYL9-11A
homologs in plants. AT (Arabidopsis thaliana), OS (Oryza sativa), GSO (Glycine soja), GMA (Glycine max), CAL (Citrus clementina), AD (Arachis duranensis), PHAVU
(Phaseolus vulgaris), VA (Vigna angularis), THC (Theobroma cacao), GORA (Gossypium raimondii), GH (Gossypium hirsutum), GA (Gossypium arboreum), EG
(Eucalyptus grandis), MD (Malus domestica), CICLE (Citrus clementine), PT (Populus trichocarpa), PEU (Populus euphratica). (B) Amino acid alignment of the PYL9
CL2/gate-latch region for the proteins shown in (A). The black line indicates the CL2 domain. Two amino acid residues ‘VK’ are marked with a red open rectangle.
The residues in contact with the ABA molecule are designated by asterisk. (C–F) Comparison of the predicted 3-D structures of AtPYL9 and GhPYL9-11A. The
conserved proline and histidine residues in the gate and latch region are marked with red arrows in AtPYL9 (E) and yellow arrows in GhPYL9-11A (F). (G) Expression
of GhPYL9-11A in various organs determined by quantitative real time (qRT)-PCR analysis. Roots, leaves, and stems were harvested from 3-week-old plants.
(H) Time-course of the response of GhPYL-11A to 100 µM ABA treatment.

FIGURE 3 | Interactions between GhPYL9-11A and PP2C proteins in yeast. The BD-GhPYL9-11A fusion was co-expressed with AD-AtABI1, AD-AtABI2,
AD-GhPP2C1, or AD-GhPP2C2 in yeast. Interactions were determined by growth assays on media lacking leucine (Leu), tryptophan (Trp), and histidine (His) in the
presence and absence of 10 µM ABA.

in diameter). All plants were grown at room temperature
(22–25◦C) under long-day conditions (16 h light/8 h dark)
in the culture room. After 2 weeks of seedling emergence,

drought treatment was established by withholding the water for
4 weeks. The experiment was comprised of five replications.
Watering was resumed 1 day after the 4 weeks of drought
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FIGURE 4 | GhPYL-11A-PP2C interactions are partially mediated by proline (P84) and histidine (H111) in the gate-latch region of GhPYL9-11A. Replacement of P84
by serine (GhPYL9-11AP84S) (A) and H111 by alanine (GhPYL9-11AH111A) (B) abolished binding to AtABI1 both in the absence and presence of 10 µM ABA.
However, these mutations partially affected binding to AtABI2, GhPP2C1, and GhPP2C2 both in the presence and absence of 10 µM ABA.

treatment, and the survival rate (SR) was calculated 3 days
later.

Chlorophyll Measurement
After measuring the fresh weight of the samples, five seedlings for
each sample were used to calculated the total chlorophyll contents
as the absorbance at 652 nm following (Liang et al., 2014).

Photosynthesis Parameters and Water
Loss Measurement
For measurement of photosynthesis parameters, water was
withheld for 7 days beginning when plants were 14-days
old. Ten independent plants were used for each GhPYL9-11A
overexpression line. Photosynthesis parameters were measured as
previously described by (Liang et al., 2015). For determination
of water loss, the whole aboveground rosettes of 21-day-old
plants were cut from the base and weighed at different time
points.

Electrolyte Leakage Measurement
The measurement of electrolyte leakage was performed according
to a previously described method (Lin A. et al., 2012).
Ten different leaf disks from wild-type and GhPYL9-11A
overexpression plants were placed into a flask containing 10 mL
distilled deionized water. After shaking at room temperature
for 6 h at approximately 120 rpm, the conductivity (Ci) was
measured with a conductivity meter (Leici-DDS-307A). Then,

the disks were boiled for 20 min to kill the leaf tissues and
shaken for 1 h to completely release the electrolytes into
the solution. The conductivity (Cm) was measured again. The
electrolyte leakage was calculated according to the equation
(Ci/Cm)× 100%.

Hydrogen Peroxide Production and
Measurement of Antioxidant Enzyme
Activities
For hydrogen peroxide production and measurement of
antioxidant enzyme activities, Arabidopsis plants were grown
on soil for 14 days and leaves were collected from the
plants after water was withheld for 7 days. Measurement of
H2O2 production was performed according to a previously
described method (Liang et al., 2015), and quantified using
the Hydrogen peroxidase assay kit (Beyotime, China) according
to the manufacturer’s instructions. The quantification of CAT,
SOD, and POD activity was performed according to a previously
described method (Liang et al., 2016). Total protein was
measured using Bradford protein assay kit (Sangon Biotech,
China).

Protein Sequence and Phylogenetic
Analysis
For phylogenetic analysis of GhPYL9-11A homologs in plants,
20 protein sequences were obtained through National Center
for Biotechnology Information database using BLASTp searches
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FIGURE 5 | The effect of GhPYL9-11A overexpression on Arabidopsis seed germination. (A) The expression levels of GhPYL9-11A in transgenic Arabidopsis plants
determined by qRT-PCR. GO, GhPYL9-11A overexpression lines. Values are means ± SD of three biological repeats. (B) Germinated seeds from wild-type plants
and GO lines grown for 5 days on half-strength Murashige and Skoog (1/2 MS) in the presence or absence of ABA. (C) Seed germination rate under the different
growth conditions in (B). Values are means ± SD of five measurements. ∗∗P ≤ 0.01; Student’s t-test.

with the GhPYL9-11A protein as a query. All sequences were
aligned using Clustal W. Phylogenetic trees were constructed
using MEGA 6.0 based on the neighbor-joining method.
Topological robustness was assessed by bootstrap analysis with
1,000 replicates (Liu L. et al., 2015).

RESULTS

Transcriptome Analysis of Cotton PYL
ABA Receptor
Pyrabactin resistance-like protein coding sequences were
identified in upland cotton species, G. hirsute, G. barbadense,
G. raimondii, and G. arboretum, with complete genomes
or genome assemblies. We then compared the expression
profiles of the PYL genes under drought stress. Twenty-
two PYL proteins were identified from each of the two
diploid progenitor species G. raimondii and G. arboretum,
and 44 and 36 members were identified in the tetraploids
G. hirsutum and G. barbadense, respectively (Table S2).
High-resolution temporal expression profiling revealed that
two GhPYL genes, Gh_A11G08070 and Gh_D11G1013, were
most highly expressed during drought stress in upland cotton
(G. hirsutum) (Figure 1 and Table S2). The proteins encoded
by Gh_A11G0870 and Gh_D11G1013 share approximately 80
and 79% amino acid identity with AtPYL9, an ABA receptor,
respectively.

Both Gh_A11G0870 and Gh_D11G1013 belong to
the PYL9 subfamily of PYL proteins. There are two
members each in G. raimondii and G. arboretum, and four
members each in G. hirsutum and G. barbadense. Based on
phylogenetic analysis, the PYL proteins could be further
divided into two distinct subgroups, PYL9-I and PLY9-II
(Figure S1). Interestingly, all members of PYL9-I in both
diploid and tetraploid cotton were highly expressed during
seed germination and drought stress, whereas PLY9-II
members were with low expression level (Table S2). These
results suggest that PYL9-I proteins may play important
roles in the regulation of seed germination and drought

responses in cotton. Because Gh_A11G08070 (hereafter
referred to as GhPYL9-11A) belongs to the drought stress-
responsive PYL9-I subfamily, its function was investigated in
detail.

Structural Features of GhPYL9-11A
Using protein database searches, we identified a number of
putative GhPYL9-11A orthologs in various higher plants.
GhPYL9-11A homologs were only found in the plant
kingdom, indicating that PYL9 proteins are plant-specific.
The identification of PYL proteins in both monocots and dicots
suggests that PYL proteins are evolutionally conserved across
plant species. The existence of PYL9 in different plant species
might also suggest that its function in drought stress response is
also conserved. Phylogenetic analysis of the cotton GhPYL9-11A
protein and its 20 homologs showed that GyhPYL9-11A is most
closely related to LOC18613997 of Theobroma cacao, and shares
approximately 80% amino acid sequence identity with related
proteins in Figure 2A.

PYL9 family proteins have a pyrabactin resistance1/pyr1-
like/regulatory component of ABA receptor (PYR/PYL/RCAC)-
like structure (amino acids 28–172) typical of ABA receptors
(Figure 2B). We analyzed the 3D structure of this conserved
motif in GhPYL9-11A using SWISSMODEL. The predicted
structure is a common helix-grip structural feature consisting
of four α-helixes and seven antiparallel β-sheets and is highly
similar to the Arabidopsis AtPYL9 PYR/PYL/RCAC motif
(Figures 2C,D).

Expression Pattern of GhPYL9-11A
Quantitative RT-PCR analysis showed that GhPYL9-11A
is expressed preferentially in seeds and roots, with a
low level of expression in the leaf and stem (Figure 2E).
Moreover, time-course analysis revealed that GhPYL9-11A was
rapidly induced by ABA, with expression levels increasing
approximately 2.8-fold after 1 h of ABA application
(Figure 2F). Levels of GhPYL9-11A transcription reached a
maximum after 4 h of treatment, and were approximately
eightfold higher than without hormone treatment. These
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FIGURE 6 | Differential ABA responsiveness of GhPYL9-11A overexpression and wild-type Arabidopsis seedlings. (A–C) Phenotypes of wild type and three
independent 35S:GhPYL9-11A transgenic Arabidopsis lines, GO16, GO21, and GO22, grown in 1/2 MS medium supplemented with 0 µM (A), 0.3 µM (B), and
0.5 µM (C) ABA. Bar = 1 cm. (D) Seedling primary roots lengths under the different growth conditions in (A–C). Measurements were performed for least 30
independent seedlings. Results are shown as mean ± SD of three replicates; Student’s t-test. ∗P ≤ 0.05, ∗∗P ≤ 0.01.

FIGURE 7 | Effect of GhPYL9-11A overexpression on Arabidopsis seed germination under mannitol treatment. (A) Germinated seeds from wild-type and
GhPYL9-11A overexpression plants grown for 5 days on 1/2 MS with or without mannitol. (B) Seed germination rate under the different growth conditions in (A).
Values are means ± SD of five measurements. ∗∗P ≤ 0.01; Student’s t-test.
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results clearly demonstrate that this gene is transcribed in
response to ABA and thus is potentially involved in ABA
response.

GhPYL9-11A Interacts with Clade A
PP2Cs in an ABA-Independent Manner
It has been shown that PYL proteins can interact with
PP2Cs in yeast two-hybrid (Y2H) assays in an ABA-dependent
or ABA-independent manner (Bai et al., 2013; Zhao et al.,
2013). To investigate whether GhPYL9-11A binds clade A
PP2Cs, we tested the interaction of GhPYL9-11A with two
Arabidopsis PP2C proteins, A. thaliana ABSCISIC ACID
INSENSITIVE1 (AtABI1) and AtABI2, in Y2H assays in
the presence or absence of ABA. As shown in Figure 3,
GhPYL9-11A interacted with both AtABI1 and AtABI2 in an
ABA-independent manner. We further tested the interaction
between GhPYL9-11A and two cotton PP2Cproteins, GhPP2C1
(Gh_A05G0308) and GhPP2C2 (Gh_A07G0123), that share
high similarity with AtABI1 (63% for GhPP2C1 and 71%
for GhPP2C2, Figure S2). GhPYL9-11A also binds to both
GhPP2C1 and GhPP2C2 in an ABA-independent manner
(Figure 3).

The mutated conserved proline (P88S) in the gate region
and histidine (H111A) in the latch region of GhPYL9-11A,
and tested the ability of the mutated proteins, GhPYL9-11AP84S

and GhPYL9-11AH111A, to interact with AtABI1, AtABI2,
GhPP2C1, and GhPP2C2 in Y2H assays. Both the GhPYL9-
11AP84S and GhPYL9-11AH111A mutations reduced the level
of interaction with AtABI1, AtABI2, GhPP2C1, and GhPP2C2
both in the presence and absence of ABA (Figure 4). These
data suggest that GhPYL-11A-PP2C interactions are partially
mediated by P84 and H111 in the gate-latch region of
GhPYL9-11A.

Overexpression of GhPYL9-11A in
Arabidopsis Leads to an
ABA-Hypersensitive Phenotype during
Germination
To investigate the biological function of GhPYL9-11A in plants,
the GhPYL9-11A coding sequence was cloned into the plant
binary vector pBI121 in front of the 35S promoter and
transformed into Arabidopsis though Agrobacterium tumefaciens-
mediated transformation. A set of 27 positive independent
transgenic lines had up-regulated expression of GhPYL9-11A.
Among them, three independent homozygous T3 GhPYL9-
11A-overexpressing (GO) lines, GO16, GO21, and GO22, with
high levels of GhPYL9-11A transcript, were selected for further
analysis (Figure 5A).

To determine whether GhPYL9-11A is a functional ABA
receptor, we treated three GO plants and wild type with 0.3
and 0.5 µM ABA and then compared their seed germination
phenotypes. Under control conditions, there was no significant
difference in seed germination rate between GO plants and
wild type. However, the seed germination rates of the three
GO transgenic Arabidopsis lines were less than 20 and 10% in
the presence of 0.3 µM ABA and 0.5 µ M ABA, respectively,

whereas the germination rates of wild type were 63.5 and 32.6%,
respectively (Figures 5B,C). These observations suggest that
overexpression of GhPYL9-11A represses seed germination in the
presence of ABA in Arabidopsis.

GhPYL9-11A Overexpression in
Arabidopsis Results in
ABA-Hypersensitive Phenotypes during
Seedling Growth
We further examined the effects of GhPYL9-11A-overexpression
on Arabidopsis seedling root growth. We found no obvious
difference in root development between GO transgenic plants
and wild type at different stages of seedling growth. However,
ABA treatment repressed root growth to a larger extent in the
GO lines compared with wild type; in the presence of 0.3 M ABA
the root lengths of in the three GO lines were reduced by 37.5–
47.9% compared with control conditions, but in wild type root
lengths were only reduced by 28.8%. In the absence of ABA, and
in the presence of 0.5 µM ABA, root lengths were 44.8–52.6%
of GO plants while 34.8% of wild type (Figures 6A–D). These
results suggest that overexpression of GhPLY9-11A in Arabidopsis
significantly increases sensitivity to ABA. Thus, we deduced that
GhPYL9-11A may act as an ABA receptor in cotton.

The Seeds of Arabidopsis GO Lines Are
Hypersensitive to Osmotic Stress
Keeping in view the ability of ABA to regulate seed germination,
we examined the effects of GhPYL9-11A overexpression on
seed germination under osmotic stress imposed by adding 150
and 300 mM mannitol to 1/2 MS media. Compared with wild-
type Arabidopsis, GO plants had a significantly decreased ratio
of seed germination under osmotic stress (Figure 7), but no
difference in seed germination rate between GO plants and wild
type was observed under control conditions. The repression
of seed germination under osmotic stress in the GhPYL9-11A
overexpression lines is consistent with hypersensitivity to ABA.

GhPYL9-11A Overexpression in
Arabidopsis Enhances Tolerance to
Drought Stress
The ABA-dependent signaling pathway has an essential role
in response to drought stress therefore, we examined whether
overexpression of GhPYL9-11A was sufficient to confer drought
stress tolerance to Arabidopsis. The Arabidopsis 35S:GhPYL9-11A
plants, GO16, GO21, and GO22, exhibited significantly increased
drought tolerance during the vegetative stage (Figures 8A–F).
GO plants also had reduced chlorophyll degradation (Figure 8G),
reduced water loss (Figure 8H), enhanced photosynthetic rate
(Figure 8I), reduced electrolyte leakage (Figure 8J), reduced
accumulation of toxic hydrogen peroxide (Figure 8K), and
enhanced activities of antioxidant enzymes including catalase
(CAT, Figure 8L), superoxide dismutase (SOD, Figure 8M)
and peroxidase (POD, Figure 8N). Consistent with these
observations, the SR and total biomass were significantly
increased after drought treatment in GO lines compared with
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FIGURE 8 | Transgenic Arabidopsis harboring 35S:GhPYL9-11A exhibit increased drought tolerance. (A–F) 35S:GhPYL9-11A confers drought tolerance to
Arabidopsis. After 2 weeks of growth, water was withheld for 28 days under short-day conditions before watering was resumed. Representative images of plants
taken 7, 14, 21, and 28 days after watering was withheld. DAT, day after transplanting. (G) Chlorophyll content of mature leaves in wild type and GO plants at the
indicated times after watering were withheld. Values are means ± SD of 20 measurements; Student’s t-test. (H) Cumulative transpirational water loss from the
rosettes of wild-type and GO Arabidopsis at the indicated times after detachment. Values are means ± SD of 20 measurements; Student’s t-test. (I–N) Physiological
parameters of GO plants under drought stress treatment. Parameters were measured after water was withheld for 7 days. Overexpression of GhPYL9-11A in
Arabidopsis increased the photosynthetic rate (I), reduced electrolyte leakage (J), reduced H2O2 content (K), and increased the activities of antioxidant enzymes,
including CAT (L), SOD (M), and POD (N). Error bars indicate SD (n = 5). ∗∗P ≤ 0.01; Student’s t-test. (O) Survival rate (SR) of the wild-type and GO Arabidopsis.
After 2 weeks of growth, plants were subjected to drought stress by withholding water for 4 weeks. Survival was scored 3 days after watering was resumed. Error
bars indicate SD (n = 3); Student’s t-test. (P) Relative fresh weights of wild type and GO lines. After watering was withheld for 28 days, the rosettes were collected
and weighted. Plants grown under well-watered conditions served as the control. Error bars indicate SD (n = 3). ∗∗P ≤ 0.01; Student’s t-test.

the wild type (Figures 8O,P). Moreover, four ABA-dependent
drought stress-associated genes, ABF2, RAB18, RD29A, and
RD29B, were more strongly induced after drought treatment
in the rosette leaves of Arabidopsis GO lines than in wild
type (Figures 9A–D). Taken together, these data provide strong
evidence that GhPYL9-11A overexpression confers drought
tolerance in plants by activating the ABA-dependent signaling
pathway.

GhPYL9-11A Expression Level
Associates with Drought Stress
Tolerance in Different Cultivated Cotton
Cultivars
Our results clearly demonstrate that overexpression of GhPYL9-
11A in Arabidopsis enhances drought stress tolerance. Thus,
we speculated that the expression level of GhPLY-11A may be
correlated with drought tolerance in cultivated cotton varieties.
To test this hypothesis, we phenotyped the drought tolerance

of 226 cotton varieties. These varieties were indexed by plant
SR under severe drought stress, and 20 drought-tolerant (with
SR ranging from 17.0 to 49.3%) and 20 drought-sensitive (with
SR ranging from 65.2 to 95.9%) cotton varieties were selected
for further analysis (Table S3). We next compared the seedling-
stage expression levels of GhPYL9-11A in drought-tolerant and
drought-sensitive cultivated cotton accessions under drought
treatment. The average expression levels of GhPYL9-11A in the
20 drought-tolerant cotton varieties were significantly higher
than in the drought-sensitive varieties under drought treatment
(Figure 10B). However, the expression level did not differ
under control conditions (Figure 10A). We further examined
the relationship between the GhPYL9-11A expression levels and
SR in 20 drought-tolerant and 20 drought-sensitive cultivated
cotton varieties under drought stress and found that GhPYL9-
11A expression is positively correlated with drought tolerance
(R = 0.483; Figure 10C). These results further suggest that
GhPYL9-11A plays an important role in drought tolerance in
cultivated cotton.
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FIGURE 9 | Expression of ABA-responsive genes in GhPYL9-11A overexpression plants under control and drought conditions. QRT-PCR analysis of
ABA-responsive genes, including ABF2 (A), RAB18 (B), DR29A (C), and RD29B (D), in wild type and Arabidopsis GhPYL9-11A overexpression lines treated with
400 µM mannitol for 24 h. Values are means ± SD of three biological repeats. ∗P ≤ 0.05, ∗∗P ≤ 0.01; Student’s t-test.

FIGURE 10 | Expression level of GhPYL-11A in drought-tolerant and drought-sensitive cultivated cotton varieties is correlated with SR under severe drought stress.
(A,B) The expression level of GhPYL9-11A in drought-tolerant and drought-sensitive cultivated cotton varieties treated with H2O (A) and 400 mM mannitol (B) for
24 h was determined by qRT-PCR. DSC, drought-sensitive cultivated cotton. DTC, drought-tolerant cultivated cotton. In (A,B), asterisks indicate significant
differences (∗∗P < 0.01). (C) Correlation between the SR of cotton seedlings grown under severe drought conditions and the expression level of GhPYL9-11A.

DISCUSSION

Recently, significant progress has been made in the identification
and characterization of the PYL ABA receptors in several plants
(Sheard and Zheng, 2009; Bai et al., 2013). However, to our
knowledge, up to now, no ABA receptors from upland cotton,

which is widely grown in over 80 countries and provides the
material for about 90% of the world’s cotton lint production
(Wang et al., 2012; Wang Y. et al., 2016; Paterson and
Wendel, 2015; Liang et al., 2016), have been reported. Owing
to allopolyploidization, the number of PYL genes has doubled
in upland cotton compared with diploid cotton. However, to
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date, it remains largely unknown which PYL members is the
crucial ABA receptor mediating response to drought stress in
tetraploid cotton. Therefore, it is interesting and important to
determine the functions and regulatory mechanisms of the ABA
receptors in tetraploid cotton. In this study, we identified 22
ABA receptors orthologous to Arabidopsis PYLs in both the A-
and D-genomes of the tetraploid cotton G. hirsutum using the
recently released cotton genome sequence (Wang et al., 2012; Li
et al., 2014, 2015; Liu X. et al., 2015). We further demonstrated
that GhPYL9-11A is a functional ABA receptor, and similar to
AtPYL9, interacts with PP2Cs in ABA-independent manner and
regulates drought resistance and leaf senescence in Arabidopsis
(Zhao et al., 2016). We found that GhPYL9-11A overexpression
in Arabidopsis results in ABA-hypersensitive seed germination
and root development phenotypes. Moreover, overexpression of
GhPYL9-11A also significantly enhances drought and osmotic
stress tolerance.

Abscisic acid was discovered in the 1960s, and to date,
numerous biochemical and genetic studies have revealed that
ABA is a vital regulator of multiple stress responses (Hurst, 1995;
Finkelstein et al., 2002; Zhu, 2002; Sheard and Zheng, 2009; Zhao
et al., 2014). ABA enhances plant survival under stress conditions
by inducing seed and bud dormancy, inhibiting germination,
closing stomata, and accelerating old leaf senescence and
abscission. A variety of abiotic stresses sharply increase
endogenous ABA levels and activates ABA signaling pathways
leading to elevated plant survival. Furthermore, exogenously
applied ABA has been shown to induce the expression of
genes known to enhance stress tolerance. Our previous studies
have demonstrated that several ABA-responsive genes, such as
GhABF2 (Liang et al., 2016), GhDr1 (Ding et al., 2011), and
GhSRK2D (Lin F. et al., 2012), play important roles in ABA
signal transduction in response to drought stress in cotton. In this
study, through comparative analysis of the transcript levels of 44
PYL genes, we found that GhPYL9-11A (Gh_A11G08070) is the
most highly expressed during both seed germination and drought
stress (Figure 1 and Table S2). Consistently, the homologs of
GhPYL9-11A, Gorai_007G107500 and Cotton_A14394, in diploid
cotton G. raimondii and G. arboreum, respectively, also show
highly expressed pattern during seed germination and drought
stress (Table S2). Moreover, the expression level of GhPYL9-11A
is associated with drought stress in different cultivated cotton
cultivars (Figure 10). We also confirmed that expression of
GhPYL9-11A is indeed significantly induced by exogenous ABA
treatment (Figure 2). These findings suggest that among the
cotton PYLs, GhPYL9-11A may be the most important regulator
of ABA signaling during seed germination and under drought
stress.

Pyrabactin resistance-likes are ABA receptors that act at the
apex of a negative regulatory pathway and regulate ABA signaling
by binding and inhibiting PP2Cs (Melcher et al., 2009; Miyazono
et al., 2009; Nishimura et al., 2009; Park et al., 2009; Santiago
et al., 2009; Sheard and Zheng, 2009). Similar to AtPYL-PP2C
interactions in Arabidopsis, GhPYL9-11A interacts with AtABI1
and AtABI2, as well as with GhPP2C1 and GhPP2C2 in Y2H
assays (Figure 3). Moreover, the interaction between GhPL9-11A
and PP2C proteins does not depend on ABA. Previous studies

have revealed that PYL-PP2C interactions are partially associated
with two conserved amino acid residues preceding the CL2/gate-
latch domain (Figure 4), and there are several polymorphisms
in these residues, including VI, VV, VK, VQ, VT, VR, VN, IT,
LV, and LK, in Arabidopsis, rice, soybean, poplar, and maize
(Bai et al., 2013; Zhao et al., 2013). These polymorphisms
are closely correlated with ABA-dependent or -independent
interactions with PP2C. GhPYL9-11A belong to subgroup II
of the GhPYL family, and have the typical VK combination
in the CL2/gate-latch domain (Figure 2B). Consistent with the
ABA-independent interaction between GhPYL0-11A and PP2Cs,
VK is correlated with ABA-independent PYL-PP2C interactions.
Intriguingly, GhPYL9-11A and AtPYL9 share high amino acid
sequence identity and 3D structures, and both proteins contain
the conserved proline (P84) and histidine (H111) residues
in the gate-latch domain (Figure 2C). However, the site-
directed mutants GhPYL9-11AP84S and GhPYL9-11AH111A are
able to interact with AtABI2, GhPP2C1, and GhPP2C2, but
not AtABI1 in an ABA-independent manner (Figures 3, 4),
suggesting that residues in other regions of GhPYL9-11A
also regulate the ABA-independent interactions with PP2Cs in
cotton.

To escape unfavorable environmental conditions at unusual
times or of atypical severity, plants increase seed dormancy
and inhibit growth by elevating ABA content and activating
core ABA signaling pathways (Zhu, 2002; Zhao et al., 2016).
Although recent studies have greatly improved our knowledge
about the PYL family in several plants, the basic biological
functions of PYLs in tetraploid cotton remain largely unknown.
Here, we clearly demonstrate that GhPYL9-11A overexpression
in Arabidopsis has multiple physiological effects, including
enhanced ABA sensitivity and inhibition of seed germination
under mannitol treatment (Figures 3, 4). GhPYL9-11A
overexpression also significantly increased seedling drought
and osmotic tolerance, enhanced antioxidant enzyme activities,
reduced the change in photosynthetic rate, reduced chlorophyll
degradation, water loss, and electrolyte leakage, and induced the
expression of a subset of ABA-regulated genes (Figures 8, 9). The
combination of inhibition of seed germination and enhanced
seedling abiotic stress tolerance in GhPYL9-11A overexpression
lines is consistent with plant survival. These results and the
observation that drought tolerant cotton varieties have higher
GhPYL9-11A expression levels suggests that GhPYL9-11A may
have played a role in the evolution of drought and osmotic
tolerance in cotton.

CONCLUSION

GhPYL9-11A acts as a positive regulator of the ABA signaling
pathway by binding to type PP2C protein phosphatases in
an ABA-independent manner. Our study provides valuable
insight into the function of GhPYL9-11A in the regulation of
ABA signaling. In addition, the improved drought and osmotic
tolerance of both seeds and seedlings of Arabidopsis GhPYL9-
11A overexpression lines is encouraging for future efforts
to genetically engineer plant drought and osmotic tolerance.
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Further manipulation of GhPYL-11A expression in cotton could
aid the development of drought and osmotic tolerant cultivars.
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Jasmonates (JAs) and abscisic acid (ABA) are phytohormones known play important
roles in plant response and adaptation to various abiotic stresses including salinity,
drought, wounding, and cold. JAZ (JASMONATE ZIM-domain) proteins have been
reported to play negative roles in JA signaling. However, direct evidence is still lacking
that JAZ proteins regulate drought resistance. In this study, OsJAZ1 was investigated
for its role in drought resistance in rice. Expression of OsJAZ1 was strongly responsive
to JA treatment, and it was slightly responsive to ABA, salicylic acid, and abiotic
stresses including drought, salinity, and cold. The OsJAZ1-overexpression rice plants
were more sensitive to drought stress treatment than the wild-type (WT) rice Zhonghua
11 (ZH11) at both the seedling and reproductive stages, while the jaz1 T-DNA insertion
mutant plants showed increased drought tolerance compared to the WT plants. The
OsJAZ1-overexpression plants were hyposensitive to MeJA and ABA, whereas the
jaz1 mutant plants were hypersensitive to MeJA and ABA. In addition, there were
significant differences in shoot and root length between the OsJAZ1 transgenic and WT
plants under the MeJA and ABA treatments. A subcellular localization assay indicated
that OsJAZ1 was localized in both the nucleus and cytoplasm. Transcriptome profiling
analysis by RNA-seq revealed that the expression levels of many genes in the ABA
and JA signaling pathways exhibited significant differences between the OsJAZ1-
overexpression plants and WT ZH11 under drought stress treatment. Quantitative
real-time PCR confirmed the expression profiles of some of the differentially expressed
genes, including OsNCED4, OsLEA3, RAB21, OsbHLH006, OsbHLH148, OsDREB1A,
OsDREB1B, SNAC1, and OsCCD1. These results together suggest that OsJAZ1 plays
a role in regulating the drought resistance of rice partially via the ABA and JA pathways.

Keywords: jasmonates, abscisic acid, JAZ protein, crosstalk, drought resistance

INTRODUCTION

Due to their sessile nature, plants have to face variable environmental stresses including drought,
high salinity, cold, and heat during their growth and development. Plants respond and adapt to the
adverse cues throughout their life cycle by coordinating an array of biochemical and physiological
changes. Phytohormones, such as abscisic acid (ABA) and jasmonates (fatty acid-derived oxylipins,
JAs), play important roles in promoting plant defense against abiotic stresses (Verma et al., 2016).
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To date, key components of JA perception and signaling
have been extensively studied in numerous plant species,
particularly in Arabidopsis, tomato (Solanum lycopersicum), and
rice (Oryza sativa) (Cheong and Choi, 2003; Goossens et al., 2016;
Wasternack and Song, 2017). According to the updated model
of JA perception and the regulation of JA-responsive genes (Xu,
2002; Chini et al., 2007; Sheard et al., 2010; Zhu et al., 2011),
the COI1-JAZ complex acts as JA co-receptor and transcriptional
repressor in JA signaling. Under normal or JA-absent conditions,
JAZ proteins bind to transcription factors (TFs) and inhibit their
activities by recruiting the TOPLESS (TPL) co-repressor or by
directly recruiting histone-modifying proteins such as HDA6.
These TFs can bind to the G-box of JA- and JA-Ile-responsive
genes. Under any stress conditions or developmental processes
in which the levels of endogenous JA-Ile (bioactive jasmonyl-
isoleucine) are increased, the binding of JA-Ile to the COI1-JAZ
co-receptor will lead to the degradation of JAZs via the 26S
proteasome, and the JA signaling responses and downstream
genes are activated.

JASMONATE ZIM-domain (JAZ) proteins, belonging to
the group II of the TIFY family, have been identified as
important regulators of JA signaling in numerous plants,
including Arabidopsis thaliana, Solanum lycopersicum, and rice,
etc. There are 20 and 18 members of the TIFY family in rice
and Arabidopsis, respectively (Vanholme et al., 2007; Ye et al.,
2009). In previous studies, overexpression of JAZ1 lacking the
Jas domain in Arabidopsis showed an obvious JA-hyposensitive
phenotype, and a similar phenotype was observed in a JAI3/JAZ
mutant (Chini et al., 2007; Thines et al., 2007). Furthermore,
JAZ proteins have been well characterized for their interaction
with bHLH TFs to repress the transcriptional activities of bHLH,
which are the core transcriptional activators of JA signaling
mediated gene expression. For example, MYC2, MYC3, and
MYC4, which are core bHLH factors in the regulation of
JA signaling in rice and Arabidopsis, have been reported to
interact with almost all the JAZ proteins (Cheng et al., 2011;
Fernandez-Calvo et al., 2011; Sasaki-Sekimoto et al., 2014).
JAZ proteins are also found to interact with the F-box protein
COI1, leading to the degradation of the JAZ proteins (Song
et al., 2011). The coi1 mutants in Arabidopsis were defective
in the JA response. In addition, expression of the JA-induced
genes AtVSP, Thi2.0, and PDF1.2, which encode defense-related
proteins, were suppressed in the coi1 mutant (Penninckx et al.,
1998; Xu et al., 2001), indicating that COI1 is a core player in
the JA signaling pathway. JAZ proteins have been reported to be
involved in the regulation of trichome formation, anthocyanin
synthesis, and male fertility by interacting with various TFs
and affecting their transcriptional function (Kirik et al., 2005;
Gonzalez et al., 2008; Qi et al., 2011; Song et al., 2011). JAZ
proteins directly interacted with a wide array of TFs (such
as GL3, EGL3, TT8, and the MYB factor MYB75), repressed
their transcriptional function, and then suppressed JA-induced
anthocyanin biosynthesis and trichome initiation (Kirik et al.,
2005; Gonzalez et al., 2008; Qi et al., 2011). In addition, JAZ
proteins (JAZ1, JAZ8, and JAZ11) in Arabidopsis were reported
to interact with two R2R3-MYB TFs MYB21 and MYB24, which

inhibited the expression of downstream genes essential for JA-
mediated stamen development (Song et al., 2011). JAZ proteins
also have been reported to be involved in the regulation of
abiotic stresses including cold, salinity, drought, wounding, and
ozone (Savchenko et al., 2014; Wu et al., 2015). Hu et al.
(2013) suggested that JAZ proteins (JAZ1 and JAZ4) physically
interact with ICE1, resulting in a blockage in the ICE-CBF
pathway in Arabidopsis. JAZ9, a transcriptional regulator in JA
signaling, is known to modulate salt tolerance in rice (Wu et al.,
2015).

Abscisic acid also plays an important role in regulating various
stress responses and the expression of stress responsive genes
(Stone et al., 2006; Nilson and Assmann, 2007; Sirichandra
et al., 2009). A number of studies have shown that JA signaling
can interact with ABA signaling (Lackman et al., 2011; Chen
et al., 2012; Aleman et al., 2016). MED25 plays a positive role
in JA signaling via OsMYC2, while it negatively regulates the
protein abundance of ABI5, which plays a core role in ABA
signaling (Chen et al., 2012). In addition, HDA6, an RPD3-
type histone deacetylase, was found to be involved in the JA
and ABA response (Wu et al., 2008; Chen and Wu, 2010).
PYL4, an ABA receptor, is involved in the crosstalk between
JA and the ABA pathway to regulate plant metabolism and
growth (Lackman et al., 2011). The ABA-dependent signaling
pathway is partially controlled by MYC/MYB TFs, which are
target proteins of JAZ proteins. It has been demonstrated that
ATMYC2 (JIN1) in Arabidopsis, an important player in JA
signaling, can function as a positive activator in the expression
of ABA and the drought inducible gene RD22 (Abe et al., 2003).
Recently, several publications have demonstrated that JAs are
involved in the regulation of numerous stress-responsive genes
which are also regulated by ABA. The expression levels of
SNAC1 and OsbHLH148, involved in the regulation of drought-
responsive genes, were both increased by MeJA and ABA
treatments (Takasaki et al., 2010; Seo et al., 2011). The crosstalk
between JA and ABA signaling was also observed in guard cells.
CPK6, an Arabidopsis calcium dependent protein kinase, was
involved in both ABA and JA signaling in guard cells (Munemasa
et al., 2011). Moreover, de Ollas et al. (2015) suggested that the
ABA concentration was increased fourfold to sevenfold in an
exogenous JA treatment, while a JA deficiency mutant jarl showed
reduced ABA accumulation.

Although previous studies clearly suggest that JA is involved
in drought responses, direct evidence for JAZ proteins in
regulating drought resistance is lacking. In this study, we aimed
to investigate whether and how a stress-responsive JAZ gene,
OsJAZ1, regulates drought resistance in rice. The OsJAZ1-
overexpression (OsJAZ1-OE) plants showed increased sensitivity
to drought stress, while the jaz1 mutant plants were more
hyposensitive to drought stress compared to the wild-type
(WT) plants. Moreover, the jaz1 mutant plants were more
hypersensitive to MeJA and ABA, indicating that JAZ1 may play
a negative role in modulating JA and ABA signaling. Consistent
with this, many genes in the JA and ABA signaling pathways
were affected by OsJAZ1 overexpression under drought stress
conditions. Our results suggest that OsJAZ1 plays a negative role
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in drought resistance, partially through regulation of the JA and
ABA pathways.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
The OsJAZ1 mutant line 4A-00845 in the background of the rice
variety Dongjin (Oryza sativa L. ssp. japonica) was obtained from
the POSTECH RISD1. Homozygous mutant lines (mut-1 and
mut-2) were segregated from the heterozygous mutant 4A-00845.
Genotyping was performed using the OsJAZ1 genomic primers
and the T-DNA left-border primer (Supplementary Table 1).
The full coding sequence of OsJAZ1 (LOC_Os04g55920.1) was
amplified from the total cDNA of rice leaves. The amplified
fragment ofOsJAZ1was cloned into pCAMBIA1301H, which was
driven by the OsLEA3 promoter (Xiao et al., 2007). The plasmid
was then introduced into the japonica rice cultivar Zhonghua11
(ZH11) via Agrobacterium-mediated transformation (Hiei and
Komari, 2008). The rice plants used for drought resistance
testing were grown in pots or paddy field under the natural
conditions at Wuhan (114.36◦E, 30.48◦N), China. The seedlings
for phytohormone treatments were grown in a phytotron (PPFD
75 µmol/m2.s) with a 14 h light/10 h dark cycle for 7 days with a
temperature at 28◦C and 25◦C, for the light and dark conditions,
respectively.

Drought Resistance Testing
To investigate the drought stress resistance of OsJAZ1-OE plants
and jaz1 mutant plants at the seedling stage, WT and transgenic
seeds were germinated on 1/2 strength MS medium for 3 days in
the dark and 4 days in a greenhouse. WT and transgenic lines
were transplanted into barrels (30 cm in diameter and 25 cm
in height) filled with a mixture of sand and soil (1:1). Each
barrel was planted with about 10 transgenic seedlings and 10 WT
seedlings in a half-and-half manner. Seedlings at the four-leaf
stage were subjected to drought stress treatment for 4 days with
the water content of the soil maintained at 5–10%. After recovery
by watering for 7 days, the plants were photographed and the
survival rates were recorded. Each of the OE or mutant lines
were tested with three biological repeats for drought resistance.
Drought stress treatment was also performed in the barrels at the
reproductive stage. In this testing, each barrel was planted with a
single plant. A rice automatic phenotyping (RAP) platform (Yang
et al., 2014) was used to extract phenotypic traits of the plants in
the barrels. At the booting stage, the WT and transgenic plants
were subjected to drought stress treatment for 7 days with the
soil moisture content maintained at 15%. All the materials in this
had three repeats under both normal growth and drought stress
conditions. To reflect the morphological changes of plants in
response to drought stress treatment, we adopted an image index
called PAR, which was defined as the plant perimeter divided by
the projected plant area. Since rice leaves exhibit rolling under
moderate and severe drought stress conditions, the projected area
will decrease, but the plant perimeter will not change too much.

1http://www.postech.ac.kr/life/pfg/risd/

Therefore, the change in PAR will largely reflect the degree of
leaf rolling and plant architecture. Drought stress treatment at
the reproductive stage was performed in a refined paddy field
facilitated with a movable rain-off shelter. Each material was
planted in a plot of 10 plants with three repeats. The transgenic
plants and WT plants at the booting stage were subjected to
drought stress treatment for about 3 weeks with the soil moisture
content maintained at 15% for the final 5 days. Then the field was
fully irrigated for recovery. The relative water content (RWC) in
plant leaves were determined as follows: RWC %= 100%× (fresh
weight – dry weight)/(turgid weight – dry weight). The dry weight
was determined by placing the samples at 80◦C for 24 h. Turgid
weight was obtained after placing the samples in ddH2O at room
temperature for 3 h.

Phytohormone Treatment
To test the phytohormones (ABA and JA) sensitivity of the
OsJAZ1-OE transgenic plants and T-DNA mutant plants at the
seedling stage, WT plants and transgenic lines were germinated
on 1/2 strength MS medium for 3 days in the dark. After
germination, seedlings with similar shoot length and root length
were transplanted to transparent plastic plates (13 cm × 13 cm,
seven plants half by half, at least three repeats) with 1/2
strength MS medium containing phytohormones (3 µM for
ABA, 10 µM for MeJA) or water as a control. Finally, the
phenotypes were recorded and shoot length and root length of
these seedling were measured. To check the expression level
of OsJAZ1 under phytohormone treatments, the seedlings at
four-leaf stage were sprayed with ABA (100 µmol/L), MeJA
(100 µmol/L), and SA (100 µmol/L), respectively, each with three
replicates. Then seedling leaves were sampled in a designed time
course indicated in Figure 1. The concentration for testing MeJA
and ABA sensitivity of OsJAZ1-OE and T-DNA mutant plants
were selected by referring to Cai et al. (2014) and Tang et al.
(2016).

Subcellular Localization
For investigating the subcellular localization of the OsJAZ1
protein, the coding region of OsJAZ1 was cloned into the PM999-
35 vector with C-terminal YFP tag by a one-step in vitro
recombination method (Gibson et al., 2009). The resulting
construct (35S: JAZ1-YFP) and the nuclear marker 35S: CFP-
GHD7 (Xue et al., 2008) were used for transient transformation
of protoplasts. The protocol for isolation and transformation of
rice protoplasts was described previously (Xie and Yang, 2013).
The fluorescence signal was observed with a confocal laser-
scanning microscope (FV1200) at 16–18 h after transformation.
To confirm the nuclear signal of JAZ1, the protoplasts were
treated with 100 µM MeJA for 3 h in the dark before collection
for microscope observation.

RNA Extraction and Quantification of
Gene Expression
All the harvested leaf samples were frozen in liquid nitrogen,
and RNA was extracted using TRIzol R© reagent (AmbionTM,
Lot No.15596018) according to the manufacturer’s instructions.
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FIGURE 1 | Expression levels of OsJAZ1 under various abiotic stresses and phytohormone treatments. (A–F) Seedlings at the four-leaf stage were subjected to
treatment with drought stress, NaCl (200 mmol/L), cold (4◦C), ABA (100 µmol/L), MeJA (100 µmol/L), and SA (100 µmol/L), respectively. Error bars represent the SE
of three replicates. Significance was determined by Student’s t-test (∗∗∗P < 0.001, ∗∗P < 0.01, ∗P < 0.05).

RNA was reverse transcribed using the EasyScript One-Step
gDNA Removal and cDNA Synthesis Kit (TRANS) according
to the manufacturer’s protocol. The quality of cDNA product
was checked by amplifying OsActin (LOC_Os03g50885), which
was used as an internal control and then the cDNA sample was
10-fold diluted with ddH2O for qRT-PCR. Real-time PCR was
performed using a Quant Studio 6 Flex Real-time system with
a SYBR Green Master Mix kit (Applied BiosystemsTM). Three
repeated reactions were routinely performed for each sample.
The PCR reactions were performed as follows: 50◦C for 2 min,
95◦C for 2 min, followed by 40 cycles of 95◦C for 1 s, 60◦C
for 30 s. All primers used in this study for qPCR are shown
in Supplementary Table 1. The quantification of the relative
expression level followed the reported 2−11CT method (Livak
and Schmittgen, 2001).

RNA-Seq and Transcriptome Profiling
Analysis
Total RNA was extracted from WT Zhonghua 11 (ZH11) and
the OsJAZ1-OE plants at the four-leaf stage under normal and
drought stress conditions with three biological replicates. The
RNA samples were sequenced by Novogene (Tianjin, China)
with Hiseq-PE150 and the raw data was analyzed using the
customized RNA-seq data processing platform at the BMKCloud
cloud server2. According to the results of Pearson’s correlation
coefficient (Schulze et al., 2012), the third biological replicate of
WT ZH11 and OsJAZ1-OE under drought stress was excluded

2http://www.biocloud.net/

from further analysis because of a low correlation coefficient.
The expression levels of the genes were quantified by FPKM
(fragments per kilobase of transcript per million fragments
mapped) (Florea et al., 2013). The fold change of the expression
level of the stressed sample over the corresponding non-stressed
sample was calculated, and the genes with an absolute value
of |log2(fold change)| ≥ 1 and FDR < 0.05 were selected as
differentially expressed genes (DEGs) (Anders and Huber, 2010).
The Gene Ontology Consortium and Kyoto Encyclopedia of
Genes and Genomes were referenced by GO enrichment analysis
and the functional associated pathways, respectively, for the
DEGs.

The RNA-Seq data were deposited in the Gene Expression
Omnibus under accession number GSE107425.

Statistical Analysis
The Student’s t-test was used for statistical analysis. Statistical
significance was determined at P ∗< 0.05, P ∗∗< 0.01, and
P ∗∗∗< 0.001.

RESULTS

Expression Analysis of OsJAZ1
To investigate if OsJAZ1 is involved in stress response, we applied
quantitative real-time PCR (qPCR) to check the expression
profiles of OsJAZ1 under various phytohormone treatments
and abiotic stresses at the four-leaf stage of rice. The results
showed that OsJAZ1 was strongly induced by MeJA (Figure 1A),

Frontiers in Plant Science | www.frontiersin.org December 2017 | Volume 8 | Article 210887

http://www.biocloud.net/
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-08-02108 December 11, 2017 Time: 17:38 # 5

Fu et al. OsJAZ1 Attenuates Drought Resistance

suggesting that JAZ1 may be involved in JA signaling.OsJAZ1was
slightly up-regulated by exogenous SA and ABA (Figures 1B,C).
OsJAZ1 was also induced by multiple abiotic stresses including
drought, cold, and salinity (Figures 1D–F). Considering the
biochemical function of JAZ proteins, these results suggest that
OsJAZ1 may participate in the regulation of the responses to
abiotic stresses and multiple phytohormones.

OsJAZ1 Negatively Regulates Drought
Resistance at the Seedling Stage
To answer whether OsJAZ1 is involved in drought resistance
regulation, we requested and obtained a heterozygous mutant
4A-00845 (Dongjin rice background) from the POSTECH RISD3.
As shown in Figure 2A, the T-DNA was inserted in the promoter
of OsJAZ1, and homozygous mutant plants (mut-1 and mut-2)
were identified by PCR analysis using the primers Z1-mutF, Z1-
mutR, and PGAR (Supplementary Table 1). The expression level
of OsJAZ1 in the mutant was dramatically repressed (Figure 2B).
The primers JAZ1rtF and JAZ1rtR (Supplementary Table 1)
were used for OsJAZ1 expression analysis. For testing drought
resistance at the seedling stage, the jaz1 mutant plants and the
WT Dongjin plants of 3–4 cm length were transplanted to a blue
barrel which was filled with a mixture of sand and soil (1:1). The
mutant lines and WT seedlings were subjected to drought stress at
the four-leaf stage. The water content of the soil was maintained
at 5–10% for 3–4 days, and then watered for recovery. All the jaz1
mutant lines (mut-1 and mut-2) showed increased tolerance to
drought stress treatment (Figure 2D). After recovery for 7 days,
about 80% of the jaz1 mutant plants survived, while only 10–20%
of the WT plants survived (Figure 2F). This result suggested that
JAZ1 may have a negative role in drought resistance.

To further confirm the negative role of JAZ1 in drought
resistance, we constructed an overexpression vector of OsJAZ1
which was driven by the drought-inducible OsLEA3-1 promoter
(Xiao et al., 2007). We selected two independent OsJAZ1-OE
transgenic lines (ZH11 background) with the expression levels of
OsJAZ1 in the transgenic plants confirmed by quantitative real-
time PCR (Figure 2C). The OsJAZ1-OE plants and WT ZH11
were treated with drought stress at the four-leaf stage. During
the drought stress treatment, the OsJAZ1-OE lines were more
sensitive to the stress compared to the WT ZH11 (Figure 2E).
After recovery, the survival rate of the OsJAZ1-OE lines (20%)
was significantly lower than that of ZH11 (80%) (Figure 2G).
These results together further supported that JAZ1 may act as a
negative regulator in drought resistance.

OsJAZ1 Negatively Affects Drought
Resistance at the Reproductive Stage
Our results described above indicated that OsJAZ1 has a
negative effect on drought resistance at the seedling stage.
Therefore, we wondered whether JAZ1 affects drought resistance
at the reproductive stage. We conducted a drought resistance
phenotyping of the OsJAZ1-OE lines and T-DNA mutant lines
along with their WT controls (ZH11 and Dongjin) at the panicle

3http://www.postech.ac.kr/life/pfg/risd/

development reproductive stage by using the high-throughput
rice phenotyping facility (HRPF) (Yang et al., 2014). The dynamic
changes of the plants to drought stress treatment were recorded
by RGB digital cameras (Figures 3A,D) installed in the facility.
As shown in Figure 3B, an image index named PAR (plant
perimeter divided by projected area), which mainly reflects the
degree of leaf-rolling (see description in Materials and Methods),
was significantly greater in the OsJAZ1-OE plants than the WT
ZH11 under drought stress conditions. This result indicated that
the OE plants were more sensitive to drought stress treatment.
The RWC is a commonly used indicator for the evaluation of
the degree of cell and tissue hydration. As shown in Figure 3C,
the RWC values of the OsJAZ1-OE plants (OE-1 and OE-2)
were significantly lower (59.36% and 65.21%) than the WT ZH11
(82.15%) under drought stress conditions. This result further
supported the negative effect ofOsJAZ1 in drought resistance. For
the jaz1 mutant lines, the PAR was significantly lower compared
to the WT Dongjin under drought stress conditions, while the
RWC values of the jaz1 mutant lines (mut-1 and mut-2) were
significantly greater (83.38% and 79.44%) than the WT (61.88%)
under drought stress conditions (Figures 3E,F). At the same
time, we performed drought testing in a paddy field facilitated
with a movable rain-off shelter. We found that the green leaves
of the OsJAZ1-OE plants were significantly fewer than that of
ZH11 after severe drought stress treatment. However, we did
not observe a significant difference in the drought sensitivity
phenotype between the jaz1 mutant and the WT in the field at
the reproductive stage (Supplementary Figure 1). However, there
were no differences in yield-related traits between the transgenic
and WT plants under drought stress conditions, which may be
mainly due to the fact that OsJAZ1/EG2 has been reported with
a role in the regulation of spikelet development (Cai et al., 2014),
and so the ectopic expression or mutation of this gene may lead
to abnormal fertility.

Sensitivity of OsJAZ1-Overexpression
and Mutant Plants to ABA and MeJA
Treatment
To investigate the possible roles of OsJAZ1 in ABA and JA
signaling, the OsJAZ1-OE plants were treated with 10 µM MeJA
and 3 µM ABA. As shown in Figure 4A, the OsJAZ1-OE
lines exhibited hyposensitivity to MeJA and ABA. This result
was consistent with a previous study that showed Arabidopsis
JAZ9-OE plants were insensitive to MeJA (Yang et al., 2012).
Moreover, the shoot and root length of the OsJAZ1-OE lines
were significantly longer than that of WT ZH11 under MeJA
and ABA treatments (Figures 4C,D), but there was no significant
difference under normal conditions. Therefore, we proposed that
JAZ1 might repress ABA and JA signaling. To further confirm
this, the jaz1 mutant seeds were germinated for MeJA and
ABA sensitivity analysis. We found that the germination of jaz1
mutant seeds were more sensitive to MeJA and ABA compared
to the WT Dongjin (Figure 4B). In addition, the shoot and
root length of the jaz1 mutant lines were much shorter than
that of the WT Dongjin under the MeJA and ABA treatments
(Figures 4E,F). Nevertheless, there was no significant difference
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FIGURE 2 | Phenotypes of the OsJAZ1-OE plants and the jaz1 T-DNA insertion mutant plants under drought stress treatment at the seedling stage. (A) Schematic
diagram of the OsJAZ1 gene and 4A-00845 T-DNA insertion mutant. UTR, ORF, and introns are indicated in the black box, white box, and line, respectively.
(B) Expression levels of OsJAZ1 in the 4A-00845 homozygous line and Dongjin. (C) The expression levels of OsJAZ1 in the OE lines and WT ZH11. (D,E) Drought
tolerance testing of jaz1 T-DNA mutant plants and over-expression plants. (D) The jaz1 mutant lines showed increased drought resistance. (E) The OsJAZ1-OE
plants were more sensitive to drought stress treatment compared to WT ZH11. (F,G) The survival rates of the transgenic and WT plants after recovery from drought
stress treatment for 7 days. Mut-1 and mut-2 were heterozygous mutants segregated from 4A-00845. Error bars represent the SE of three replicates (∗∗∗P < 0.005,
Student’s t-test).

Frontiers in Plant Science | www.frontiersin.org December 2017 | Volume 8 | Article 210889

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-08-02108 December 11, 2017 Time: 17:38 # 7

Fu et al. OsJAZ1 Attenuates Drought Resistance

FIGURE 3 | Drought resistance testing of the OsJAZ1-OE and mutant lines at the reproductive stage. (A) The OsJAZ1-OE lines and the WT plants grown in barrels
at the booting stage were subjected to drought stress treatment for 7 days with the soil moisture content maintained at 15%. The degree of leaf rolling is indicated by
the PAR (B) and the relative water content (RWC) (C) of the OsJAZ1-OE lines under normal and drought stress conditions. PAR = plant perimeter/plant projected
area. (D) The jaz1 mutant lines showed increased drought resistance. PAR (E) and RWC (F) of the jaz1 mutant lines and Dongjin under normal and drought stress
conditions. Error bars represent the SE of three replicates (∗∗P < 0.01, ∗P < 0.05, Student’s t-test).

in these phenotypes under normal germination conditions. Taken
together, our results suggest that JAZ1 may negatively modulate
ABA and JA signaling.

Subcellular Localization of OsJAZ1
In previous studies, JAZ proteins, such as JAZ9 and JAZ10,
were reported to locate in nucleus (Chung and Howe, 2009;
Ye et al., 2009; Withers et al., 2012). Therefore, we wondered
whether OsJAZ1 is also a nuclear protein. To investigate the
subcellular localization of the OsJAZ1, the coding region of
OsJAZ1 was cloned into PM999-35 vector with C-terminal YFP

tag. The tag-fused construct (35S: JAZ1-YFP) and the nuclear
marker 35S: CFP-GHD7 (Xue et al., 2008) were used for transient
transformation of protoplast in rice (Xie and Yang, 2013). To our
surprise, OsJAZ1-YFP was found to be localized in cytoplasm
(Figure 5A), and the YFP signal of OsJAZ1 was completely
separated from the nuclear signal. In addition, YFP alone was
observed in both nucleus and cytoplasm in a diffuse manner
(Figure 5C). As we know, MYC2, a bHLH TFs, interacts with
JAZ1 in nucleus (Cai et al., 2014). To further examine whether
OsJAZ1 is also localized in nucleus in presence JA signaling,
the protoplasts contained the construct 35S: OsJAZ1-YFP were
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FIGURE 4 | ABA and MeJA sensitivity assay of the OsJAZ1-OE and T-DNA
mutant plants. (A,B) The OE lines and the mutant lines were treated with
3 µM ABA and 10 µM MeJA, under normal conditions (no addition of ABA or
MeJA) as a control. (C–F) Shoot and root length of the seedlings were
measured to estimate the sensitivity of the WT and transgenic plants. Error
bars represent the SE of three replicates (∗∗∗P < 0.005, ∗∗P < 0.01,
∗P < 0.05, Student’s t-test).

treated with 100 µM MeJA for 3 h. As shown in Figure 5B,
OsJAZ1-YFP was obviously observed in the nucleus and was co-
localized with Ghd7 which has been reported as nuclear protein
in rice. These results indicate that OsJAZ1 can function as a
nuclear protein in the presence JA signaling.

Transcriptome Analysis of the
OsJAZ1-Overexpressed Plants
To investigate the transcriptomic changes that may explain
the drought-hypersensitive phenotype of the OsJAZ1-OE plants,
the whole genome expression profiles of OsJAZ1-OE and WT
ZH11 plants under normal and drought stress conditions were
analyzed by RNA-seq. Each sample was collected with three
biological replicates. We set the threshold as FDR < 0.05 between

sample replicates, and |log2(fold change)| ≥ 1 relative to the
respective control. As a result, 2,206 and 2,519 DEGs were
detected in the OsJAZ1 OE and WT ZH11 plants, respectively,
under drought stress conditions compared to normal conditions
(Supplementary Files 2, 3). As shown in Figure 6A, the heat
map revealed the different expression patterns of the DEGs
(Supplementary File 1) in the OsJAZ1-OE and ZH11 plants.
There were 899 and 946 up-regulated DEGs, and 1,307 and
1,573 down-regulated DEGs in the OsJAZ1-OE and WT ZH11
plants, respectively. Gene ontology (GO) enrichment analysis
was conducted to identify the major functional gene groups of
the DEGs. We found that most GO enrichments of the DEGs
belonged to the ‘biological function’ super-group, both in the
OsJAZ1-OE and WT ZH11 plants (Supplementary Files 2, 3). As
shown in Figure 6B, there were 484 (Group II) and 797 (Group I)
DEGs (Supplementary Files 4, 5) specifically in OsJAZ1-OE and
WT ZH11, respectively, and the expression levels of most genes
(1,722) were changed both in OsJAZ1-OE and WT ZH11. Among
the OsJAZ1-OE or WT ZH11-specific DEGs, 197 and 244 DEGs
were up-regulated, and 287 and 553 DEGs were down-regulated
in the OsJAZ1-OE and WT ZH11 plants, respectively. It is
noticeable that the number of up-regulated and down-regulated
DEGs in the OsJAZ1-OE plants were much less than that in
the WT ZH11, indicating that JAZ1 may repress some of the
expression levels of drought-responsive genes.

To gain insights into the putative functions of the specific
DEGs, GO enrichment and KEGG analyses were conducted
for the DEGs in Group I and Group II. According to
the GO term enrichment, the top three terms in Group I
were ‘response to oxygen-containing compound’ (GO:1901700),
‘response to nitrate’ (GO:0010167), and ‘response to oxidative
stress’ (GO:0006979), while the top three categories in Group
II were ‘cell proliferation’ (GO:0008283), ‘regulation of DNA
replication’ (GO:0006275), and ‘histone H3-K9 methylation’
(GO:0051567) (Supplementary Files 4, 5). In addition, there were
49 DEGs and 32 DEGs, respectively, in the WT ZH11 and
OsJAZ1-OE plants belonging to the GO of ‘water deprivation’
(GO:0009414). According to the results of the KEGG analysis
(Supplementary Files 4, 5), 58 and 99 DEGs were identified,
respectively, in Group II and Group I. According to the KEGG
analysis, 62% and 7% of the DEGs in Group I belong to
‘metabolism’ and ‘environmental information processing’ (Plant
hormone signal transduction), while 39% and 15% of the DEGs
in Group II belong to these two classifications, respectively
(Figure 6C). These results suggested that the DEGs in the
plant metabolism and hormone signaling pathways may mainly
contribute to the hypersensitive phenotype of the OsJAZ1-
OE plants. To further confirm this speculation, we performed
quantitative real-time PCR to examine the expression profiles
of some DEGs belonging to plant hormone metabolism and
signaling pathways. As shown in Figure 6D, we found that
the expressions levels of OsNCED4 (ABA biosynthesis), RAB21
and OsLEA3 (typical downstream genes of ABA signaling),
OsbHLH006 and OsbHLH148 (related to JA signaling), and
OsDREB1A, OsDREB1B, SNAC1, and OsCCD1 (well-known
drought responsive genes) were significantly lower in the
OsJAZ1-OE plants than in the WT ZH11 under drought
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FIGURE 5 | OsJAZ1 subcellular localization. (A,B) Confocal microscopy of OsJAZ1-YFP localization in rice protoplasts under normal conditions and 100 µM MeJA
treatment, respectively. (C) 35S: YFP (PM999-YFP) was transformed into rice protoplasts as a control. GHD7 was used as a nucleus marker. Bars = 20 µm.

stress conditions. These results indicate that the JA and ABA
signaling pathways might be attenuated in the OsJAZ1-OE plants
under drought stress conditions, and the expression levels of
some drought resistance-related genes were also repressed to
some extent. Together with the hyposensitive and hypersenstive
phenotypes for the OsJAZ1-OE and the jaz1 mutant, respectively,
under MeJA and ABA treatments, these results suggest that
JAZ1 may affect drought resistance partially in an ABA and
JA-dependent manner.

DISCUSSION

Phytohormones play important roles in promoting the
adaptation of plants to various abiotic stresses. The roles of
JA and ABA under abiotic stress have been intensively studied.
However, JAZ proteins act as a repressor of JA signaling, and
there are only a few reports about the roles of JAZ proteins under
abiotic stress treatment in rice (Hu et al., 2013; Wu et al., 2015; Lv
et al., 2017). Here, we found that the jaz1 mutant plants showed
increased drought resistance at the seedling and reproductive
stages, while the OsJAZ1-OE plants were more sensitive to
drought stress treatment compared to the WT plants.

OsJAZ1 Negatively Regulates JA and
ABA Signaling
According to previous studies, JAZ proteins play a negative
role for JA perception and the regulation of JA responsive
genes. JA-insensitive and hypersensitive mutants contributed

to confirming the negative role of JAZ proteins in JA
signaling. MeJA treatment was performed to examine the
JA responsiveness of OsJAZ1 (Figure 1A). The changed
expression level of OsJAZ1 showed that OsJAZ1 was responsive
to JA. A MeJA sensitivity test for the OsJAZ1-OE lines
and jaz1 mutant lines suggests that the OsJAZ1-OE plants
were hyposensitive to MeJA (Figure 4A), whereas the jaz1
mutant plants were hypersensitive to MeJA (Figure 4B).
The result is consistent with previous results that the JAZ
overexpression plants showed a hyposensitive phenotype under
MeJA treatment (Chini et al., 2007; Thines et al., 2007).
The expression level of OsJAZ1 was much greater in the
overexpression plants than that in WT ZH11, resulting in
stronger repression on the activation of JA-responsive TFs.
Therefore, we propose that OsJAZ1 acts as a repressor in the JA
signaling pathway.

Previous studies have reported that the ABA-dependent
signaling pathway and the JA dependent pathway have common
TFs (MYB/MYC), such as OsMYC2 (Abe et al., 2003; Adie
et al., 2007). However, crosstalk between the JA and ABA
signaling pathways is still ambiguous, since both synergistic
and antagonistic interactions have been reported. In our study,
we found that OsJAZ1 is also significantly induced by ABA
(Figure 1C), and a hyposensitive phenotype is present in
the OsJAZ1-OE plants under ABA treatment (Figure 4A).
What’s more, the jaz1 mutant lines were hypersensitive to
ABA (Figure 4B), indicating that OsJAZ1 plays a negative
role in the ABA signaling pathway. Our finding that OsJAZ1
negatively regulates both the JA and ABA signaling pathways
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FIGURE 6 | Transcriptome profiling of OsJAZ1-OE plants. (A) The expression patterns of the DEGs under normal (–N) and drought stress conditions (–D). Color
scale is in log2 of the fold change. (B) Number of specific and common drought-responsive DEGs in the WT and OE plants. (C) KEGG classification of the specific
drought-responsive DEGs (Group I and Group II) in the WT and OsJAZ1-OE plants. (D) Confirmation of several genes involved in the ABA and JA pathways and
stress resistance showing lower drought-induced levels in the OsJAZ1-OE plants than in WT ZH11. Error bars represent the SE of three replicates.

may contribute to the study of crosstalk between JA and ABA
signaling. Nevertheless, the phenotypic changes of the jaz1
mutant lines under the MeJA and ABA treatments were less
obvious than that of the OsJAZ1-OE plants, which may be due
to potential functional redundancy of OsJAZ1 homologs in rice.

OsJAZ1 Negatively Modulates Drought
Resistance
Plant adaptation to variable environmental stresses relies on
arrays of signaling networks. JAs play important roles in plant
adaptation and mediate several biotic responses, plant growth

Frontiers in Plant Science | www.frontiersin.org December 2017 | Volume 8 | Article 210893

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-08-02108 December 11, 2017 Time: 17:38 # 11

Fu et al. OsJAZ1 Attenuates Drought Resistance

and developmental processes, and recently they have been
reported to regulate tolerance to abiotic stresses. The JAZ
proteins, belonging to the TIFY plant-specific family, are key
components of the JA signaling pathway. A previous study
indicated that JAZ9 repressed the expression of OsbHLH062 and
OsMYB30, resulting in increased salt and cold tolerance (Wu
et al., 2015; Lv et al., 2017). However, there is no direct evidence
that JAZ proteins can affect drought resistance. In this study,
we found that the jaz1 mutant lines showed increased drought
resistance compared to the Dongjin control rice at both the
seedling and reproductive stages (Figures 2D, 3D). As expected,
the OsJAZ1-OE plants exhibited decreased drought resistance
at both the seedling and reproductive stages (Figures 2E, 3A).
In addition, we also tested the drought resistance of the
OsJAZ1 transgenic rice in the field. The results showed that
the OsJAZ1-OE lines were more sensitive to drought stress
treatment in terms of the green leaves which remained after
drought recovery, which is consistent with the increased drought
sensitivity of the OsJAZ1-OE lines observed at the seedling
stage. However, the jaz1 mutant lines in the field did not
show an obvious hyposensitive phenotype as we expected
(Supplementary Figure 1). One of the possible reasons may
be that the suppression of OsJAZ1 only has a relatively small
genetic effect in changing drought resistance, especially under the
severe drought stress treatment we applied in this experiment.
Nevertheless, it cannot be excluded that other homologs of
OsJAZ1 may have similar functions in regulating drought
resistance. In addition, we suspect that the overexpression or
mutation of OsJAZ1 may cause fertility abnormalities, since
this gene has been reported with a role in the control of
spikelet development (Cai et al., 2014). Therefore, the relative
yield or spikelet fertility are not suitable traits to evaluate the
effect of this gene on drought resistance at the reproductive
stage.

We conducted transcriptome profiling to find clues to
the mechanisms responsible for the drought-hypersensitive
phenotype of the OsJAZ1-OE plants. According to the profiling
results, we speculate that the hypersensitive phenotype of the
OsJAZ1-OE plants under drought stress treatment may be
partially attributed to the significantly decreased expression
levels of abiotic stress and ABA and JA signaling and stress-
responsive genes. These include OsNCED4, OsLEA3, RAB21,
OsbHLH006, OsbHLH148, OsDREB1A, OsDREB1B, SNAC1, and
OsCCD1 which were confirmed by qRT-PCR analysis. OsNCED4,
OsLEA3, and RAB21 are well known ABA and abiotic stress
responsive genes (Ganguly et al., 2012). Furthermore, OsNCED4
is a key gene in ABA biosynthesis and involved in the
regulation of drought resistance (Zong et al., 2016). OsLEA3
encodes a group 3 late-embryogenesis abundant protein and
plays an important role in drought and salt stress responses
(Hu, 2008). The suppressed expression of OsNCED4, OsLEA3,
and RAB21 may result in an attenuation of the ABA pathway
and subsequently lead to the drought-hypersensitive phenotype
of the OsJAZ1-OE plants. Furthermore, no DEGs in Group
II were enriched in the GO terms related to ABA signaling
(Supplementary File 4), such as ‘response to ABA’ (GO:0009737)
and ‘regulation of ABA biosynthetic process’ (GO:0010115).

These results further suggest that ABA signaling was suppressed
to some extent in the process of OsJAZ1-regulated drought
resistance.

Previous studies have shown that JA also plays an important
role in abiotic stress resistance. In this study, the expression
levels of OsbHLH006 and OsbHLH148 were repressed in the
OsJAZ1-OE plants under drought stress treatment. OsbHLH006
and OsbHLH148 are both basic helix-loop-helix proteins that
regulate drought resistance via the JA-dependent pathway (Seo
et al., 2011; Miyamoto et al., 2013). Previous studies have
reported that OsDREB1A, OsDREB1B, SNAC1, and OsCCD1
positively regulate drought resistance in rice (Dubouzet et al.,
2003; Figueiredo et al., 2012; Redillas et al., 2012; Jing et al., 2016).
OsDREB1A and OsDREB1B regulate the expression of abiotic
stress-related genes via an ABA-independent pathway. Here, we
showed that the expression levels of OsDREB1A, OsDREB1B,
SNAC1, and OsCCD1 were suppressed in the OsJAZ1-OE
plants under drought stress conditions, which further supported
the hypersensitive phenotype in the OsJAZ1-OE plants under
drought stress treatment. Besides these reported genes related
to the JA and ABA pathways or drought resistance, there are
many DEGs in Group I enriched in several GO terms related
to other stress responses, such as ‘response to oxidative stress’
(GO:0006979), ‘response to water deprivation’ (GO:0009414),
and ‘response to salt stress’ (GO:0009651), while there were none
or fewer DEGs in Group II enriched in these GO terms.

CONCLUSION

We have demonstrated that OsJAZ1 functions as a negative
regulator in the drought resistance of rice, partially in an ABA-
dependent and JA-dependent manner.
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HIGHLIGHTS

• Overexpressing and RNA interfering OsDRAP1 transgenic rice plants exhibited

significantly improved and reduced drought tolerance, but accompanied with negative

effects on development and yield.

The dehydration responsive element binding (DREBs) genes are important transcription

factors which play a crucial role in plant abiotic stress tolerances. In this study, we

functionally characterized a DREB2-like gene, OsDRAP1 conferring drought tolerance

(DT) in rice. OsDRAP1, containing many cis-elements in its promoter region, was

expressed in all organs (mainly expressed in vascular tissues) of rice, and induced

by a variety of environmental stresses and plant hormones. Overexpressing OsDRAP1

transgenic plants exhibited significantly improved DT; while OsDRAP1 RNA interfering

plants exhibited significantly reduced DT which also accompanied with significant

negative effects on development and yield. Overexpression of OsDRAP1 has a positive

impact on maintaining water balance, redox homeostasis and vascular development

in transgenic rice plants under drought stress. OsDRAP1 interacted with many

genes/proteins and could activate many downstream DT related genes, including

important transcription factors such as OsCBSX3 to response drought stress, indicating

the OsDRAP1-mediated pathways for DT involve complex genes networks. All these

results provide a basis for further complete understanding of the OsDRAP1 mediated

gene networks and their related phenotypic effects.

Keywords: DREB, drought tolerance, OsDRAP1, overexpression, rice, transcription factor

INTRODUCTION

Rice (Oryza sativa. L) is the staple food for half of the world’s population. Rice production
normally requires large amounts of water. Water availability and drought are becoming major
constraints for rice cultivation because of greatly fluctuated and generally reduced rainfall in the
majority of rice growing areas worldwide resulting from the global climate change. Rice production
was dramatically affected by severe drought occurred every year in rainfed rice-growing areas
worldwide (Pandey, 2009; Lenka et al., 2011). To ensure food security, it is imperative to develop
drought tolerant high-yielding rice varieties.
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DT is a complex trait controlled by many genes and shows
significant genotype by environment interaction (Babu, 2010).
Genetically, many QTLs affecting DT in rice has been identified
(Li et al., 2005; Xu and Vision, 2005; Kumar et al., 2014), but
few of them have been cloned and functionally characterized
(Uga et al., 2013; Li et al., 2015). At the transcriptomic level, it
is well known that drought can induce differential expression
of large numbers of genes in rice (Wang D. et al., 2011). Of
these drought responsive genes, several families of transcription
factor (TF) such as AP2/ERFs, NAC, bZIPs and MYBs were
found to play an important role in drought responses via
regulating large numbers of downstream genes and pathways
through complex transcriptional networks (Hadiarto and Tran,
2011; Todaka et al., 2015). Many TF families typically each
contains many member genes, but only a portion of a TF
family are functionally involved in plant responses to abiotic
stresses (Joshi et al., 2016). Genes of the AP2/ERF family are
characterized by a conserved AP2/ERF DNA binding domain
(Riechmann and Meyerowitz, 1998; Sakuma et al., 2002).
This TF family is further classified as four major subfamilies
including AP2 (Apetala), RAV (related to ABI3/VP1), DREB
(dehydration responsive element-binding protein), and ERF
(ethylene responsive factor). There are 163 AP2/ERF genes in
the rice genome (including 57 DREB members), and 70 of
them were differentially regulated under different abiotic stresses
(Sharoni et al., 2011).Most DREBmember genes have been found
to manipulate downstream stress-responsive genes by binding
their drought responsive element (DRE) and GCC-box cis-
element (Liu et al., 1998; Dubouzet et al., 2003). The DREB TFs
could be further divided into DREB1 and DREB2, which were
reportedly involved in two separate signal transduction pathways
in plants in response to low temperature and dehydration
stresses, respectively (Lata and Prasad, 2011). Four DREB1
genes (OsDREB1A, OsDREB1B, OsDREB1C, and OsDREB1D)
were firstly identified in rice. Overexpression of OsDREB1A
could enhance abiotic stress tolerance in Arabidopsis (Dubouzet
et al., 2003) OsDREB1F is highly induced by drought stress and
exogenous ABA application and overexpression of OsDREB1F
is reportedly to lead to enhanced tolerance to salt, drought,
and low temperature in both rice and Arabidopsis (Wang et al.,
2008). In addition, higher expression ofOsDREB1G in transgenic
rice plants could significantly improve their tolerance to water
deficit stress (Chen et al., 2008). Similarly, DREB2-type TFs
are involved in a conserved regulatory mechanism in several
crop plants in response to drought, salinity, and heat stresses
(Lata and Prasad, 2011; Mizoi et al., 2012). There are five
DREB2 genes (OsDREB2A, OsDREB2B, OsDREB2C, OsDREB2E,
and OsABI4) in the rice genome (Matsukura et al., 2010;
Srivastav et al., 2010).OsDREB2A expression in rice was evidently
induced by water deficit and exogenous ABA application, which
could result in improved DT (Cui et al., 2011). The transcript
of OsDREB2B has both functional and non-functional forms.
The former was markedly increased during stress conditions
and was able to enhance DT by drought-induced alternative
splicing of its pre-mRNA (Matsukura et al., 2010). All these
results indicated that OsDREB2s also play important roles in
plant DT.

In our breeding program, we developed a DT pyramiding
line-DK151 from an F2 population of a cross between two
IR64 introgression lines (Wang W. S. et al., 2011). In
the following transcriptomic experiment using DK151 and
its background parent, IR64, we found that large numbers
of genes were specifically up-regulated in DK151 when
compared with IR64 (Wang D. et al., 2011). Of these
drought up-regulated genes in DK151, we identified a new
rice DREB2-like TF gene, OsDRAP1 (Drought Responsive
AP2/EREBP gene) located in an introgressed segment on
chromosome 8 of DK151 and whose expression was greatly up-
regulated in DK151 by drought, suggesting its potential role
in rice DT. Here, we report the functional characterization of
OsDRAP1 and evidence for its important role in improving
rice DT.

MATERIALS AND METHODS

Plant Materials, Growth Conditions, and
Stress Treatments
Seeds of three rice genotypes, including Nipponbare, its
transgenic plants overexpressing coding region of OsDRAP1
and RNAi knock-down transgenic plants generated by
Agrobacterium-mediated transformation, were grown under the
controlled conditions in the growth chamber. For stress and
hormones treatments, 2-week-old rice plants were transferred
from the basal nutrient solution to nutrient solution containing
20% PEG (PEG6000), 150 mM NaCl, 100µM ABA, 100µM
methyl jasmonate (MeJA) or 20mM H2O2 and exposed to
low temperature (4◦C). Leaf tissues were then harvested as the
indicated times and stored at−80◦C for further analysis.

The transgenic rice plants and their background parent,
Nipponbare, were evaluated for their DT performances in a
pot experiment in the greenhouse of Chinese Academy of
Agricultural Sciences (Beijing, China). Three healthy seedlings
were transplanted equidistantly into a strip pot (50 cm in
length, 15 cm in width and 15 cm in height) filled with
2 kg of sterilized field soil. Seedlings of each genotype were
planted in six pots. The pots were maintained under controlled
conditions with 14 h daylight at 28◦C and a 10 h dark
period at 25◦C. In the stress treatment, drought stress was
initiated at seedling and tillering stages by withholding watering
at precisely determined time intervals when the soil water
content reached 15, 10, and 7.5% at 1, 3, and 5 days
after the drought treatment, respectively, as measured by
soil moisture meters (TZS-W, Zhejiang Top Instrument Co.
Ltd).

RNA Extraction, Quantitative Real-Time
PCR (qRT-PCR)
Total RNA was extracted from rice tissues of the three
genotypes using TRIzol Reagent (Invitrogen, USA). cDNA
synthesis was performed using EasyScript First-strand cDNA
Synthesis SuperMix (TransGene, Beijing, China) according to
the manufacturer’s instructions. qRT-PCR analysis was carried
out using TaKaRa SYBR premix Ex TaqTM according to the
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manufacturer’s instructions. The relative expression of each gene
was calculated according to the method of 2−11Ct (Livak and
Schmittgen, 2001). Primers used for qRT-PCR were subsequently

tested in a dissociation curve analysis and verified for the absence
of nonspecific amplification. All analyses were performed with
three biological replicates.

FIGURE 1 | OsDRAP1 is a typical transcription activator. (A) GFP extensively localized in both nucleus andcytoplasm in the N. benthamiana protoplast; (B)

GFP-OsDRAP1 positively localized in the nucleus, in which AHL22 used as the nucleus marker protein, DIC indicating its differential interference contrast transmission,

chlorophyll fluorescence in red and the merged image, with the scale bars in 5µm. (C) The structure of the OsDRAP1 protein and analysis of its transcription

activating domains in yeast; Domains of the OsDRAP1 protein and different lengths of bait proteins with different domain deletions; A–D indicate four unknown

domains. (D) Transcription activating domain identification of OsDRAP1 in yeast in which Yeast suspension was diluted to 10−1, 10−2, 10−3 times and dripped to the

SD (-Trp/-His/-Ade) and SD (-Trp) medium, with pGKBT7 (BD) used as the negative control. (E) The schematic diagram of the reporters and effectors; (F) The

transcription activation assay of OsDRAP1 and OsDRAP11D in N. benthamiana, with “-,” OsDRAP1 and OsDRAP11D indicating no effector control, full length and D

domain deletion of the OsDRAP1 proteins, respectively, with the asterisks indicating significant differences at p < 0.05 in t-tests (vs. no effector control, n > 10).
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Vector Construction and Genetic
Transformation
The coding region of OsDRAP1, was amplified from the rice
cDNA by PCR using KpnI and BamHI linker primers. The
resulting OsDRAP1 fragment was inserted into the KpnI and
BamHI site of pCUbi1390 (Peng et al., 2009), generating
Ubipro::OsDRAP1. 275-bp OsDRAP1 specific sequence was
amplified from the rice cDNA and inserted into RNAi
vector pH7GWIWG2 (II) (Karimi et al., 2005) using the
Gateway technology in end-to-end orientations by using an
intron as spacer. 1.8 kb-fragments of the OsDRAP1 promoter
were amplified from rice genomic DNA (Nipponbare) by
PCR and inserted into the vector pMDC162 (Curtis and
Grossniklaus, 2003), respectively using the Gateway technology,
generating OsDRAP1-pro::GUS. All the vectors were introduced
into Agrobacterium tumefaciens strain EHA105, and then
transferred into Nipponbare plants via Agrobacterium-mediated
transformation following the protocol described by Duan (Duan
et al., 2012).

Histological Analyses
To determine the localization of OsDRAP1 in rice plant tissues,
the transverse sections (100 µm thick) of the OsDRAP1-
pro1::GUS transgenic seedlings and roots with GUS stained were
fixed for over 12 h in 2.5% glutaraldehyde buffered with 0.2 M
phosphate buffer (pH 7.2). The sections were treated as described
by Takemoto et al. (2002). For histological analyses, freshly
collected leaves at the tillering stage were fixed immediately in
FAA (3.7% formaldehyde, 5% acetic acid, 50% absolute ethanol).
Plant tissues were then dehydrated, embedded, sliced, and pre-
treated. Transverse section slices were ultimately stained with
Haematoxylin and eosin (HE) and viewed and photographed on
a microscope (DM-LS2, Leica, http://www.leica.com/).

Physiological Traits of the Three
Genotypes under Drought Stress
Relative Water Content (RWC) was calculated using the
following formula: RWC (%) = [(FM−DM)/(TM−DM)] ×

100, where FM, DM, and TM were the fresh, dry, and turgid
masses of the leaves weighed, respectively. Monitoring the fresh
weight loss at the indicated time points (per hour) measured
the WLRs (water loss rates) of the detached leaves (You et al.,

TABLE 1 | Cis-elements analysis of the OsDRAP1 promoter sequence.

Cis-Element Number Function

ABRE 6 cis-acting element involved in the abscisic

acid responsiveness

MBS 5 MYB binding site involved in

drought-inducibility

CGTCA-motif 1 cis-acting regulatory element involved in

the MeJA-responsiveness

GARE-motif 2 gibberellin-responsive element

TC-rich repeats 1 cis-acting element involved in the defense

and stress responsiveness

motif I 1 cis-acting regulatory element root specific

2013). Relative electrolyte leakage (REL) or solute leakage from
the sampled rice leaves were evaluated using the method of
Arora et al. (1998). Percent injury arising from each treatment
was calculated from the conductivity data using the equation:
% injury = [(% L(t)-% L(c))/(100-% L(c))] × 100), where
% L (t) and % L(c) are percent conductivity for treated
and control samples, respectively. Antioxidant enzyme activity
such as catalase (CAT), was determined following previously
reported methods (Bonnecarrère et al., 2011). Proline and MDA
concentrations of the sampled leaves were measured according to
the protocol of Shukla et al. (2012).

Subcellular Localization of GFP-OsDRAP1
Fusion Proteins
The open reading frames (ORFs) of OsDRAP1 were inserted
into pMDC43 as C-terminal fusions to the green fluorescent
protein (GFP) reporter gene driven by the CaMV 35S promoter
(Curtis and Grossniklaus, 2003). For transient expression, the
GFP-OsDRAP1 fusion vector constructs were transformed into
Nicotiana benthamiana protoplasts. Protoplast isolation from
tobacco leaf tissues and PEG-mediated transformation were
performed according to Bart et al. (2006). Cells were incubated
at 28◦C in the dark overnight. The resulting green fluorescence
of protoplasts expressing GFP-OsDRAP1 was observed using
a confocal laser scanning microscope (LSM700, Zeiss, Jena,
Germany). The 35S::GFP construct was used as a control. AHL22
was used as a nucleus marker protein (Xiao et al., 2009).

Histochemical GUS Assay
For GUS staining analysis, sample tissues or whole seedlings
were submerged in the GUS staining buffer (containing 2 mM 5-
bromo-4-chloro-3-indolyl glucuronide, 0.1 M sodium phosphate
buffer [pH 7.0], 0.1% [v/v] Triton X-100, 1 mM potassium
ferricyanide, 1 mM potassium ferrocyanide, and 10 mM EDTA),
vacuum infiltrated for 10 min, and then incubated overnight
at 37◦C. The staining buffer was removed before the samples
were cleared with 95% (v/v) ethanol and then observed using a
stereoscope (LEICA, 10447157, Germany).

Transactivation Analysis in Yeast
OsDRAP1 in transgenic plants was examined for the presence
of one of its activation domains using a yeast assay system as
described (Liu et al., 2013). A series of coding region fragments
of OsDRAP1 were amplified by PCR using NcoI and PstI
linker primers. The resultant PCR products were digested with
NcoI and PstI and then cloned into the NcoI and PstI sites
of pGBKT7, generating BD-OsDRAP1, BD-OsDRAP11A, BD-
OsDRAP11AB, BD-OsDRAP11D, BD-OsDRAP11CD, BD-
OsDRAP11AD. An empty vector (BD) was used as a negative
control. The constructs and the negative control BD were
transformed into AH109, respectively according to the protocol
of the manufacturer in the Leu-medium. About 2 days, the
positive transformants verified by PCR were dropped on Leu-
and Leu-His-Ade- medium, respectively. The transcriptional
activation activities were evaluated according to their growth
status.
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Transient Transcription Dual-Luciferase
(Dual-LUC) Assays
A previously described dual-luc method using Nicotiana
benthamiana plants (Liu et al., 2008) was used for transient
transcription assays. The effector plasmids, pMDC43-OsDRAP1
and pMDC43-OsDRAP11D were constructed as described
above. The reporter plasmid, pGreen-GCC/DRE-LUC,
encodes two luciferases, the firefly luciferase controlled by
the recombinant GCC box promoter or DRE cis-element, and
the Renilla (REN) luciferase controlled by the constitutive 35S
promoter. The recombinant GCC box and DRE cis-element
promoters contain two wild-type GCC box (ATAAGAGCCG
CCACTCATAAGAGCCGCCACT) andDRE cis-element (ATAC
TACCGACATGAGATACTACCGACATGAG), respectively.
Their mutant GCC box (mGCC, ATAAGATCCTCCACTCA
TAAGATCCTCCACT) and DRE cis-element (mDRE, ATA
CTACTGATATGAGATACTACTGATATGAG) fused to the
minimum 35S promoter, were PCR-amplified from the 35S
template and cloned into the ApaI and SacII sites of the vector
pGreen-0800-LUC, then transformed into Agrobacterium (strain
EHA105) containing the helper plasmid, pSoup-P19, that also
encodes a repressor of co-suppression. The Agrobacterium strain
containing both the reporter pGreen-GCC/DRE-LUC and helper
pSoup-P19 was used alone or mixed with the Agrobacterium
strain containing the effector plasmids pMDC43-OsDRAP1 or
pMDC43-OsDRAP11D.

The reporter strain was either incubated alone or incubated
as a mixture with the effector strain (at the reporter: effector
ratio of 1:9 or 2:8). Agrobacteria suspension in a 10 ml syringe
was carefully press-infiltrated manually onto healthy leaves
of Nicotiana benthamiana. Plants were left for 3 days after
infiltration. Leaf samples were collected for the dual-luc assay
using commercial Dual-LUC reaction (DLR) reagents, according
to the manufacturer’s instruction (Promega). After measurement
of the firefly luciferase activity, 40 ul of the Stop and Glow
buffer (Promega) was added to the reaction to quench the firefly
luciferase and to initiate the REN luciferase (REN) reaction.

Yeast Two-Hybrid Assay
The protein interaction analysis was performed using
Matchmaker Two-Hybrid System 3 (Clontech, http://www.
clontech.com/). A bait gene is expressed as a fusion to the GAL4
DNA-binding domain (DNA-BD), while cDNA is expressed as
a fusion to the GAL4 activation domain-AD (Fields and Song,
1989; Chien et al., 1991). Construct pGBKT7-OsDRAP11D
above was used as a bait protein. An AD fusion library of
rice leaves under drought condition (pGADT7-library) was
constructed in Oebiotech (Shanghai). pGBKT7-OsDRAP11D
and pGADT7-library plasmids were co-transformed into
AH109, and then were spread on SD/–Ade/–His/–Leu/–
Trp/X-α-gal plates. These plates were incubated at 30◦C until
colonies appear. To identify the gene responsible for a positive

FIGURE 2 | Expression model of OsDRAP1 in different tissues of rice, in which (A) the transcript levels were determined by qRT-PCR and semi RT-PCR, OsDRAP1

transcript levels in young panicles (1), matured leaves (2), leaf sheaths (3), nodes (4), internodes (5), stem bases (6), matured roots (7), young leaves (8), young roots (9)

and callus (10) with Actin1 used as the reference gene. The OsDRAP1 expression in different tissues of the OsDRAP1-Pro::GUS transgenic rice plants by GUS

staining analysis, in the shell (B), leaf blade (C), root (D), root cross section (E) and sheath cross section (F) with red arrows indicating the vascular bundles (the scale

bars are in 100µm).
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two-hybrid interaction, we rescue the gene by PCR colony
screening. After that, we sequenced the cDNA inserts and
blast the sequences in NCBI databases. Finally, we retest the
interaction by cotransformation into the AH109. In the same
way, cotransformation mixtures were spread on SD/–Ade/–
His/–Leu/–Trp/X-α-gal plates. These plates were incubated at
30◦C until colonies appear.

Bimolecular Fluorescence
Complementation (BiFC) Assay
Bimolecular fluorescence complementation (BiFC) assay
analyses were performed as previously described (Sparkes et al.,
2006). Complementary DNAs of OsDRAP1 and OsCBSX3
were cloned into BiFC vectors pnYFP-X and pcCFP-X,
respectively. Pair of constructs was co-transformed into the
leaves of 3-week-old tobacco (Nicotiana benthamiana) by A.
tumefaciens infiltration as the above protocol in dual-LUC
assays. Cells co-transformed with pnYFP-OsDRAP1/pcCFP-
GUS, pnYFP-GUS/pcCFP-OsCBSX3, were used as negative
controls. AHL22-mRFP was used as a nuclear localization
marker protein (Xiao et al., 2009).

Protein Co-Immunoprecipitation (Co-IP)
Assay
Recombinant constructs GFP-OsCBSX3 and Myc-OsDRAP1
were introduced into tobacco leaves as the above protocol in

dual-LUC or BiFC assays, respectively, and protein extracts
were prepared as described by Sawa et al. (2007). The
protein extracts were precipitated with anti-Flag agarose beads
(Abmart, http://www.ab-mart.com/) or anti-Myc agarose beads
(CMC Scientific, http://www.cmcscientific.com) overnight. Then
proteins bound to beads were resolved by SDS-PAGE and
detected withWestern blot using anti-GFP antibody (Sigma), and
anti-Myc antibody (MBL, http://www.mblintl.com/).

RNA-Seq Analysis
Three top leaves for each sample (two replicates for each
sample) were harvested for each genotype under 1 day and 3
days of drought stress and control conditions. The RNA-seq
sequencing and assembly were performed by Beijing CapitalBio
Corporation as described in previous study (Huang et al.,
2014). The number of mapped clean reads for each gene was
counted and normalized into the reads per kilo base per million
value (Mortazavi et al., 2008); Cuffdiff (Trapnell et al., 2009)
was then used to identify DEGs. Finally, genes with a p ≤

0.001 were designated as significantly differential expressed
between each pair of samples. Gene function annotations
were performed based on the Rice Genome Annotation
Project version 7 (Kawahara et al., 2013). AgriGO was used
to perform GO enrichment analysis (Du et al., 2010).The
raw RNA-seq data are available in the Genome Sequence
Archive in BIG Data Center (Beijing Institute of Genomics,

FIGURE 3 | Expression profiles of OsDRAP1 in response to various abiotic stresses and exogenous hormones; in which 14-day-old seedlings of Nipponbare treated

with PEG (20%), salt (150mM), cold (4 C◦), 100mµ MeJA, 100µM ABA and 20 mM H2O2, with Actin 1 used as the endogenous control.
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Chinese Academy of Sciences) under the accession number
PRJCA000683.

RESULTS

Identification and Characterization of
OsDRAP1
In our previous transcriptomic analyses (Wang D. et al., 2011),
we identified a set of AP2/EREBP TF genes that were greatly up-
regulated in leaves and panicles in drought tolerant pyramiding
line DK151 under drought stress. One of these AP2/EREBP TF
genes, designated as OsDRAP1 (LOC_Os08g31580), was selected
for further function confirmation in this study.

The OsDRAP1 gene sequence has a full-length of 843 bp
without any intron and encodes a polypeptide of 280 amino acids,
consisting of an AP2 domain (103–166 aa) and four putative
unknown domains (A: 25–38 aa, B: 82–100 aa, C: 190–201 aa,
D: 210–239 aa; Figure 1C). The phylogenetic analysis indicated
that OsDRAP1 was closely related to members of the DREB2
subfamily in rice and wheat (Figure S1; Sharoni et al., 2011).
OsDRAP1 contains several stress- or hormone-responsive cis-
elements in its promoter region (2.0 Kb upstream of the start
codon), including 5 MYB binding sites (MBS), 6 ABA-responsive

elements (ABRE), 2 gibberellin-responsive elements (GARE),
and a CGTCA-motif for the MeJA-responsiveness (Table 1),
implying that the expression of OsDRAP1 could be regulated
by phytohormones. Our results from cytological analyses
(Figures 1A,B) indicated that OsDRAP1 was localized in
the nucleus and functioned as a nuclear protein, with its
transactivation activity located primarily in regionD (207-280 aa)
(Figures 1C,D).

To determine if OsDRAP1 is involved in the activation
of multiple stress signaling pathways by interacting with
GCC box or DRE element (Hao et al., 1998; Cheng et al.,
2013), we performed a dual luciferase reporter assay by
constructing reporter vectors containing GCC box mi35S-
LUC, DRE mi35S-LUC, mutated GCC- and DRE-LUC (mGCC
box mi35S-LUC, mDRE mi35S-LUC), and effector vectors
containing 35S::OsDRAP1 and 35S::OsDRAP11D. The results
(Figures 1E,F) showed that the full length of OsDRAP1
could significantly enhance the LUC activity in the reporters
of the GCC box mi35S-LUC and DRE mi35S-LUC, but
had no effect on the two mutated reporters. The effector
containing the truncated OsDRAP1 with deletion of region
D (35S::OsDRAP11D) could not activate all reporters. All
these results indicated that OsDRAP1 was able to activate the

FIGURE 4 | The seedling phenotypes of OsDRAP1 OE and RNAi lines at the seedling stage under the drought stress treatments: before drought (A) and 5 days after

drought (B–F,H), and the seedling survival rates (G,I) evaluated 7 days after re-watering, in which the error bars indicate SD based on data of 3 replicates and the

asterisks (* or **) indicate the significant differences at p < 0.05 or p < 0.01 in t-tests when compared with WT (n > 100).
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expression of downstream genes by binding cis-elements of the
GCC box and DRE.

The Spatial-Temporal Pattern of OsDRAP1
and Its Responses to Different Abiotic
Stresses and Plant Hormones
Because OsDRAP1 was differentially expressed under drought
stress in a spatial-temporal manner (Wang D. et al., 2011), we
examined its expression patterns in different tissues at different
developmental stages using qRT-PCR. The results showed that
OsDRAP1 was highly expressed in the mature leaves and roots,
but had relatively lower expression in young panicles, leaf sheaths
and internodes (Figure 2A). The expression of OsDRAP1 was
induced by PEG-simulated drought, high salt, low temperature,
H2O2, ABA (Figure 3). Generally, OsDRAP1 showed similarly
high expression in response to drought, salt and cold with the
peak expression at 1 h after the treatments and maintaining a
relatively high level of expression afterwards. Of the three plant
hormones, OsDRAP1 responded much more strongly to ABA
and H2O2 than to JA, though it showed the highest expression
at 1 or 3 h after the treatments and decline afterwards in the
H2O2 and ABA treatments. All these results indicated that the

OsDRAP1 expression is induced by abiotic stresses, primarily
by drought and salt, in a more H2O2 and/or ABA dependent
manner.

Enhanced DT and Phenotypic Effects by
Overexpression of OsDRAP1 in Rice
To determine the biological function(s) of OsDRAP1 in
response to abiotic stresses, we constructed overexpressing
and RNAi knockdown vectors including UbiPro::OsDRAP1 and
OsDRAP1-RNAi (see details inMaterials andMethods). Thirteen
OsDRAP1-overexpressing lines (OE-1 to 13) and four RNAi lines
(RNAi-1 to 4) were obtained. The qRT-PCR results showed that
the expression of OsDRAP1 was up-regulated in OE lines, but
down-regulated in RNAi lines to various extents when compared
with WT under the normal growth conditions (Figure S2).
The seedlings of the OE lines and WT plants showed no
evident differences before the stress treatments and 5 d after
drought (Figures 4A–F), but all transgenic OE lines exhibited
improved DT compared toWT with significantly higher seedling
survival rates 7 days after rewatering (Figure 4G). As expected,
the two RNAi lines were more sensitive to drought stress
with significantly decreased survival rates compared to WT

FIGURE 5 | Phenotypic and physiological trait performances of the OsDRAP1 overexpression line (OE-7), RNAi line (RNAi-2) and wild type under drought stress; The

seedling growth phenotypes of OE-7, RNAi-2 and WT under the normal irrigation (A), 3d and 5d drought stress (B,C), and 5d after re-watering (D); (E) The assay of

water loss rates of OE-7, WT and RNAi-2; (F) The relative leaf water content of OE-7, WT and RNAi-3 under normal control, 3d and 5d drought stress; (G) Detection

of relative electrolyte leakage of OE-7, WT and RNAi-2 under control, 3d and 5d drought stress conditions; (H) Detection of activities of ROS-scavenging enzymes

(CAT) in three rice genotypes subjected to drought stress, with each column representing mean ± SD (three replicates) and * indicating a significant difference at p <

0.05 vs. WT based on the Dunnett’s multiple comparison tests in ANOVA.
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(Figures 4H,I). These results showed that the expression of
OsDRAP1 was positively involved in DT. Based on these results,
the transgenic lines, OE-7 and RNAi-2 were selected for further
characterizing the functionality of OsDRAP1 in the following
experiments.

Figure 5 shows the results on the evaluation of the OsDRAP1
overexpression line (OE-7), RNAi line (RNAi-2) and WT
at the tillering stage for phenotypic and physiological trait
performances under 3 and 5 days drought stress. There were
no significant differences among three lines under the normal
growth conditions. However, the WT and RNAi-2 plants started
to show leaf rolling and wilting 3 d after drought stress, while the
OE-7 was more viable than RNAi-2 andWT 5 days after drought
stress and showed much better recovery 5 days after rewatering
from the drought stress damage when the RNAi-2 plant was still
wilted (Figure 5D). Furthermore, the OE-7 showed the lowest
water loss, highest relative leaf water content, the lowest relative
electrolyte leakage, and highest activities of ROS-scavenging
enzymes during drought stress, while the opposite was true
for the RNAi-2 plant (Figures 5E–H). All these results strongly
suggested that OsDRAP1 overexpression improved drought
tolerance in rice by maintaining higher leaf water content and

enhancing activities of ROS-scavenging enzymes. However, at
the maturity, the OE-7 and RNAi-2 plants showed significantly
reduced height by 6 cm and 16 cm when compared with the WT
plant (Figure S3). In addition, when compared to the WT plant,
the OE-7 plant showed significantly reduced spikelet fertility
while the RNAi-2 plant showed significantly reduced panicle
numbers/plant (Figures S3C,E). As a result, both the OE-7 and
RNAi-2 plants had lower grain yield/plant than the WT plant
(Figure S3F). All these results indicated that overexpression or
repression of OsDRAP1 had negative effects on the development
and grain yield of rice, though the latter’s effect was more severe.

GUS staining results of the OsDRAP1-Pro::GUS transgenic
plants showed that OsDRAP1 was mainly expressed in rice
vascular tissues, especially in the vascular bundle of glume, leaf
vein, pericycle and sheaths (Figures 2B–F). Electron microscope
scanning of the stem cross sections revealed significant
differences in cell number and diameter of vascular bundle
between of the RNAi-2 and WT or OE-7 rice plants. Specifically,
the RNAi-2 plant had fewer vascular cells and smaller diameter
of vascular bundle than the OE-7 and WT plants (Figure 6),
suggesting thatOsDRAP1may play an important role in vascular
development.

FIGURE 6 | The cellular observation of the vascular tissues in one overexpression line (OE-7), one RNAi line (RNAi-2) and non-transgenic wild type (WT) for OsDRAP1,

(A); and the cross section of the stem and leaf blade (B) at the tillering stage. Red arrows indicate the vascular bundles (phloem), with scale bars in 100 µm; (C) The

mean cell number per phloem in the vascular bundle of the OE-7, WT and RNAi-2 plants; and (D) The diameter of leaf veins of the OE-7, WT and RNAi-2 plants, with

the asterisks (**) indicating significant differences at p < 0.01 in t-tests when compared with WT (n > 10).
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Downstream Genes and Pathways
Involved in DT Regulated by OsDRAP1
To gain insights into genes and pathways for DT regulated by
OsDRAP1, we performed transcriptome sequencing to screen the
differentially expressed genes in OE-7 compared to WT plants
under normal growth and drought conditions, respectively.
Table S1 shows 42 and 46 genes that were up- and down-
regulated in OE-7, respectively, when compared to WT under
the normal growth conditions. GO analysis revealed that the
majority of these genes were functionally related to “response to
stress” and “metabolic process.” After analyzing the cis-elements
in the promoters of the 42 up-regulated genes in OE-7 using
PLACE, we found that many of them have the binding sites of
DREB TFs, GCC box and DRE cis-elements (Table S1), including
GCCCOREC (S000430), DRECOREZMRAB17 (S000402) and
DRECRTCOREAT (S000418), indicating that these genes were
most likely directly regulated by OsDRAP1 and function in
pathway(s) contributing in the basal DT of rice.

Under drought stress, there were 85 and 53 genes up-
and down-regulated in OE-7 as compared to WT (Table S2).
Most of the up-regulated genes in OE-7 were functionally
categorized in metabolic processes (19), response to stress (14)
and transcription regulation (6). Several TFs (OsEATB, OsERF5,
OsMYB4, and OsWRKY89) were evidently induced in OE-
7 by drought stress. In addition, a gene encoding cellulose
synthase-like family A (CSLA11) reportedly involved in cell wall
biogenesis (Wang et al., 2010), was remarkably up-regulated in

OE-7. Meanwhile, a set of genes related to the JA signaling
pathway such as OsJAZ8 (Yamada et al., 2012), OsJAZ13 (Singh
et al., 2015), Jasmonate-zim-domain protein 1, and Jasmonate
O-methyltransferase were simultaneously induced in OE-7 under
drought, indicating that JA was also involved in the OsDRAP1
mediated regulating pathways of DT.

Identification of the Interacting Proteins of
OsDRAP1
To identify proteins that directly interact with OsDRAP1, we
performed yeast two-hybrid (Y2H) screening, which identified 30
interacting proteins from 45 positive clones screened according
to their α-galactosidase activity (Table S3). Genes encoding these
interacting proteins were predominant in function categories
of response to stress (9), metabolic process (8) and nucleotide
binding (7). These genes included several previously reported
genes involved in response to abiotic stresses, such as OsRZFP34
for stomata opening, OsAPX2 and OsCATC involved in redox
homeostasis under abiotic stress, OsRACK1A in ABA and H2O2

signaling pathways and OsCBSX3 involved in biotic stress
tolerance (Lin et al., 2012; Zhang et al., 2013, 2014; Hsu et al.,
2014; Mou et al., 2015). Results from bimolecular fluorescence
complementation and co-immunoprecipitation assays revealed
the direct interaction between A CBS (cystathionine beta-
synthase) domain containing protein (OsCBSX3) and OsDRAP1
in the nucleus (Figure 7), indicating that OsCBSX3 is involved in
the OsDRAP1-regulated pathway in rice.

FIGURE 7 | Evidence of the interaction of OsDRAP1 with OsCBSX3. (A) the BiFC assay showing the interaction of OsDRAP1 with OsCBSX3 in the nuclei of N.

benthamiana leaf cells with YFPN-OsDRAP1 or CFPC-OsCBSX3 co-transformed withCFPC-GUS orYFPN-GUSserved as the negative control and scale bars in

10µm; (B) the Coimmunoprecipitation assays of OsDRAP1 and OsCBSX3 with GFP-OsCBSX3 or Myc-OsDRAP1 used as the negative control.
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DISCUSSION

In plants, many DREB1 genes are known to be responsive
to abiotic stresses and have been characterized, but only a
few DREB2 genes have been functionally elucidated (Lata
and Prasad, 2011). In this study, we have demonstrated that
OsDRAP1 in rice encodes a DREB2-like protein and functioned,
as one of the DREB proteins in the AP2/ERF sub-family and
plays an important role involved in several signal transduction

pathways in response to different abiotic stresses, including
drought, salt, cold and H2O2 stresses. OsDRAP1 was previously
characterized as a drought stress-induced AP2/EREBP gene
(Wang D. et al., 2011). In this study, OsDRAP1 was proved as
a nuclear-localized protein and possessed transactivation activity
which involved in ABA and JA transcriptional regulation, and
OsDRAP1 could activate the transcription of downstream genes
by binding GCC box and DRE elements. The unique spatial
expression pattern of OsDRAP1 in vascular tissues and its

FIGURE 8 | A model for OsDRAP1-Mediated Stress Tolerance. Through a set of plant hormones pathways, the rice feels the stress signal and induce the expression

of OsDRAP1. Interacting with other stress related proteins, including OsCBSX3, OsRACK1A, OsRZFP34, OsAPX2, and OsCATC, OsDRAP1 activate stress

responsive genes which regulate water balance, redox homeostasis and vascular development directly or indirectly. Several stress responsive TFs (OsEATB, OsERF5,

OsMYB4, and OsWRKY89) and a gene encoding cellulose synthase-like family A (CSLA11) induced by OsDRAP1 complex are likely to mediated by JA signaling

pathway (OsJAZ8, OsJAZ13, Jasmonate-zim-domain protein 1, and Jasmonate O-methyltransferase). OsDRAP1 mediate stress tolerance especially DT via its

regulation of these stress responding genes.
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effects causing reduced cell number and diameter of vascular
bundle in RNAi plants suggest that OsDRAP1 is involved in
vascular bundle development. Although the vascular tissue is
responsible the transport of water and nutrients in plants
(Campbell and Turner, 2017), how vascular tissue responds
to drought stress remains to be elucidated at the molecular
level.

The presence of many different functional motifs in the
promoter region of OsDRAP1 suggests that OsDRAP1 functions
by mediating many downstream genes and pathways. Indeed,
we were able to detect many genes functioning in response
to stress and metabolic process were differentially expressed
in the OsDRAP1 OE lines, and most of these genes have
GCC box and DRE elements in their promoters regulated
by OsDRAP1 (Cheng et al., 2013). Those genes also included
a few TF genes such as OsEATB, OsERF5, OsMYB4 and
OsWRKY89 that were previously reported to be involved in plant
development or abiotic stress tolerance (Vannini et al., 2007;
Wang et al., 2007; Zhou et al., 2010; Qi et al., 2011). Clearly,
the OsDRAP1 mediated DT genetic pathways underlying abiotic
stress tolerances are involved in complex synergistic relationships
with these TFs. Other important DT genes downstream of
OsDRAP1 included CSLA11 that encodes a cellulose synthase-
like family A protein. The CSLA gene family is reported
to be involved in cell wall biogenesis (Wang et al., 2010;
Liepman and Cavalier, 2012) and increased expression of
CSLA11 which might explain the strong effect of OsDRAP1
on vascular development. We noted that several other genes
the JA signaling pathway were strongly activated by OsDRAP1
in the OE line, including OsJAZ8, OsJAZ13, Jasmonate-zim-
domain protein 1 (LOC_Os03g08330) and Jasmonate O-
methyltransferase (LOC_Os06g21820), implying that JA was
involved in coordinate regulation of downstream genes in
the OsDRAP1 mediated drought stress responses, as reported
previously (Ahmad et al., 2016). Other genes interacting
with OsDRAP1 included OsCBSX3/OsBi1 (LOC_Os02g57280)
and a CBS (cystathionine beta-synthase) domain containing
protein (CDCPs). OsCBSX3/OsBi1 was previously reported to
be induced in rice by herbivore feeding and water deficit
stress (Wang et al., 2004) and have a positive regulating
role in rice resistance to M. oryzae in JA-mediated signaling
pathways (Mou et al., 2015). CDCPs were reported to play
an important role in plant responses to abiotic stresses by
regulating many enzymes and maintaining the intracellular
redox balance (Kushwaha et al., 2009; Yoo et al., 2011;
Singh et al., 2012). OsCBSX3 might interact with OsDRAP1
and function positively in DT by maintaining the redox
homeostasis under drought stress, however, the detailed
molecular mechanisms how OsCBSX3 is involved in the
OsDRAP1-mediated DT genetic pathways remains to be
elucidated.

Moreover, our results indicated that like many other plant
DREB proteins, overexpression of OsDRAP1 enhanced rice
tolerance to drought and salinity, while knockdown of OsDRAP1
lead to more sensitivity to drought in addition to significant
negative effects on rice development and grain yield, as
reported previously in overexpression experiments of other

plant DREB genes (Kasuga et al., 1999, 2004; Ito et al.,
2006). Clearly, this kind of fitness costs was much more
severe in the OsDRAP1-knockdown plants than its constitutive
overexpression-plants. This suggests it may be difficult to
improve rice DT or salt tolerance by transgenic overexpression
of OsDRAP1. Therefore, efficient utilization of OsDRAP1
for improving rice tolerance to drought and salt requires
more complete understanding of the OsDRAP1 mediated gene
networks and pathways and their related phenotypic effects.

CONCLUSIONS

OsDRAP1 is a DREB2-like TF gene which affects DT by
maintaining water balance and redox homeostasis in rice under
water deficit conditions. OsDRAP1 appears to be involved
in the regulation of the development of the vascular tissues.
Constitutive overexpression ofOsDRAP1 could improve drought
stress tolerance by affecting downstream genes with GCC and
DRE cis-elements and synergistically regulating several TF genes
including OsERF5, OsMYB4, and OsWRKY89 and those related
to JA pathways (Figure 8). The interaction protein OsCBSX3
could participate in the OsDRAP1-mediated regulation network
in drought stress tolerance in rice.

AUTHOR CONTRIBUTIONS

LH and YW generated the transgenic materials, designed and
performed the experiments, WW and ZcL analyzed RNA-Seq
data, FS and QQ provided assistance on vector construction, XZ,
FH, and YZ provided assistance on the drought phenotyping
experiment, BF and ZL designed the experiments and wrote the
manuscript.

FUNDING

This work was supported by grants from the National
Natural Science Foundation of China (31571631 and 31501291),
the Shenzhen Peacock Plan (20130415095710361), the CAAS
Innovative Team Award, and the Bill & Melinda Gates
Foundation (OPP1130530).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2018.
00094/full#supplementary-material

Figure S1 | The phylogenetic analysis of the DREB proteins in plants. The

maximum parsimony tree of the DREB proteins from various plants (A) and rice

(B), based on the sequence database in UniProt Knowledgebase (UniProtKB):

Arabidopsis thaliana, At; Oryza sativa, Os; Zea mays, Zm; Phyllostachysedulis, Pe;

Helianthus annuus, Ha; Oryzabrachyantha, Ob; Aegilopsbiuncialis, Ab;

Nicotianabenthamiana, Nb; Poapratensis, Pp; Triticumaestivum, Ta; Glycine max,

Gm; Solanumlycopersicum, Sl; Festucaarundinacea, Fa.

Figure S2 | Expression analysis of OsDRAP1 in the transgenic rice plants. With

red and green columns indicating OsDRAP1 overexpression

(OsDRAP1-OE-1∼13) and OsDRAP1 RNAi (OsDRAP1-RNAi-1∼4) in transgenic

lines, respectively, the error bars indicating SD based on data of 3 replicates, Actin
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1 used as the endogenous control and Arrows indicating the two lines (OE-7 and

RNAi-2) that were used for further functional analysis.

Figure S3 | The negative effect on the plants overexpressing and knock-down of

OsDRAP1. (A) The growth of OsDRAP1-OE-7, WT and OsDRAP1-RNAi-2 plants.

Investigation of plant height (B), number of tillering (C), root performance (D),

fertility (E), and grain yield (F) of the transgenic lines. The asterisk indicated the

significant difference in t-test (p < 0.05 vs. WT, n > 10).

Table S1 | List of the differentially expressed gene in the OsDRAP1

overexpression line compared with WT under normal growth conditions.

Table S2 | List of the differentially expressed gene in OsDRAP1 overexpression

line compared with WT under drought stress conditions.

Table S3 | List of interacting proteins of OsDRAP1 identified by yeast

two-hybridization screening.
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Plants have evolved to have sophisticated adaptation mechanisms to cope with

drought stress by reprograming transcriptional networks through drought responsive

transcription factors. NAM, ATAF1-2, and CUC2 (NAC) transcription factors are known

to be associated with various developmental processes and stress tolerance. In this

study, we functionally characterized the rice drought responsive transcription factor

OsNAC14. OsNAC14 was predominantly expressed at meiosis stage but is induced by

drought, high salinity, ABA, and low temperature in leaves. Overexpression of OsNAC14

resulted in drought tolerance at the vegetative stage of growth. Field drought tests

demonstrated that OsNAC14 overexpressing transgenic rice lines exhibited higher

number of panicle and filling rate compared to non-transgenic plants under drought

conditions. RNA-sequencing analysis revealed that OsNAC14 overexpression elevated

the expression of genes for stress response, DNA damage repair, defense related,

and strigolactone biosynthesis. In addition, chromatin immunoprecipitation analysis

confirmed the direct interaction of OsNAC14 with the promoter of OsRAD51A1, a key

component in homologous recombination in DNA repair system. Collectively, these

results indicate that OsNAC14 mediates drought tolerance by recruiting factors involved

in DNA damage repair and defense response resulting in improved tolerance to drought.

Keywords: NAC transcription factors, OsNAC14, transgenic rice, drought tolerance, RNA-sequencing, ChIP

INTRODUCTION

Drought is a major environmental stress adversely affecting crop yield worldwide. Recent climate
change increases occurrence and severity of drought stress in field. Moreover, the need to
utilize farmland with inadequate water supply has substantially increased, as a consequence of
global warming and world population growth. Thus, improving crop performance under drought
conditions is an important objective in agriculture to support world food requirements. To cope
with drought stress, plants have been evolved to possess molecular mechanisms that coordinate
expression of genes to protect them from water deficit stress and increase the chance of survival in
arid regions (Yamaguchi-Shinozaki and Shinozaki, 2006; Zheng et al., 2009).

Transcriptional reprograming required for drought tolerance mechanism is largely regulated
by drought induced-transcription factors (TFs) such as AP2/ERF, MYB, bZIP, and NAC families
(Yamaguchi-Shinozaki and Shinozaki, 2006; Nakashima et al., 2007; Zheng et al., 2009; Jung et al.,
2017). Several studies have shown that overexpression of drought induced transcription factors can
enhance drought tolerance. For example, overexpression of drought induced OsERF48, OsERF71,
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OsMYB2, OsbZIP12, and OsbZIP71 enhance drought tolerance
in rice (Yang et al., 2012; Joo et al., 2014; Liu et al., 2014;
Lee et al., 2016; Jung et al., 2017). Thus, identification and
characterization of drought induced TFs is useful approach
to understand molecular mechanisms underlying in drought
tolerance and generate plants showing enhanced performance
under drought condition (Jung et al., 2017; Lee D. K. et al., 2017).

NAC transcription factor family is one of the largest
families of plant-specific transcription factors, named from first
three reported members of the family, petunia NO APICAL
MERISTEM (NAM), Arabidopsis ACTIVATION FACTOR
(ATAF), and CUP-SHAPED COTYLEDON (CUC) (Souer et al.,
1996; Aida et al., 1997). Genome-wide analysis has identified
117 NACs in Arabidopsis, 151 in rice, 79 in grape, 163 in
poplar, 152 each in soybean, and tobacco (Ooka et al., 2003;
Nuruzzaman et al., 2010, 2013). NAC proteins contain a highly
conserved N-terminal DNA-binding domain that can form
either a homodimer or a heterodimer and a highly variable C-
terminal region (Ooka et al., 2003; Zheng et al., 2009). NACs
were originally identified as key regulators of development
through forward genetic screens (Souer et al., 1996; Takada
et al., 2001). Recently, NACs have been reported to regulate
wide range of abiotic stress responses in plants (Nuruzzaman
et al., 2013). In Arabidopsis, AtNAC72 (RD26), AtNAC19, and
AtNAC55 are required for drought tolerance (Fujita et al.,
2004; Tran et al., 2004). Overexpression of ATAF1 enhances
drought tolerance through stomatal closure in Arabidopsis
(Wu et al., 2009). In rice, the members in stress-induced
NAC (SNAC) subgroup are reported as key regulators of
drought tolerance in rice. Overexpression of OsNAC5, OsNAC6,
OsNAC9, and OsNAC10 confers drought tolerance via root
structural adaptation and up-regulation of genes involved in
stress responses, redox homeostasis, defense responses, and ABA
biosynthesis (Nakashima et al., 2007; Jeong et al., 2010, 2013;
Takasaki et al., 2010; Redillas et al., 2012; Lee D. K. et al.,
2017).

Maintenance of genome stability is another important
process in plants under abiotic stress for survival and faithful
transmission of genetic information to next generation (Tuteja
et al., 2001; Roy, 2014). Plants are subjected to high levels of
DNA damage resulting from exposure to environmental stresses
such as cold, high temperature, UV-C, and drought (Tuteja
et al., 2001; Roldan-Arjona and Ariza, 2009; Roy, 2014). Reactive
oxygen species (ROS) generation is one potential cause of DNA
damage under drought conditions because drought induced
DNA damage is alleviated by exogenous application of ROS
scavenger (Tuteja et al., 2001; Wang and Zhang, 2001). Among
various forms of DNA lesions generated by drought stress, double
strand breaks (DSBs) in DNA are considered as one of the major
form of DNA damage (Yao et al., 2013; Roy, 2014). DSBs are
repaired by homologous recombination mediated by Radiation
sensitive 51 (RAD51) and Mre11-RAD50-Nbs1 (MRN) complex
(Shinohara et al., 1992; Symington, 2002). Function of RAD51
in homologous recombination is highly conserved in various
organisms (Shinohara et al., 1992; Li et al., 2004, 2007; Khoo
et al., 2008). Failure of DNA repair leads to deterioration of
cell function and cell death (Tuteja et al., 2001). Thus, proper

regulation of DNA repair is required for drought tolerance.
However, the underlying molecular mechanisms are still
elusive.

In this study, we investigated the molecular mechanism
of OsNAC14-mediated drought tolerance responses. OsNAC14
belongs to ONACII subgroup of Group A NAC TFs. Transgenic
rice overexpressing OsNAC14 exhibited enhanced drought
tolerance at the vegetative and the reproductive stages of
growth. We also identified downstream target genes constituting
the OsNAC14-mediated drought tolerance pathway which are
involved in stress response, DNA repair, defense-related and
strigolactone biosynthesis. OsNAC14 was found to regulate
DNA repair pathway by directly regulating the homologous
recombination component OsRAD51A1. These data suggest
that OsNAC14 regulates OsRAD51A1 which in turn enhances
drought tolerance of plants.

MATERIALS AND METHODS

Plasmid Construction and Rice
Transformation
The coding region of OsNAC14 (Os01g0675800) was
amplified from rice (Oryza sativa cv. Nipponbare) total
RNA using the Reverse Transcription System (Promega)
and PrimeSTAR HS DNA polymerase (TAKARA). The
amplified OsNAC14 coding sequence was cloned into rice
transformation vector p700 carrying PGD1 promoter for
constitutive overexpression (Park et al., 2012). The final
construct named PGD1::OsNAC14 was transformed into rice
(Oryza sativa cv. Nakdong) by Agrobacterium (LBA4404)-
mediated co-cultivation, as described previously (Jang et al.,
1999). Copy numbers PGD1::OsNAC14 transgenic plants were
determined by TaqMan Q-PCR (ThermoFisher) using probes
specific for the bar gene. To analyze copy number of the
transgenic rice plants, genomic DNAwas extracted from 2-week-
old rice seedlings. Genomic DNA extracted from transgenic
plants previously confirmed as single inserted homozygous
line was used as control. The single copy insertion lines self-
fertilized and homozygous transgenic lines were selected from
T2 generations on MS media containing phosphinothricin
(Duchefa).

For CRISPR/Cas9-mediated OsNAC14 mutagenesis, the
CRISPR/Cas9 expression vector was constructed using a rice
codon-optimized Streptococcus pyogenes Cas9 (rCRISPR/Cas9)
and guide RNA (gRNA) targeting CDS region (700–722 bp)
of OsNAC14 in pSB11 vector through restriction enzyme-
mediated excision and ligation reactions. To generate rice
codon-optimized Cas9, the original Cas9 sequence was changed
to a sequence suitable for translation in rice. Then, rice
codon-optimized Cas9 was chemically synthesized (Bioneer,
Korea), and used for further constructions. Nuclear localization
sequence (NLS) was fused to both N-terminus and C-terminus
of rCRISPR/Cas9, and self-cleaving 2A peptide (P2A), and
GFP were inserted between rCRISPR/Cas9 and C-terminal
NLS sequence. For the gRNA cassettes in these vectors, the
rice U6 promoter and a custom designed gRNA (5′- AAG
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AGCTCTGGTGCAAGAAGGGG-3′) targeting CDS region
(700–720 bp) of OsNAC14 were introduced into pSB11 vector
through following procedures. To minimize the possibility of
off-target effects potentially caused by CRISPR/Cas9 mediated
mutagenesis, we performed computational analysis to select
unique and specific sequence which can be used for gRNA target
site on OsNAC14 coding sequence using CRISPRdirect software
(https://crispr.dbcls.jp/). Rice U6 promoter and 5′-region of
gRNA was amplified by PCR reactions (F: 5′-CCCAAGCTT
AAGGAATCTTTAAACATACGA-3′, R: 5′-CTTCTTGCA
CCAGAGCTCTTGCCACGGATCATCTGCA). 3′-region of
gRNA was amplified with 20 base overlap with 5′region of
gRNA by PCR reactions (F:5′-AAGAGCTCTGGTGCAAGA
AGGTTTTAGAGCTAGAAATAGG-3′, R:5′- TGCTCTAGA
AAAACAAAAAAGCACCGACTCGGTGC-3′). Two PCR
products were mixed and used as template for crossover PCR
using primers recognizing 5′-region of U6 promoter and
3′-region of gRNA (F: 5′-CCCAAGCTTAAGGAATCTTTA
AACATACGA-3′, R:5′- TGCTCTAGAAAAACAAAAAAG
CACCGACTCGGTGC-3′). Final PCR products were digested
with HindIII and XbaI, and inserted into pSB11 vector by
ligation. The plasmid was introduced into rice (Oryza sativa
cv. Dongjin) using Agrobacterium-mediated co-cultivation
method. Primer sequences used in this study are listed in
Table S2.

Drought Stress Treatment and Tolerance
Evaluation
Transgenic and NT (non-transgenic) (Oryza sativa cv. Nakdong)
seeds were germinated on Murashige and Skoog (MS) medium
(Duchefa Biochemie) with 3% sucrose in the dark for 3
days at 28◦C, and transferred into light conditions for 1
day. Thirty Seedlings from each transgenic and NT plants
were transplanted in soil pot (4 × 4 × 6 cm, three plants
per pot) and grown for 5 weeks in the greenhouse (16 h-
light/8 h-dark cycle) at 30◦C. Drought stress was imposed
by sequentially withholding water for 3 days and re-watering
for 5 days. Drought-induced symptoms were visualized by
imaging tested plants at indicated time point using an NEX-
5N camera (Sony), and soil moisture was measured at indicated
time point using a SM 150 soil moisture sensor (Delta T
Devices).

Transient chlorophyll a fluorescence and the performance
index were measured using a HANDY PEA fluorimeter
(Hansatech Instruments), as described previously (Jung et al.,
2017). Two-week-old plants were transplanted in soil pot (15 ×

15 × 14 cm) and grown for 5 weeks. Chlorophyll fluorescence
and the performance index were measured from longest leaves
of each plant after 1 h of dark adaptation to ensure sufficient
opening of the reaction center. Measurement was performed
at apex, middle, and base regions of leaves using the Handy-
pea fluorimeter (Hansatech Instrument). Thirty readings per
line were averaged using the HANDY-PEA software (version
1.31). Fv/Fm value and the performance index were calculated
according to the equations of the JIP test (Redillas et al.,
2011).

Evaluation of the Agronomic Traits of Rice
Plants Grown in the Field
To Evaluate yield components of transgenic and non-transgenic
(NT) plants under normal field conditions, three independent
T4 homozygous lines of the OsNAC14OX plants and NT plants
were planted in the rice paddy field at Kyungpook National
University, Gunwi (36◦06′48.0′′N,128◦38038.0′′E), Korea (RDA-
A-2011-005, 2016). Yield parameters were scored from 30 plants
collected from three different plots for normal field conditions.
To evaluate yield components of the plants under drought
field conditions, plants were grown in semi-field conditions
under rain-off shelters before drought treatment. Intermittent
drought stress was applied twice by withholding water during
panicle development stage. Drought treatment was monitored
by measuring soil water content using Soil Moisture Sensor (AT
Delta-T Device). After two rounds of drought treatment, the
plants were irrigated until harvesting. Yield components were
scored from 18 plants for each line for drought field conditions.
The results were compared between transgenic and NT plants
using ANOVA (p < 0.05 level) with Fisher’s least significant
difference for multiple comparisons.

RNA-Sequencing Analysis
Total RNA was extracted from rice leaves (2 weeks old, grown
soil) using Trizol reagent (Invitrogen) and purified on-colum
DNase treatment with RNeasy Mini Kit (Qiagen). The libraries
were prepared using the TruSeq RNA sample Prep Kit (v2)
(Macrogen). RNA-sequencing was repeated twice with samples
from NT and PGD1::OsNAC14 transgenic plants. Single-end
sequences were obtained using IRGSP (v 1.0) and raw sequence
reads were trimmed to remove adaptor sequences, and those with
a quality lower than Q20 were removed using the Trimmomatic
0.32 software (Bolger et al., 2014). To map the reads to
reference genome, all reads were assembled with annotated genes
from the Rap-DB database [http://rapdb.dna.affrc.go.jp; IRGSP
(v 1.0)] using TopHat software (https://ccb.jhu.edu/software/
tophat/index.shtml). After mapping reads to a reference genome
differentially expressed genes were analyzed and validated by
more than two-fold change value and independent T-test (p-
value < 0.05), then 554 transcripts were selected for further
analysis. The data set can be found at from GEO database with
series accession number GSE106150 for RNA-sequencing data
(http://www.ncbi.nlm.nih.gov/geo/).

Real-Time PCR Analysis
Total RNA was extracted from OsNAC14OX transgenic (Line 11)
and NT plants grown for 2 weeks in soil using Trizol reagent
(Invitrogen) according to the manufacturer’s instructions. To
generate first-strand complementary DNA (cDNA), 1 µg of total
RNA was reverse-transcribed using RevertAid M-MuLV Reverse
Transcriptase (Thermo Scientific). Subsequent quantitative real
time PCR (qRT-PCR) was performed with 2X Real-Time PCR
smart mix (SRH72-M10h, SolGent) and EvaGreen (31000-
B500, SolGent). The PCR reactions were performed by initial
denaturation at 95◦C for 15min, followed by 40 cycles of 95◦C
for 20 s, 60◦C for 20 s, and 72◦C for 30 s, using Strategene
Mx300p real-time PCR machine (Stratagene). UBIQUITIN1
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(Os06g0681400) was used as internal control for normalization.
Three biological replicates were analyzed for quantitative
experiments. The primer information used for qRT-PCR gene
expression is listed in Table S2.

Protoplast Isolation and Transient Gene
Expression
Polyethylene Glycol (PEG)-mediated protoplast transformation
system was used to transiently express OsNAC14 and verify the
correlation between OsNAC14 and its target genes (Chen et al.,
2006; Yoo et al., 2007; Zhang Y. et al., 2011). Rice seedlings
(Oryza sativa cv. Ilmi) were grown in the dark for 10 d and
transferred to the light conditions for 8∼10 h. Leaf sheaths of
100 rice seedlings were cut into 0.5mm pieces using a sharp
blade on a glass. The pieces were transferred into 0.6M mannitol
solution and incubated for 30min at room temperature in the
dark conditions. After removal of mannitol solution, the pieces
were soaked in enzyme solution [1.5% Cellulase R-10 (Yakult,
Japan), 0.75%Macerozyme R-10 (Yakult, Japan), 0.5Mmannitol,
10mM MES (pH 5.7), 0.1% BSA, 10mM CaCl2, and 5mM β-
mercaptoethanol] for cell wall degradation. Vacuum infiltration
was applied to the enzyme solution for 15min using desiccator
and the digestion was carried out in the dark at 28◦C for 4 h
with gentle shaking. The enzyme solution was filtered twice
through 70µm and 40µm nylon meshes (Falcon, USA). The
flow-through was centrifuged at 300 g and the protoplast pellet
was resuspended in W5 solution [154mM NaCl, 125mM CaCl2,
5mM KCl, 2mM MES (pH 5.7)]. The protoplast concentration
was measured under the microscope using a hemocytometer
(Marienfeld) and adjusted to 7.0 × 107 protoplasts/mL. Fifty
microliters of protoplasts (2.5 × 106 cells) was mixed with 15
µL of plasmids and 130 µL of PEG solution. The mixture was
incubated for 15min at 28◦C in the dark. After incubation,
1mL of W5 solution was added into mixture, and centrifuged
at 300 g for 2min to collect protoplasts. The protoplasts were
resuspended in Incubation solution for 10 hr. Protoplasts were
harvested by centrifugation at 300 g for 2min and used for RNA
extraction. Relative expression levels of genes in protoplasts were
analyzed using qRT-PCR analysis. Detailed conditions for RNA
extraction and qRT-PCR analysis are described in “Real-time
PCR analysis” section.

Subcellular Localization of OsNAC14
The coding region of OsNAC14 amplified from the cDNA
was cloned into the pHBT vector carrying GFP-myc using
the In-fusion system (Clonetech). The final construct
(35S::OsNAC14-GFP) and the control vectors (35S::GFP)
were transfected into protoplasts (Oryza sativa cv. Ilmi) using
PEG-mediated protoplast transformation system. 35S::NF-YA7-
GFP was used as control for nuclear localization (Lee et al., 2015).
GFP and mCherry signals were observed 12 h after transfection
using SP8 STED confocal fluorescence microscope (Leica).

Chromatin Immunoprecipitation (ChIP)
Assay
ChIP assay was performed according to Bowler et al. (2004)
with minor modifications (Bowler et al., 2004). The transfected

protoplasts (5–7 × 107 protoplasts/one tube) were cross-linked
with 1% formaldehyde by vacuum infiltration for 15min, and
the cross-linking reaction was stopped by the addition of 2M
glycine to a final concentration of 125mM. The protoplasts
pellet was resuspended in 10ml of pre-chilled extraction
buffer 1 [0.4M Sucrose, 10mM Tris-HCl (pH 8.0), 5mM β-
mercaptoethanol, protease inhibitors] for 30min in the ice with
gentle agitation. After centrifugation for 20min at 2,880 g at 4◦C,
the pellet was resuspended in extraction buffer 2 [0.25M Sucrose,
10mM Tris-HCl (pH 8.0), 10mM MgCl2, 1% Triton X-100,
5mM β-mercaptoethanol, protease inhibitors]. After subsequent
centrifugation for 10min at 12,000 g at 4◦C, the pellet was
resuspended in extraction buffer 3 [1.7M Sucrose, 10mM Tris-
HCl (pH 8.0), 0.15% Triton X-100, 2mM MgCl2, 5mM β-
mercaptoethanol, 0.1mM PMSF, protease inhibitors] and loaded
on the extraction buffer 3 (300 ul). After centrifugation for 60min
at 16,000 g at 4◦C, the chromatin pellet was resuspended in nuclei
lysis buffer [50mM Tris-HCl (pH 8.0), 10mM EDTA, protease
inhibitors]. To shear DNA to ∼100–200 bps DNA fragments,
the chromatin solution was sonicated in ice using Bioruptor
(Diagenode) for 20min with 30 s ON and 30 s OFF cycle. The
sonicated chromatin extract was centrifuged for 5min at 12,000 g
at 4◦C, and the supernatant was diluted 10 times with ChIP
dilution buffer [1.1% Triton X-100, 1.2mM EDTA, 16.7mM
Tris-HCl (pH 8.0), 167mM NaCl, protease inhibitors]. Diluted
chromatin extract was incubated with anti-myc polyclonal
antibody (sc789x, Santa Cruz) or without antibody overnight
at 4◦C, then, further incubated with protein A agarose beads
with gentle agitation for 2 h. The beads were washed three
times with low salt, high salt, LiCl, and TE wash buffers.
The pellet was resuspended in elution buffer [1% SDS, 0.1M
NaHCO3] and incubated at 65◦C for 15min. The resultant
eluted DNAs were purified using the QIAquick PCR purification
kit (Qiagen). The purified DNA was used in quantitative real-
time PCR reactions using Mx3000P Real-Time PCR system
(Agilent Technologies). To determine the positions of NAC
binding motif on OsRAD51A1 and Piz-t promoter region, the
promoters were analyzed using A Database of Plant Cis-acting
Regulatory DNA Elements (https://sogo.dna.affrc.go.jp/cgi-bin/
sogo.cgi?lang=en&pj=640&action=page&page=newplace). Five
sets of primers were designed based on the positions of NAC
binding motif onOsRAD51A1 and Piz-t promoter for ChIP-PCR
analysis. The relative enrichment was normalized against the 1%
of total input DNA.

RESULTS

OsNAC14 Is a Drought-Inducible
Transcription Factor
Phylogenetic analysis revealed that OsNAC14 belongs to the
ONACII family of group A. Members of this group are
separated from the well-characterized stress-associated NAC
(SNAC) family in terms of its diversity in NAC domain structure
(Figure S1A) (Nuruzzaman et al., 2010). In group A, 29 members
are responsive to water deficit conditions in leaves (Chung et al.,
2016) suggesting that ONACII genes, including OsNAC14, may
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be another component of the molecular pathway to regulate
drought responses of plants.

To investigate the functions of OsNAC14 in drought stress
response, we shortlisted a number of genes from our previously
reported microarray data on leaves of rice exposed to different
stresses such as drought, high salinity, abscisic acid (ABA),
and low temperature (Oh et al., 2009). From these, we found
that OsNAC14 was highly induced by drought and high-salinity
treatments (Figure S1B). The drought-inducible expression
pattern of OsNAC14 was further confirmed from an independent
RNA-sequencing experiment performed by Chung et al. (2016)
(Figure S1C). Similarly, OsNAC14 was up-regulated over a time
course in response to drought stress (Figure S1C). OsNACs
belonging to SNAC subfamily (OsNAC5, OsNAC6, OsNAC9, and
OsNAC10), previously reported as drought-inducible OsNAC
transcription factors, were also up-regulated in response to
drought stress (Figure S1C). Transcripts of OsNAC9 and
OsNAC14were increased later than that ofOsNAC5 andOsNAC6
in response to drought stress (Figure S1C). The responses of
OsNAC14 transcription in stress conditions were further verified
through quantitative real-time polymerase chain reaction (qRT-
PCR) using total RNA from leaves and roots collected from 2-
week-old rice seedlings (Oryza sativa L. cv. Ilmi) exposed to
drought, high salt, abscisic acid (ABA), and low temperature
(Figure 1A and Figure S2). OsNAC14 expression was strongly
induced within 2 h of exposure to drought, high salt, ABA, and
low temperature stresses in leaves. The induction of OsNAC14
expression in stress conditions were predominant in leaves
(Figure 1A) than in root tissues (Figure S2).

To further characterize the function of OsNAC14, we
performed a subcellular localization analysis to confirm its
nuclear localization due to the nuclear localization sequence
found at the C-terminal side of its sequence (Kosugi et al., 2009)
(Figure S3). We generated a construct to express translationally
fused OsNAC14 and GFP fluorescent protein (GFP) (OsNAC14-
GFP) driven by the CaMV 35S promoter and transiently
expressed in rice protoplasts together with OsNF-YA7-mcherry
as positive control for nuclear localization (Lee et al., 2015)
(Figure 1B). The fluorescence signals from both GFP and
mCherry were co-localized in the nuclear region confirming
that OsNAC14 is a nuclear-localized protein (Figure 1C). Taken
together, these results suggest that OsNAC14 is responsive
to drought stress and is localized in the nucleus of the
cell.

Overexpression of OsNAC14 Improves
Drought Tolerance at the Vegetative Stage
To investigate the physiological functions of OsNAC14 in plants
in response to drought, transgenic rice plants overexpressing
OsNAC14 were generated by transforming PGD1::OsNAC14
into Nakdong cultivar (designated as OsNAC14OX). Thirty
independent lines were produced and to avoid the effects
of somaclonal variations, plants that grew normally without
stunting were screened out. Based on the expression levels of
OsNAC14 (Figures 2A,B) we finally selected three independent
homozygous lines (#8, #11, and #30).

FIGURE 1 | Characterization of OsNAC14. (A) The relative expression patterns

of OsNAC14 in response to four different abiotic stresses. Two-week-old rice

seedlings (Oryza sativa. L. Japonica cv. Ilmi) were exposed to air-drying

(drought), 400mM NaCl (high salinity), 100µM abscisic acid (ABA), and 4◦C

(low-temperature). Leaves of rice plants were harvested at indicated time point

after treatment. OsUBIQUITIN1 (OsUbi1) was used as internal control for

normalization. Data represent mean value + standard deviation (SD) (n = 3).

Significant differences from non-treated control are indicated by asterisks

(one-tailed Student’s t-test, *P < 0.05). (B,C) Subcellular localization of

OsNAC14 in rice protoplast. (B) Schematic diagram of OsNAC14-GFP and

OsNF-YA7-mCherry expression constructs (C) protoplasts were transiently

co-transfected with OsNAC14-GFP and OsNF-YA7-mCherry expression

constructs. Fluorescence was observed in protoplasts 12 h after transfection

using a confocal microscope. Scale Bar = 10µm.

To compare the performance of plants under drought
conditions, the selected OsNAC14OX and non-transgenic plants
(NT, Nakdong) were grown in a greenhouse for 5 weeks
and exposed to drought conditions by withholding water
for 3 days and monitored drought-induced visual symptoms
(Figures 2C–E). Soil moisture contents showed a consistent rate
of decrease among different pots indicating that stress treatments
were uniformly applied to the plants (Figure 2C). Drought-
associated symptoms, such as leaf rolling, wilting, and loss of
chlorophyll appeared earlier in NT plants than in OsNAC14OX

plants during drought treatment (Figure 2D). Transgenic plants
also showed faster recovery compared to NT after being
relieved from drought stress through re-watering (Figures 2D,E).
OsNAC14OX plants scored 5 days after re-watering showed 83
to 92% survival rate whereas NT plants only showed 12%
(Figure 2E). To further verify the stress tolerant phenotype of the
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FIGURE 2 | OsNAC14 overexpression in rice enhances drought resistance. (A,B) Relative expression levels of OsNAC14 in non-transgenic (NT) and three

independent T4 homozygous lines of PGD1::OsNAC14 (OsNAC14OX ) plants. Total RNAs were extracted from leaves (A) and roots (B) of two-week-old rice seedlings.

OsUbi1 was used as internal control for normalization. Data represent mean value + SD (n = 3). (C) Measurement of soil moisture contents (mV). Data represent

mean value ± SD of 30 measurements performed at different locations of soil. (D) The phenotype of transgenic rice plants during drought stress. Five-week-old three

independent T4 homozygous lines of OsNAC14OX plants and NT were exposed to drought stress for 3 days, followed by re-watering. Numbers on the image indicate

duration of drought treatment and re-watering. (E) The survival rate of transgenic plants 5 days after re-watering. Data represent mean value + SD (n = 30).

(F) Chlorophyll fluorescence (Fv/Fm) contents of plants under drought condition. Five-week-old three independent T4 homozygous lines of OsNAC14OX and NT

plants were exposed to drought stress for 11 days. Chlorophyll fluorescence was measured in the dark at indicated time point using a Pulse Amplitude Modulation

(PAM) fluorometer. Data represent mean value + SD (n = 20). Significant differences from NT control are indicated by asterisks (one-tailed Student’s t-test, *P < 0.05).

plants, Fv/Fm values, an indicator of the photochemical efficiency
of photosystem II, were measured in plants grown in bigger
pots and exposed to drought for 11 days (Figure 2F and Figure
S4). Similar gradual decrease in soil moisture contents between
pots were observed showing uniform stress treatment (Figures

S4A,B). The Fv/Fm values in NT plants showed a more rapid
decrease than in OsNAC14OX plants during drought treatments
(Figure 2F and Figure S4C). Taken together, these results suggest
that overexpression of OsNAC14 enhances drought tolerance of
plants when exposed to drought.
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FIGURE 3 | OsNAC14 expression at various developmental stages. qRT-PCR analysis of OsNAC14 expression in rice tissues at different developmental stages

(Oryza sativa. L. Japonica cv. Ilmi). d, day; D, Dark; BH, Before heading; AH, After heading. OsUbi1 was used as internal control for normalization. Data represent

mean value + standard deviation (SD) (n = 3). Significant differences from 15 days old leaves tissue are indicated by asterisks (one-tailed Student’s t-test, *P < 0.05).

OsNAC14 Is Significantly Expressed During
Meiosis
Since NAC transcription factors are known to regulate various
developmental processes in plants (Souer et al., 1996; Aida et al.,
1997) we examined the expression levels of OsNAC14 transcripts
in various rice tissues at different developmental stages starting
from coleoptile to flower formation (Figure 3). qRT-PCR analysis
showed that OsNAC14 transcripts were detected from all the
tested tissues. The highest expression of OsNAC14 was detected
during meiosis stage in both leaves and flag leaves. These suggest
the OsNAC14 might be involved in processes occurring during
the meiosis stage.

Effect of OsNAC14 Overexpression on
Grain Yield Under Field Drought Conditions
Since grain production is seriously affected by drought stresses at
the reproductive stage of growth, we evaluated yield components
of OsNAC14OX plants in year 2016 in a rice paddy field.
Three independent T4 homozygous OsNAC14OX transgenic
and NT plants were planted in a paddy field and grown
to maturity. Under normal conditions, OsNAC14OX plants
exhibited reductions in panicle length (−0.65 to −5.36%)
and number of total grains (−2.24 to −17.93%) (Table 1).
In the drought conditions, however, the overexpression of
OsNAC14 resulted in higher filling rate (12.25 to 36.64%)
and number of panicles (5.88 to 18.62%) though there
was a decrease in panicle length (−2.48 to −14.89%) and
number of total grain (−2.24 to −27.34%) compared to NT
(Table 1).

Identification of Genes Regulated by
OsNAC14
To understand the transcriptional network regulated by the
OsNAC14 during drought, RNA-sequencing analysis was
performed on 2-week-old OsNAC14OX plant (T4 generation,

line 11) grown under normal growth conditions (Table 2).
From the 37,972 differentially expressed genes (DEG) we
then selected those that showed at least two-fold change (p-
value < 0.05). The analysis revealed 122 up-regulated and 151
down-regulated genes following the overexpression of OsNAC14
relative to NT (Table S1). These genes were then processed
for Gene Ontology analysis using PANTHER Classification
System (http://pantherdb.org) (Figure S5). Results revealed
that majority of the genes were assigned to catalytic activity
(62.7%) under the molecular function class and to metabolic
process (32.0%) and cellular process (29.0%) pathway under
the biological class. Among these, 23 up-regulated genes were
further selected through their gene annotation and reported
studies on stress response (Table 2). These up-regulated
genes were associated with stress response, DNA damage
repair, defense response, signal transduction, and metabolic
process (Table 2). The expression patterns of OsRAD51A1
(Os11g0615800), Piz-t (Os06g0286700), Disease Resistance
protein (DR) (Os09g0357400), 20S PROTEASOME ALPHA
SUBUNIT E1 (OsPAE1) (Os11g0615700), and OsFbox341
(Os07g0158900) genes were analyzed in 2-week-old OsNAC14OX

plants grown in normal conditions through qRT-PCR
(Figure 4). Results showed that OsNAC14 overexpression
induces the expression of OsRAD51A1, Piz-t, DR, OsPAE1,
and OsFbox341. To further confirm the role of OsNAC14
in the regulation of the five induced genes, we performed
another qRT-PCR on OsNAC14 deletion mutant produced
through CRISPR/Cas9 system. The mutant lacked seven
nucleotides (712–718 bp) resulting in frame shift on its C-
terminal region containing the NLS sequences (Figures S3,
S6). Results showed that OsNAC14 transcript was significantly
reduced in osnac14 relative to NT plants (Figure 4). In
addition, expression of all the five genes induced by OsNAC14
overexpression were significantly reduced in osnac14 mutants
confirming that OsNAC14 is involved in the regulation of these
genes.
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TABLE 1 | Agronomic traits of OsNAC14OX transgenic plants grown in the field.

Normal Panicle length (cm) No. of panicle (/hill) No of total grain (/hill) Filling rate (%) 1000 grain weight (g)

NT Average 20.47 17.10 1688.19 87.62 24.60

OsNAC14OX #8 Average 19.37 16.54 1385.44 87.12 24.24

%1 −5.36 −3.28 −17.93 −0.57 −1.50

p-value 0.00** 0.65 0.15 0.79 0.41

OsNAC14OX #11 Average 20.33 14.17 1650.44 86.96 25.41

%1 −0.65 −17.14 −2.24 −0.75 3.28

p-value 0.74 0.01* 0.93 0.73 0.04*

OsNAC14OX #30 Average 20.00 18.13 1468.33 90.55 23.85

%1 −2.28 6.02 −13.02 3.34 −3.08

p-value 0.25 0.38 0.31 0.13 0.35

Drought Panicle length (cm) No. of panicle (/hill) No of total grain (/hill) Filling rate (%) 1000 seed weight

NT Average 17.63 19.13 1751.44 33.62 18.72

OsNAC14OX #8 Average 15.00 21.63 1272.56 37.74 19.17

%1 −14.89 13.07 −27.34 12.25 2.41

p-value 0.00** 0.14 0.00** 0.24 0.02*

OsNAC14OX #11 Average 17.19 20.25 1601.69 45.87 19.23

%1 −2.48 5.88 −2.24 36.44 2.73

p-value 0.49 0.51 0.93 0.03* 0.05

OsNAC14OX #30 Average 16.5 22.69 1468.33 43.81 18.52

%1 −6.38 18.62 −13.02 30.31 −1.07

p-value 0.08 0.04* 0.13 0.08 0.01

Panicle length, number of panicle, number of grain, filling rate, and 1000 seed weight of three independent lines of OsNAC14OX transgenic rice plants. Percentage differences (%∆)

between the values for the OsNAC14OX transgenic rice plants and NT controls are listed. An asterisk indicates a significant difference (*P < 0.05 and **P < 0.01).

Identification of Genes Involved in
OsNAC14 Mediated Drought Responses
Next, we examined the expression pattern of five genes up-
regulated by OsNAC14 in drought conditions in order to identify
downstream transcriptional network of OsNAC14 involved in
drought tolerance. qRT-PCR was performed using total RNA
extracted from NT and OsNAC14OX plants grown under normal
and drought conditions. To confirm that drought treatment
was properly applied to plants, expression of two drought-
responsive marker genes, Dehydration Stress-inducible Protein 1
(OsDip1, Os02g0669100) and Small subunit of Rubisco (OsRbcS,
Os12g0274700), which show opposite expression patterns in
response to drought stress (Jang et al., 2003) was examined.
OsDIP1 expression was induced while OsRbcS expression was
reduced after 1 day of drought treatments validating successful
induction of transcriptional reprograming turned on by drought
stress (Figure 5). The induction of OsDIP1 and reduction of
OsRbcS in OsNAC14OX plants were lower than NT plants
suggesting that OsNAC14OX plants are less sensitive to drought.
In addition, the level of OsNAC14 transcript induction due to
drought treatment in NT was comparable with those of PGD1
promoter under normal condition. Therefore, we aim to identify

genes induced in both NT and OsNAC14OX plants by drought

treatment as downstream component of OsNAC14 mediated

drought tolerance pathway.
Results also showed that all five candidate genes showed

higher expression levels in OsNAC14OX than NT plants under

both normal and drought conditions (Figure 5). However, after
prolonged drought exposure (after 24 h) Piz-t, OsFbox341, and
DR declined while OsPAE1 expression was less affected by
drought treatment.OsRAD51A1, on the other hand, was induced
by both drought treatment and OsNAC14 overexpression.
Moreover, drought treatment and OsNAC14 overexpression
showed additive effects on expression of OsRAD51A1 (Figure 5)
indicating that the expression ofOsRAD51A1 is dependent on the
expression ofOsNAC14.Collectively, these results further suggest
that OsRAD51A1 is a possible direct downstream component of
OsNAC14-mediated drought tolerance pathway.

OsNAC14 Directly Regulates OsRAD51A1,
a Key Component in DNA Repair
To confirm whether OsRAD51A1 is a direct target of OsNAC14,
we performed chromatin immunoprecipitation (ChIP) coupled
with qRT-PCR analysis on rice protoplast system. Protoplasts
provide a good platform to perform functional characterization
of genes and isolation of protein-DNA complex in plants (Zhang
Y. et al., 2011; Lee J. H. et al., 2017). We first performed
qRT-PCR on total RNA isolated from protoplasts of both
NT and OsNAC14OX plants (Figure 6A). Similar with stable
transgenic plants, all five genes were up-regulated in protoplasts
of OsNAC14OX plants suggesting that the isolated protoplasts
maintained transcriptional network of intact plants similar to
what was observed by Lee J. H. et al. (2017) (Figure 6A). Next,
we introduced 35S::OsNAC14-MYC or 35S::GFP-MYC effector
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TABLE 2 | Up-regulated genes in OsNAC14OX transgenic rice in comparison with

non-transgenic plants.

Gene name Loc_No* (IRGSP) OsNAC14OX /NT† p-value**

OsNAC14 Os01g0675800 4.0 0.02

STRESS RESPONSE

OsERF101 Os04g0398000 2.1 0.043

OsCIPK33 Os11g0134300 8.2 0.039

OsWRKY50 Os11g0117600 4.0 0.025

OsLEA14/WSI18 Os01g0705200 3.2 0.039

HSR201 Os12g0458100 2.3 0.005

OsRLCK66 Os02g0212900 2.3 0.033

DNA REPAIR

OsRAD51A1 Os11g0615800 2.0 0.001

OsMSH4 Os07g0486000 10.4 0.008

DEFENSE RESPONSE

Piz-t Os06g0286700 4.1 0.027

Disease resistance protein Os09g0357400 2.5 0.018

RPP13-like protein 3 Os11g0590700 3.6 0.043

Xa39 Os11g0588600 33.7 0.007

OsPAE1 Os11g0615700 16.0 0.011

OsPDR20 Os09g0332700 2.9 0.009

Oscyp71Z2 Os07g0217600 2.2 0.008

SIGNAL TRANSDUCTION

OsFbox341 Os07g0158900 11.1 0.003

OsiWAK1 Os11g0691100 33.6 0.044

OsSTA127 Os04g0521600 3.9 0.001

OsRLCK66 Os02g0212900 2.3 0.033

OsCCD8a Os01g0566500 2.0 0.020

METABOLIC PROCESS

OsOSC11 Os11g0562100 30.7 0.006

OsTPS10 Os03g0348200 2.2 0.031

ILL8 Os07g0249800 2.1 0.029

OsAGP29 Os01g0607100 2.0 0.044

*Sequence identification numbers for the full-length cDNA sequences of the

corresponding genes.
†
The mean of duplicate biological samples.

**P values were analyzed by one-way ANOVA (P < 0.01). Genes discussed in the text

are in boldface. These microarray data sets can be found at http://www.ncbi.nlm.nih.

gov/geo/ (Gene Expression Omnibus, accession number GSE106150).

plasmids into protoplasts isolated from NT plants to verify that
the transient expression ofOsNAC14 can induce similar response
that was shown in stable OsNAC14OX plants. As a result, Piz-
t and OsRAD51A1 were significantly induced in protoplasts
after being transfected with 35S::OsNAC14-MYC (Figure 6A).
However, expression levels of OsFbox341, DR, and OsPAE1 were
not significantly increased by transient expression of OsNAC14.
Among the five tested genes, Piz-t and OsRAD51A1 were highly
induced by transient expression of PGD1::OsNAC14 compared to
stable transformation. This could be due to a higher expression of
OsNAC14 in transient system but also indicates that expression
of these two genes were tightly correlated with OsNAC14
transcript level (Figure 6A). We therefore hypothesized that
in addition to OsRAD51A1, Piz-t could also be a putative
direct target of OsNAC14. To confirm this hypothesis, we

performed chromatin-immunoprecipitation (ChIP) assay using
transient protoplast system. Rice protoplasts transfected with
35S::OsNAC14-myc were subjected for ChIP assay using anti-
myc antibody. The 35S::GFP-myc vector was independently
transfected into rice protoplast as control. Enrichment of
OsNAC14 on promoter regions was analyzed through ChIP-
PCR analysis using genomic DNA isolated by ChIP assay
(Figure 6B). Results showed very high enrichment on the
promoter of OsRAD51A1 but low in Piz-t confirming that
OsNAC14 can strongly bind to the promoter of OsRAD51A1
thereby regulating its expression (Figure 6B). Previous report
has defined the 4 bps core sequence of the NAC binding motif
as CACG (Olsen et al., 2005) which we found clustered in
the promoter of OsRAD51A1 while it was segregated in Piz-t
promoter.

DISCUSSION

Here, we demonstrated that the rice OsNAC14 transcription
factor, a member of ONACII subgroup, is a regulator of drought
tolerance pathway in rice. OsNAC14 was induced by drought,
high salinity, ABA and low temperature (Figure 1A and Figures
S1B,C). Expression levels of OsNAC14 are similar in roots and
other aerial parts of plants under normal growth conditions
(Figure 3); however, induced expression of OsNAC14 by abiotic
stresses wasmore predominant in leaves than in roots (Figure 1A
and Figure S2). Other previously reported NACs belonging to
the SNAC subgroup showed robust expression patterns in roots
than leaves in response to abiotic stress (Redillas et al., 2012;
Jeong et al., 2013; Lee D. K. et al., 2017). Thus, OsNAC14,
unlike SNACs, acts as stress-induced transcription factor mainly
in aerial parts of plants.

OsNAC14 overexpression induced drought tolerance in
plants both at the vegetative and the reproductive stages of
growth (Figure 2, Figure S4 and Table 1). We observed that
overexpression of OsNAC14 also affected the reproductive
growth of plants such as the panicle length and number of
total grains under normal growth conditions (Table 1). It is
possible that constitutive overexpression of OsNAC14 may have
perturbed the reproductive development through alteration of
its downstream gene expression. Introducing resistance (R) gene
(e.g., RPM1 in Arabidopsis and Pi-ta in rice) reported to cause
yield penalties in plants due to a cost of resistance (Tian et al.,
2003; Wang et al., 2015). A group of R genes up-regulated by
OsNAC14 overexpression including Piz-t (Os06g0286700) and
RPP13-like protein 3 (Os11g059700) similarlymight have affected
reproductive growth of OsNAC14OX plants. Nevertheless,
overexpression of OsNAC14 can confer drought tolerance at the
reproductive stage as evidenced by the higher filling rate over NT
controls upon stress treatments (Table 1).

The RNA-seq analysis identified 122 up-regulated
downstream genes in OsNAC14OX plants (Table S1). The
downstream genes could be divided into four groups: stress-
inducible, defense related, DNA repair, and strigolactone
biosynthesis genes. The stress-inducible genes include LATE
EMBRYOGENESIS ABUNDANT PROTEIN14/Water stress
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FIGURE 4 | Expression of differentially expressed genes (DEGs) isolated from RNA-sequencing data. qRT-PCR analysis of DEGs in NT, OsNAC14OX , and osnac14

mutant plants. OsUbi1 was used as internal control for normalization. Data represent mean value + standard deviation (SD) (n = 3). Significant differences from NT

control are indicated by asterisks (one-tailed Student’s t-test, *P < 0.05).

induced 18 (LEA14/Wsi18) which has been reported to improve
drought tolerance of rice by increasing of proline and soluble
sugar content and cell membrane stability (Kaur et al., 2017).
Thus, the up-regulation of OsLEA14/Wsi18 by OsNAC14
overexpression contributed to enhanced drought tolerance of
the plants. Defense relate proteins are also closely correlated
with drought tolerance in plants. It has been reported that
activation of plants defense against pathogens by expressing
pathogen protein elicitors or R genes induces drought tolerance
(Chini et al., 2004; Peng et al., 2015; Ma et al., 2017; Wang
et al., 2017). Expression of Magnaporthe oryzae protein elicitors,
Hypersensitive response-inducing protein 1 and 2 (MoHrip1
and 2), can confer drought tolerance in rice together with
enhanced blast resistance (Peng et al., 2015; Wang et al., 2017).
The NUCLEOTIDE BINDING SEQUENCE- LEUCINE-RICH
REPEAT (NBS-LRR) type ACTIVATED DISEASE RESISTANCE
(ADR1) and grapevine (Vitis amurensis) VaRGA1 also convey
significant drought tolerance and disease resistance in plants
(Chini et al., 2004). It remains elusive how activation of
defense responses induces drought tolerance. Overexpression
of MoHrip1 and 2 up-regulates ABA biosynthetic (OsNCED2,

OsNCED3, and OsZEP1) and signaling (OsbZIP23) genes.
Moreover, exogenous application of harpin or overexpression
of an hrf1 gene in rice promotes stomatal closure through
ABA signaling (Dong et al., 2005; Zhang L. et al., 2011).
Overexpression of OsNAC14 up-regulated the expression of
NBS-LRR type genes including Piz-t, RPP13-like protein and
Disease resistance protein (Figure 4 and Table 1) that contributes
to drought tolerance of OsNAC14OX plants. Similarly, other
OsNACs involved in drought tolerance also induce expression
of defense related genes. The overexpression of OsNAC6 and
10 induces expression of LRR and PATHOGEN-RELATED
PROTEIN (PR) genes, respectively (Nakashima et al., 2007;
Jeong et al., 2010). The irreversible DNA damages generated
by environmental stresses adversely affect plant growth and
development. Thus, proper induction of DNA repair system
in response to DNA damage facilitates plants to adapt to
stress conditions (Roy, 2014). Drought stress causes DNA
damage in plants (Mittler, 2002; Miller et al., 2010; Yao et al.,
2013). Accumulation of ROS and oxidative damage generated
by drought stress is regarded as inducer of DNA damage,
such as double strand break (DSB), base deletion, and base
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FIGURE 5 | The expression pattern of OsNAC14 dependent genes in drought conditions. Total RNAs were extracted from 4-week-old rice NT and OsNAC14OX

plants exposed to drought conditions for indicated period. Relative expression of tested genes was determined by qRT-PCR analysis. Expression of two drought

stress marker genes, Dehydration stress-inducible protein 1 (Dip1) and Small subunit of Rubisco (RbcS), was analyzed to monitor progress of drought treatment.

OsUbi1 was used as internal control for normalization. Data represent mean value + standard deviation (SD) (n = 3). Significant differences from non-treated control or

between samples are indicated by asterisks (one-tailed Student’s t-test, *P < 0.05).

modification (Tuteja et al., 2001; Mittler, 2002; Roldan-Arjona
and Ariza, 2009; Miller et al., 2010). These lead to increased
homologous recombination and mutation frequency in plants
under drought conditions (Wang and Zhang, 2001; Yao and
Kovalchuk, 2011; Yao et al., 2013). In this study, we found
that expression of OsRAD51A1, a rice homolog of yeast
RAD51, was not only highly induced under drought conditions
(Figure 5) but also its expression was up-regulated by OsNAC14.
OsRAD51A1 expression was induced by both stable and transient
overexpression ofOsNAC14 (Figures 5, 6). Moreover, expression
level of OsRAD51A1 was reduced in osnac14mutants (Figure 4).
Our ChIP-PCR analysis revealed that OsNAC14 was bound
to OsRAD51A1 promoter containing NAC binding elements
(Figure 6). Taken together, OsNAC14 binds to OsRAD51A1
promoter and activates its expression. RAD51 is indispensable
for successful homologous recombination to repair DSBs
(Shinohara et al., 1992; Li et al., 2004, 2007; Rajanikant
et al., 2008) and up-regulation of OsRAD51 increases DNA
repair efficiency and alleviates cell death, thereby conferring
tolerance under salinity and genotoxic stress conditions in
rice (Tripathi et al., 2016). Thus, regulation of OsRAD51A1
expression offers another molecular mechanism for drought
tolerance. Collectively, OsNAC14OX plants activate DNA repair
system via regulation of OsRAD51A1, which may alleviate

drought-mediated DNA damage (Figure 6). Biosynthesis
of strigolactone (SL) is reported to positively regulate drought
response in plants (Ha et al., 2014). Expression of CAROTENOID
CLEAVAGE DIOXYGENASE 8a (OsCCD8a) was up-regulated in
the OsNAC14OX plants (Table 2). SL is derived from carotenoids
through multiple steps of enzymatic reactions. CAROTENOID
CLEAVAGE DIOXYGENASE 7/MORE AXILLARY GROWTH
3 (CCD7/MAX3) and CCD8/MAX4 are two key enzymes to
cleave 9-cis-β-carotene to carlactone, a precursor of SL (Alder
et al., 2012). Compared with WT, SL-deficient mutants (max3
and max4) exhibit increased water loss rate during dehydration.
This phenotype is rescued by exogenous application of SL (Ha
et al., 2014), indicating that SL is required for drought tolerance
in plants. Biosynthesis of SL is positively regulated by both
drought and ABA in plants. The transcript of CCD7 and CCD8
increases by drought stress and decreases by re-watering in
soybean (Song et al., 2016). In addition, ABA deficient mutants
notabilis (mutated in NCED) and flacca (mutated in aldehyde
oxidase) showed reduced levels of SL, together with reduced
expression of LeCCD7 and LeCCD8 in tomato (López-Ráez et al.,
2010). Moreover, exogenous application of SL enhances drought
tolerance through reduced water loss and enhanced antioxidant
activity (Sedaghat et al., 2017). In this study, we found that
expression of OsCCD8a was up-regulated in the OsNAC14OX
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FIGURE 6 | Identification of direct target gene of OsNAC14. (A) The expression pattern of the candidate target genes of OsNAC14 in rice protoplasts. Rice

protoplasts were isolated from 2-week-old NT and PGD1::OsNAC14 (OsNAC14OX ) plants (left two bars in each panel). The protoplasts isolated from NT plants were

further transfected by plasmids harboring 35S::GFP or 35S::OsNAC14 (right two bars in each panel). Total RNA was extracted from isolated protoplasts and applied

for qRT-PCR analysis. OsUbi1 was used as internal control for normalization. Data represent mean value + standard deviation (SD) (n = 3). Significant differences from

NT or between samples are indicated by asterisks (one-tailed Student’s t-test, *P < 0.05). (B) Chromatin Immunoprecipitation (ChIP)-PCR analysis. Chromatins in rice

protoplasts were precipitated using anti-MYC antibody and applied for qRT-PCR analysis. The structure of promoter and positions of tested region by qRT-PCR are

illustrated in graph (left top). Red triangles represent distribution of NAC binding motif in the promoter regions. Rice protoplasts transfected with 35S::GFP-MYC were

used as negative control for 35S::OsNAC14-MYC. ChIP experiment performed without anti-MYC antibody were applied as negative control for anti-MYC antibody.

1% input was used as control for normalization. Data represent mean value + standard deviation (SD) (n = 3). N.D., not detected. The information of primers used for

ChIP-PCR was listed in Supplemental Table S2. Significant differences are indicated by asterisks (one-tailed Student’s t-test, *P < 0.05).

plants (Table 2) that accumulates SL, leading to drought tolerant
phenotype.

In conclusion, the data presented here suggest that
OsNAC14 enhances drought tolerance in rice. Specifically,
OsNAC14 directly regulates the expression of OsRAD51A1
and regulates other downstream target genes for stress
response, DNA repair, defense related, and strigolactone
biosynthesis, which together confers drought tolerance
in rice.
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Drought is one of the major abiotic stresses affecting world agriculture. Breeding
drought-resistant crops is one of the most important challenges for plant biologists.
PYR1/PYL/RCARs, which encode the abscisic acid (ABA) receptors, play pivotal roles in
ABA signaling, but how these genes function in crop drought response remains largely
unknown. Here we identified 13 PYL family members in maize (ZmPYL1-13). Changes
in expression of these genes under different stresses indicated that ZmPYLs played
important roles in responding to multiple abiotic stresses. Transgenic analyses of ZmPYL
genes in Arabidopsis showed that overexpression of ZmPYL3, ZmPYL9, ZmPYL10, and
ZmPYL13 significantly enhanced the sensitivity of transgenic plants to ABA. Additionally,
transgenic lines overexpressing ZmPYL8, ZmPYL9, and ZmPYL12 were more resistant
to drought. Accumulation of proline and enhanced expression of drought-related marker
genes in transgenic lines further confirmed the positive roles of ZmPYL genes in plant
drought resistance. Association analyses with a panel of 368 maize inbred lines identified
natural variants in ZmPYL8 and ZmPYL12 that were significantly associated with maize
drought resistance. Our results deepen the knowledge of the function of maize PYL
genes in responses to abiotic stresses, and the natural variants identified in ZmPYL
genes may serve as potential molecular markers for breeding drought-resistant maize
cultivars.

Keywords: ABA receptors, drought resistance, natural variation, Zea mays, ABA response

INTRODUCTION

Due to their sessile lifestyle, plants cannot escape from environmental stresses which include
biotic and abiotic stresses. Drought is one of the major abiotic stresses that negatively affect plant
growth and development. Plants have evolved sophisticated mechanisms to respond to and survive
drought. Generally, plants have two major mechanisms for drought resistance, drought avoidance
and drought tolerance (Hu and Xiong, 2014). Drought avoidance includes increasing cuticular wax
and abscisic acid (ABA) content, controlling relative water content and water potential, along with
leaf rolling and stomatal aperture control. General criteria for drought tolerance are content of
osmolytes such as proline and sugar, and membrane system stability (Hu and Xiong, 2014).

Abscisic acid is a phytohormone that plays critical roles in plant stress response. Under drought
stress, plants increase the production of ABA, which initiates stomatal closure and thereby reduces
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transpirational water loss, thus helping the plant avoid drought
stress (Kim et al., 2010). Plants can perceive ABA via ABA
receptors, the regulatory components of the ABA receptor
(RCAR) or PYRABACTIN RESISTANCE 1 (PYR1)/PYR1-like
protein (PYL) family of START proteins (Ma et al., 2009; Park
et al., 2009). The clade A PP2C phosphatases and SnRK2 kinases
are also important in mediating ABA signaling (Miyazono et al.,
2009; Fujita et al., 2011; Joshi-Saha et al., 2011; Antoni et al., 2012;
Nakashima et al., 2012, 2014; Rushton et al., 2012; Roychoudhury
et al., 2013). A number of studies revealed the important roles
of SnRK2 kinases and clade A PP2C phosphatases in regulation
of plant drought resistance. Mutation of SnRK2.6/OST1 caused
constitutive stomatal opening and water loss (Mustilli et al.,
2002). Triple mutants of snrk2.2/3/6 lost the ability to respond to
ABA and were hypersensitive to drought (Fujii and Zhu, 2009).
Recent study has revealed that SnRK2.6 regulates the ubiquitin
E3 ligase activity of RZFP34/CHYR1, a positive regulator of
plant drought resistance (Ding et al., 2015). In Arabidopsis,
the HAI PP2Cs function in drought responses by regulating
the accumulation of osmoregulatory solutes such as proline
(Bhaskara et al., 2012). ZmPP2C-A10, encoding a clade A PP2C
phosphatase, negatively regulates maize drought response (Xiang
et al., 2017).

There are 14 Arabidopsis genes encoding PYR/PYL/RCAR
ABA receptors (Li et al., 2013). Recently, these Arabidopsis
PYR/PYL genes have been extensively studied and reported
to be important for plant drought responses. By using
an ABA inducible promoter, researchers have revealed that
overexpressing PYL9 upon stress induction greatly enhanced
drought resistance and drought-induced leaf senescence in
transgenic Arabidopsis and rice plants (Zhao et al., 2016).
Overexpression of PYL5 also enhanced plant drought tolerance
(Santiago et al., 2009). The A194T site mutant of PYL4 formed
stable complex with PP2CA in the absence of ABA, and 35S:PYL4
(A194T) plants showed dramatically enhanced tolerance to
drought and dehydration (Pizzio et al., 2013). In guard cells,
PYL/RCAR ABA receptors interact with PP2C phosphatases,
thus releasing active SnRK2 kinase to activate the SLAC1 channel
which leads to stomatal closure by reducing guard cell turgor
(Lee et al., 2013). This shows the involvement of PYL/RCAR ABA
receptors in plant drought avoidance. In maize, a previous study
reported the expression profiles of ZmPYL genes in response
to ABA and dehydration stress (Fan et al., 2016). However,
the function of ZmPYL genes in regulation of maize drought
tolerance remains elusive.

Association analysis based on linkage disequilibrium (LD)
is widely used for dissecting complex traits of crops (Wang
and Qin, 2017). By using genome wide association analysis
(GWAS), a number of loci involved in regulation of complex
plant traits, such as flowering time, oil synthesis, salt tolerance,
were indentified recently (Huang et al., 2011; Meyer et al.,
2016; Fang et al., 2017). Maize is a model plant for genetic
studies due to its huge genetic diversity among various accessions
(Strable and Scanlon, 2009). Due to the fast LD decay, researchers
can detect trait-locus associations in maize at single gene
resolution. For example, recent studies used GWAS to detect two
drought-tolerant genes, ZmNAC111 and ZmVPP1, from a maize

population consisting of 368 accessions (Mao et al., 2015; Wang
et al., 2016). Based on the same maize population, we and another
group identified two drought-resistance genes, ZmPP2C-A10 and
ZmDREB2.7, and their natural variations through candidate gene
association analyses (Liu et al., 2013; Xiang et al., 2017). Although
the function of PYL/RCAR ABA receptors in regulation of
drought resistance has been revealed in several plant species, how
the natural variations in PYL/RCAR genes are associated with
plant drought responses remains essentially unknown.

In this study, we identified and cloned the maize PYL family
genes. Expression analyses showed that ZmPYL genes responded
to multiple abiotic stresses including ABA, drought and salt.
Transgenic analyses revealed the roles of several ZmPYLs in
regulation of plant ABA and drought responses. Association
analysis with a large maize association population identified
several favorable alleles of two ZmPYL genes, ZmPYL8 and
ZmPYL12, for maize drought resistance.

MATERIALS AND METHODS

Plant Material
Maize B73 seeds were used for gene cloning and expression
analysis. The Arabidopsis ecotype Col-0 was used as the wild-
type. The pRCS2(Bar)-ZmPYLs plasmids were introduced into
Agrobacterium tumefaciens strain GV3101 and then transformed
into Arabidopsis Col-0 ecotype using the floral dip method
(Clough and Bent, 1998). Seeds of transformed Arabidopsis were
selected on MS plates containing the appropriate antibiotics.
Homozygous lines of T4 generations with one copy of inserted
transgene were used for further analysis.

Plant Growth Conditions and Treatments
All maize seedlings were grown under 16 h light: 8 h dark
photoperiod at 28◦C. For drought treatment, maize seedlings
were germinated and grown in soil under normal watering
conditions until the three-leaf stage. Plants were then transferred
onto filter paper and dried at 28◦C. Shoot and root samples were
harvested after 0, 1, 3, 6, 12, 24 h, respectively. For ABA and
salt treatments, maize seeds were sown and grown in Hoagland’s
solution until the three-leaf stage. Then seedling roots were
soaked in Hoagland’s solution containing various concentrations
of ABA (0, 1, 10, 50, 100, and 150 µM) for 3 h. For salt
treatments, plant roots were immersed in Hoagland’s solution
containing 150 mM NaCl and sampled after 0, 1, 2, 3, and 4 days.
Upon harvesting the samples were immediately frozen in liquid
nitrogen for RNA extraction.

Arabidopsis seeds of wild-type and independent transgenic
ZmPYL-overexpression lines were sterilized with 10% bleach and
then kept at 4◦C in the dark for 3 days. For the germination
rate assay, sterilized seeds of wild-type and lines overexpressing
ZmPYLswere sown on MS plates or MS plates supplemented with
1 µM ABA and grown under 16-h light: 8-h dark photoperiod
at 22◦C. Germination was first scored on the second day and
counted continuously for 5 days. For the root growth assay, the
seeds of wild-type and ZmPYLs-overexpression lines were sown
perpendicularly on 1/2 MS agar medium and grown under 16-h
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light: 8-h dark photoperiod at 22◦C for 5 days, then transferred
to 1/2 MS agar medium containing 0 or 10 µM ABA. They were
then grown vertically for 7 days, after which root lengths and
leaf weights were measured. For the drought treatment, sterilized
seeds of wild-type and ZmPYL-overexpression lines were sown
on MS growth medium for 9 days, then transferred to small pots
containing potting soil. Arabidopsis plants grew under normal
watering conditions with 12 h light: 12 h dark photoperiod
at 22◦C for about 3 weeks. Watering was then halted. Plants
were sampled for marker gene assays after 10 days when they
began to exhibit lethal effects of dehydration. Samples were taken
for proline and malondialdehyde (MDA) assays after 12 days.
Watering was then resumed and the fraction surviving was
determined.

Identification and Analysis of ZmPYLs
All PYL protein sequences in Arabidopsis were obtained from
the Ensemble Plants database1. To identify ZmPYL genes in
maize, each Arabidopsis PYL sequence was analyzed by BLAST at
maizeGDB2 against the B73 working gene set translations 5a.59
for RefGen_v2. After removing redundant results, all sequences
were submitted to SMART3 to test whether the sequence had the
Polyketide_cyc domain. Thirteen ZmPYL genes were retained for
analysis in this study.

Constructs
For Arabidopsis transformation, the 13 ZmPYL genes were
individually cloned from cDNA of maize line B73. The cDNAs
were sequenced after insertion into pJET1.2 vector. The ZmPYL
cDNAs were then released from the pJET vectors by digestion
with EcoR I and Xho I, and inserted into the pSAT6 vector to
produce pSAT6-ZmPYLs. The expression cassettes using 2X35S
promoters to drive expression of the ZmPYL cDNAs were
released from the pSAT6 vectors by digestion with PI-Psp I and
inserted into the pRCS2-Bar-OCS binary vector (Dai et al., 2012).

RNA Purification and Expression
Analysis
Samples were collected after stress treatments. Total RNA was
isolated using Trizol reagent (TransGen) from more than three
seedlings for each treatment. RNA was treated with RNase-
free DNase I (Thermo Scientific), and single-stranded cDNA
was synthesized using recombinant M-MLV reverse transcriptase
(Promega). The maize and Arabidopsis Actin genes were used as
internal control to normalize the data.

Proline and Malondialdehyde (MDA)
Content
Arabidopsis seedlings that were dehydrated for 12 days were
used for MDA and proline assays. To assay proline, 50 mg fresh
weight (FW) of leaves were shredded into 10 ml centrifuge tubes
using scissors. Five milliliters of 3% sulfosalicylic acid solution

1http://plants.ensembl.org/
2http://www.maizegdb.org/
3http://smart.embl-heidelberg.de/

were added to each sample and then the mixture was placed
in boiling water for 10–30 min to obtain the extract solution.
After cooling to room temperature, 2 ml of supernatant were
pipetted into a new 10 ml centrifuge tube and mixed with 2 ml
acetic acid and 2 ml ninhydrin. The mixture was placed in a
boiling water bath for 30 min. Four milliliters of methylbenzene
were added to the extract after cooling to room temperature,
followed by centrifugation for 1 min and stewing for 10 min. The
upper red solution was transferred to a 1.5 ml centrifuge tube.
After centrifugation at 12000 rpm for 15 min, the upper proline
solution was pipetted into a cuvette to measure absorbance at
520 nm by UV-vis spectrophotometry with methylbenzene as
blank.

To assay MDA content, 50 mg FW of leaves were shredded
using scissors and placed in 5 ml 5% TCA. After centrifugation
at 3000 rpm and 4◦C for 10 min, 2 ml of the supernatants
were transferred into new 10 ml centrifuge tubes then 2 ml
0.67% thiobarbituric acid (TBA) were added and the extract
was placed in a boiling water bath for 30 min. After cooling
to room temperature, 1.5 ml of the extracts were transferred
into 1.5 ml tubes and centrifuged at 12000 rpm and room
temperature. Absorbance of the supernatants were measured
at 440, 532, and 600 nm by UV-vis spectrophotometry.
The MDA content was calculated as nmol/g FW tissue.
C/umol/L = 6.45 (A532−A600)−0.56A450

Association Analyses
Association analyses for the ZmPYL genes were performed using
a maize association mapping population that contains 368 inbred
lines and corresponding drought tolerance phenotypic data
obtained in a previous study. Among 525105 high-quality SNPs
data with Minor Allele Frequency (MAF) ≥ 0.05, 112 SNPs were
found in the regions of ZmPYL3, ZmPYL8, ZmPYL9, ZmPYL10,
and ZmPYL12 genes. The mixed linear model (MLM) was used to
detect SNPs significantly associated with drought tolerance using
the program TASSEL5.0 (Bradbury et al., 2007).

Statistical Analyses
Statistical analyses were performed using Excel (Microsoft,
United States). Figures were plotted by using Photoshop software
(Adobe Systems, United States).

RESULTS

Sequence Analyses of ZmPYL Genes
To determine how many genes encoding ZmPYL proteins are
in the maize genome, each Arabidopsis PYL sequence was
used as a BlastP query against the maize genome database
(version B73 working gene set translations 5a.59 for RefGen_V2).
Thirteen genes encoding ZmPYLs (ZmPYL1-13) were identified
(Supplementary Table S1). These genes are located on most
of the chromosomes with 1 or 2 genes per chromosome,
except that no ZmPYL gene was detected on chromosome
7 (Supplementary Figure S1). A previous study reported 11
ZmPYL genes (Fan et al., 2016). The involvement of ZmPYL3
in ABA signaling has been reported (Wang et al., 2014). To
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be consistent, the names of ZmPYL1-11 in this study are same
as those in the previous report (Fan et al., 2016). In our
study, two more ZmPYL genes, GRMZM2G169695 (ZmPYL13,
named in our study) and GRMZM2G405064 (ZmPYL12), were
identified based on the conserved motifs and important amino
acids of PYL family proteins (Li et al., 2013). Based on the
protein sequences, a phylogenetic tree was generated using the NJ
algorithm (Figure 1A). The ZmPYL proteins clustered into two
subgroups, which is very similar to the Arabidopsis PYL proteins
(Figure 1A; Li et al., 2013), suggesting the conservation of plant
PYL proteins. Sequence analyses revealed that subgroup I genes
had fewer introns than subgroup II ZmPYL genes (Figure 1B).
In the promoter regions, a number of ABA responsive elements
(ABREs) and MYB binding sites (MBS), which are involved in
ABA and drought response (Seo et al., 2011; Singh and Laxmi,
2015), were detected in most ZmPYL genes except ZmPYL8 and
ZmPYL10 (Figure 1B). The full-length coding sequences of the
ZmPYL genes were cloned and confirmed by sequencing for
further analyses.

Expression Analyses of ZmPYL Genes
In order to determine the functions of ZmPYL genes in plant
development, we studied their tissue-specific expression patterns.
An expression heatmap of ZmPYL genes was created using the
publically available transcription data for fifteen maize tissues
(Figure 2A). According to the heatmap, the expression levels of
ZmPYL genes were divided into two patterns. Subgroup II genes
showed higher expression levels than those of subgroup I in most
tissues (Figure 2A), indicating that subgroup II ZmPYL genes
may have more important roles in regulating plant development.
There are no expression data for ZmPYL2 and ZmPYL3 in the
public database, therefore these genes were not included in the
heatmap. Next we measured the expression levels of these genes
in maize seedlings subjected to various levels of drought stress.

ZmPYL4was not detectable in our experiments, may be due to the
extremely low expression of this gene in the tissues tested. Based
on the expression patterns, the genes can be roughly divided
into three types (Figure 2B). Type I genes (ZmPYL1, ZmPYL3,
and ZmPYL11) were slightly down-regulated initially but up-
regulated at later stages of drought stress in shoots, while in roots
they were down-regulated. Type II genes (ZmPYL5, ZmPYL6,
ZmPYL7, and ZmPYL10), were down-regulated in both shoots
and roots after drought stress. Type III genes (ZmPYL2, ZmPYL8,
ZmPYL9, and ZmPYL12) were up-regulated by drought in shoots
and slightly up-regulated or unchanged in roots. These results
suggested different roles of ZmPYL genes in regulation of drought
responses. We next tested the responses of ZmPYL genes to
other abiotic stresses, including ABA and salt stress. The results
showed that ABA inhibited the expression of most ZmPYL genes
in shoots and roots except for ZmPYL7 and ZmPYL8, whose
expression levels were enhanced in either roots (ZmPYL8) or
both shoots and roots (ZmPYL7) (Supplementary Figure S2).
After salt stress, the expression levels of ZmPYL1, ZmPYL2,
ZmPYL3, ZmPYL5, ZmPYL6, ZmPYL7, ZmPYL10, and ZmPYL13
were down-regulated, while the expression levels of ZmPYL8,
ZmPYL9, ZmPYL11, and ZmPYL12 were slightly up-regulated or
not changed (Supplementary Figure S3). Taken together, these
results suggested diverse roles of ZmPYL genes in regulation of
maize abiotic stress responses.

Roles of ZmPYL Genes in Regulation of
ABA Responses
In order to decipher the biological functions of ZmPYL genes,
we generated transgenic Arabidopsis plants overexpressing the
ZmPYL genes. A total of 12 ZmPYL genes were introduced
into and overexpressed in Arabidopsis plants except ZmPYL4.
Our failure to clone ZmPYL4 may be due to its extremely low
expression in most of maize tissues. In order to determine

FIGURE 1 | Evolutionary relationships of taxa. (A) Phylogenetic tree of ZmPYL proteins. The phylogenetic tree was generated based on the alignments of the
full-length ZmPYL protein sequences. Bootstrap values from 1,000 replicates are indicated at each node. The scale bar represents branch lengths. (B) ZmPYL gene
structures. The upstream regions (0∼–1500 bp) of these genes were used to search the public data base (PlantCARE). Most of the ZmPYLs except ZmPYL8 and
ZmPYL10 contain one or more drought response elements (MBS or ABRE) in the upstream regions. MBS, MYB binding site; ABRE, ABA responsive element.
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FIGURE 2 | Expression Patterns of Maize ZmPYL Genes. (A) Gene expression heat map of 11 ZmPYL genes in 15 different tissues from various developmental
stages. Two ZmPYL genes have no available data. The gene expression levels are shown in different colors indicated by the scale bar. (B) Expression patterns of
ZmPYL genes in maize B73 leaves and roots under normal and drought treatments. ZmActin5 gene was used as an internal control. Both leaf and root tissues were
collected after treatment at time points 0, 1, 3, 6, 12, and 24 h. Data represent the mean ± SD of three biological replicates. Asterisks indicate the significance of
T-test, ∗p < 0.05, ∗∗p < 0.01.

how these ZmPYL genes function in regulating ABA responses,
we germinated ZmPYL transgenic seeds on MS plates with
or without ABA, and then measured the germination rates
at various time points. To our surprise, we only observed

that transgenic seeds overexpressing ZmPYL3, ZmPYL9,
ZmPYL10, and ZmPYL13 responded to ABA treatment (Figure 3
and Supplementary Figure S4). These transgenic seeds were
hypersensitive to ABA, suggesting negative roles of ZmPYL3,
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FIGURE 3 | Overexpression of ZmPYL3, ZmPYL9, ZmPYL10, ZmPYL13 in Arabidopsis increased the sensitivity of seed germination to abscisic acid (ABA).
(A–C) Germination phenotypes (A) and statistical analyses (B,C) of Col and two transgenic seeds overexpressing ZmPYL3 sown on MS medium or MS medium
supplemented with 1 µM ABA. (D–F) Germination phenotypes (D) and statistical analyses (E,F) of Col and two transgenic seeds overexpressing ZmPYL9 sown on
MS medium or MS medium supplemented with 1 µM ABA. (G–I) Germination phenotypes (G) and statistical analyses (H,I) of Col and two transgenic seeds
overexpressing ZmPYL10 sown on MS medium or MS medium supplemented with 1 µM ABA. (J–L) Germination phenotypes (J) and statistical analyses (K,L) of
Col and two transgenic seeds overexpressing ZmPYL13 sown on MS medium or MS medium supplemented with 1 µM ABA. Data represent the mean ± SD of
three replicates in (B), (C), (E), (F), (H), (I), (K), and (L).

ZmPYL9, ZmPYL10, and ZmPYL13 in regulation of ABA-
mediated seed germination. It is well known that ABA inhibits
plant growth (Luo et al., 2014). To determine how ZmPYL3,
ZmPYL9, ZmPYL10, and ZmPYL13 regulate plant growth in

response to ABA, we grew the control and transgenic seedlings
on MS plates with or without ABA, and then measured the
root lengths and FW. The results showed that the transgenic
seedlings overexpressing ZmPYL3 or ZmPYL9 had more severely
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inhibited plant growth than the controls, suggesting that they
were more sensitive to ABA than the controls (Figure 4). These
results indicated that the activities of ZmPYL3 and ZmPYL9
were critical for both seed germination and post-germination
growth. Intriguingly, we did not observe any phenotypic changes
in ZmPYL13 and ZmPYL10 transgenic plants as compared to
controls after ABA treatment (Data not shown), suggesting
a specific role of ZmPYL10 and ZmPYL13 in regulating
Arabidopsis seed germination rather than seedling growth.

Roles of ZmPYL Genes in Regulation of
Drought Responses
Next, we performed experiments to test how ZmPYL genes
regulate plant drought responses. All the transgenic lines
overexpressing ZmPYL genes were subjected to severe drought
stress. After stress, the plants were re-watered and survival
rates of the transgenic lines were determined. We observed that
most plants overexpressing ZmPYL8 recovered upon rewatering
after severe drought stress, whereas most control plants died
(Figures 5A,B). The survival rates of plants overexpressing
ZmPYL8 were twofold higher than those of controls (Figure 5C).
Further analyses showed that more than twofold higher of
proline (Figure 5D), and 30% less of MDA accumulated in
plants overexpressing ZmPYL8 after drought stress as compared
to controls (Figure 5E). These results suggested that ZmPYL8
plays a positive role in regulation of plant drought tolerance. We
observed similar phenotypic changes in plants overexpressing
ZmPYL9 and ZmPYL12. After drought stress, the transgenic
plants overexpressingZmPYL9 andZmPYL12 had higher survival
rates than the controls (Supplementary Figure S5), suggesting

that ZmPYL9 and ZmPYL12 also have positive roles in plant
drought tolerance.

When compared to control plants, we did not observe any
phenotypic changes in transgenic plants overexpressing other
ZmPYL genes in our drought stress experiments (Data not
shown), suggesting these genes do not play major roles in
regulating drought resistance of the transgenic plants. ZmPYL8,
ZmPYL9, and ZmPYL12 clustered together in the phylogenetic
tree (Figure 1A), suggesting conserved roles of these genes at least
in drought resistance. We therefore chose plants overexpressing
ZmPYL8 as representatives to measure the expression of drought-
responsive marker genes. The results showed that the expression
of all of these marker genes was enhanced in transgenic plants
after drought stress (Figure 6). The increased expression of
ABA3, COR47, RD26, RD29A, RD29B, ABI1, ABI2, DREB2A,
which are known to respond to ABA, suggested enhanced ABA
signaling in transgenic plants. P5CS1 is an enzyme responsible
for proline biosynthesis (Kesari et al., 2012). The enhanced
expression of P5CS1 is consistent with the elevated accumulation
of proline in ZmPYL8 transgenic plants (Figure 5D). Taken
together, these results suggested overexpression of ZmPYL8
promoted ABA signaling, which, in turn, enhanced drought
resistance of the transgenic plants.

Identification of Natural Variation in
ZmPYL Genes Associated With Drought
Resistance
Previous studies have identified one million SNPs in a maize
panel consisting of 368 accessions (Fu et al., 2013). Using survival
rates after severe drought stress as indices, the drought-resistance

FIGURE 4 | Overexpression of ZmPYL3, ZmPYL9 in Arabidopsis increased the sensitivity of plant growth to ABA. (A–C) Root growth phenotypes (A), statistical
analyses of root elongation (B), and fresh weigh (C) of Col and ZmPYL3 overexpression transgenic lines grown on 1/2 MS medium or 1/2 MS medium containing ABA
(10 µM). (D–F) Root growth phenotypes (D), statistical analyses of root elongation (E), and fresh weigh (F) of Col and ZmPYL9 overexpression transgenic lines
grown on 1/2 MS medium or 1/2 MS medium containing ABA (10 µM). Five-day seedlings were transferred from 1/2 MS medium to 1/2 MS medium containing ABA
(10 µM), then grown vertically for 7 days before phenotype. Data represent the mean ± SD of three replicates for (B), (C), (E), and (F). Asterisks indicate the
significance of T-test, ∗p < 0.05, ∗∗p < 0.01.
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FIGURE 5 | Overexpression of ZmPYL8 in Arabidopsis enhanced drought tolerance. (A) RT-PCR shows overexpression of ZmPYL8 (8OX) in three independent
transgenic lines. Arabidopsis actin7 gene was used as control. (B) Drought tolerance assay of three transgenic lines overexpressing ZmPYL8. Three-week old plants
were drought-stressed for 2 weeks and then rewatered for 1 day. (C) Survival rates of Col and ZmPYL8 transgenic plants after drought stress. Data represent the
mean ± SD of three replicates. (D) Proline contents of watered and drought-stressed Col and ZmPYL8 transgenic plants. (E) Malondialdehyde (MDA) contents of
watered and drought-stressed Col and ZmPYL8 transgenic plants. Data represent the mean ± SD of three biological replicates. Asterisks indicate the significance of
T-test, ∗p < 0.05, ∗∗p < 0.01.

phenotypes of these maize accessions were reported in several
studies (Liu et al., 2013; Wang et al., 2016). To determine
whether natural variation in ZmPYL genes was associated
with maize drought resistance, we performed candidate gene
association analyses with the MLM on ZmPYL3, ZmPYL8,
ZmPYL9, ZmPYL10, ZmPYL12, which we identified as playing
roles in regulation of ABA responses and/or drought resistance
(Figures 3–5 and Supplementary Figure S5). By using the
genotypic and phenotypic data of the 368 accessions, we observed
from association analyses that two genes, ZmPYL8 and ZmPYL12,
had natural variants that were significantly associated with
drought resistance (p ≤ 0.01, Table 1). The most significant
p-value (lead p-value) was 0.00277 for ZmPYL8 and 0.0018 for
ZmPYL12 (Table 1). Further analyses showed that the lead SNP
(SNP1543, with lead p-value) in ZmPYL8 was located in the
third exon of this gene, and showed strong LD with another
significant SNP (SNP1640) located downstream of the lead
SNP (Supplementary Figure S6). The lead SNP of ZmPYL12

(SNP415) was located in the second exon and showed strong
LD with another significant SNP (SNP-52) located upstream of
the lead SNP (Figures 7A,B). Further analyses identified the
drought-resistant alleles of SNP415 and SNP-52 in ZmPYL12
(Figures 7C,D). In the association populations, there were
four major haplotypes (Hap), among which Hap4 was most
drought-resistant (Figure 7E). In ZmPYL8, we did not detect
drought-resistant alleles from the associated SNPs (data not
shown).

DISCUSSION

Abscisic acid is well-known to be an important phytohormone
regulating plant stress responses. A recent breakthrough in our
understanding of ABA signaling came when two different groups
identified the ABA receptors, the RCAR/PYL family proteins (Ma
et al., 2009; Park et al., 2009). Subsequently, the functions of PYL
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FIGURE 6 | Overexpression of ZmPYL8 raised the expression of drought responsible marker genes. The expression of all marker genes under normal and drought
conditions was examined by qRT-PCR. Three-week old plants were either watered or drought-stressed for 10 days.

TABLE 1 | Natural variations in ZmPYL genes associated with drought resistance in 368 maize inbred lines.

Gene ID Name Function Polymorphic number∗ MLM (p ≤ 0.01) Lead p-value

GRMZM2G154987 ZmPYL3 ABA 22 0 0.2909

GRMZM2G165567 ZmPYL8 Drought 40 2 0.00277

GRMZM2G133631 ZmPYL9 ABA, drought 26 0 0.04244

GRMZM2G063882 ZmPYL10 ABA 16 0 0.0436

GRMZM2G405064 ZmPYL12 Drought 8 2 0.0018

∗MAF (Minor Allele Frequency) ≥ 0.05; ABA, abscisic acid; MLM, mixed linear model.

receptors in regulation of ABA and stress responses have been
widely studied (Klingler et al., 2010; Antoni et al., 2013; Liang
et al., 2017; Pri-Tal et al., 2017). Maize is an important food and
industrial crop worldwide and every year suffers yield losses due
to drought. How ZmPYL ABA receptors are involved in maize
drought resistance remains largely unknown. In this study, we
comprehensively investigated the expression of ZmPYL genes in
response to ABA and drought stresses, the roles of ZmPYLs in
regulating ABA and drought responses and natural variants of
ZmPYL genes associated with maize drought resistance.

Thirteen ZmPYLs genes were identified in this study. Analyses
of the promoter sequences of these genes identified multiple cis
elements, including ABRE and MBS, which have been reported
to be involved in responses to ABA and drought stress (Seo
et al., 2011; Singh and Laxmi, 2015). The changes in ZmPYL
gene expression after ABA and drought stresses indicated the
roles of these cis elements in regulation of gene expression.
Intriguingly, most ZmPYL genes were down-regulated after
drought treatment, whereas ZmPYL8, ZmPYL9, ZmPYL2, and
ZmPYL12 were up-regulated. After ABA treatment, most ZmPYL
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FIGURE 7 | Association analysis of genetic variations in ZmPYL12 with maize drought tolerance. (A) Associations of ZmPYL12 SNPs with drought tolerance. The
gene structure is shown at the bottom. The significant associations are shown in red (p < 0.01). Exons and introns are shown as filled boxes and dark lines,
respectively. SNP415 has G/C natural variations, but does not change the coding information of Leu. (B) LD map for ZmPYL12 SNPs. Color in each block
represents the R-squared value between two SNPs. (C) Association of two alleles in SNP415 with drought tolerance. (D) Association of two alleles in SNP-52 with
drought tolerance. (E) Association of hyplotypes in ZmPYL12 with drought tolerance.

genes were down-regulated, while ZmPYL7 gene was up-
regulated. Upon salt treatment, about 50% ZmPYL genes were
down-regulated, while the rest were slightly affected or not
changed. The different response patterns of ZmPYL genes after
drought, ABA and salt treatments suggested diverse roles of
ZmPYLs in regulation of plant abiotic stress responses. A previous
study reported the expression of 11 ZmPYLs in response to ABA
and PEG treatments (Fan et al., 2016). Both previous and this
studies revealed very similar expression patterns of most ZmPYL
genes in response to ABA, except ZmPYL1-3 (Supplementary
Figure S2; Fan et al., 2016). The various expression patterns
of few ZmPYLs may be caused by different growth stages
or environments for the experiments. Interestingly, ZmPYLs
showed very different expression patterns in response to PEG
or drought treatments. For instance, the expression of half of
ZmPYLs was down-regulated under drought in this study, but the
expression of most of ZmPYLs was up-regulated in response to
PEG (Figure 2; Fan et al., 2016). These results suggested different
effects of PEG and drought on ZmPYL expression.

To investigate the biological functions of ZmPYLs, we cloned
all of the ZmPYL genes and overexpressed them in Arabidopsis
plants, except ZmPYL4 due to failure of detecting its expression
in maize leaves. We observed that overexpression of four
genes, ZmPYL3, ZmPYL9, ZmPYL10, and ZmPYL13, resulted in
hypersensitivity to ABA treatment, suggesting negative roles of
these genes in ABA responses in transgenic plants. This is very
similar to what was observed in Arabidopsis, where PYL genes
also played negative roles in ABA responses (Ma et al., 2009; Park
et al., 2009), suggesting that the negative roles of these PYL genes
in ABA responses are conserved across various plant species.
There are 13 ZmPYL genes in maize, but surprisingly only four

of them had roles in regulating ABA responses when ectopically
expressed in Arabidopsis. One possibility is that the other ZmPYL
genes have other roles rather than mediating ABA signaling.
Considering that the expression levels of ZmPYL1, ZmPYL4,
ZmPYL5, and ZmPYL6 were also dramatically inhibited by ABA
in maize but played no roles in regulation of ABA responses when
ectopically expressed in Arabidopsis, another possible reason
is that these ZmPYL genes may not function in Arabidopsis.
Transgenic studies of these ZmPYL genes in maize may provide
more precise evaluation of their roles in plant development and
ABA responses.

In drought stress experiments, we observed that
overexpressing ZmPYL8, ZmPYL9, and ZmPYL12 in Arabidopsis,
resulted in resistance of the transgenic plants to drought
treatment, suggesting positive roles of these genes in drought
responses. ZmPYL8, ZmPYL9, and ZmPYL12 were clustered
together in the phylogenetic tree (Figure 1). After drought
treatment, ZmPYL8, ZmPYL9, and ZmPYL12 showed very
similar expression patterns in both shoots and roots (Figure 2).
These observations indicated conserved roles of these genes
in regulation of plant drought resistance. But the fact that
only ZmPYL9 was involved in regulation of both drought and
ABA responses indicated functional diversity of these genes.
A previous study reported the roles of Arabidopsis PYLs in plant
drought stress responses by ectopically expressing these genes
with various promoters, including the stress-inducible RD29A
promoter, the GC1 and ROP11 promoters (guard cell-specific)
and the RBCS promoter (green tissue-specific), as well as the
constitutive 35S promoter (Zhao et al., 2016). Based on their
experiments, different promoters resulted in different levels of
drought resistance when these promoters were used to drive the
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expression of various PYL genes (Zhao et al., 2016), indicating
that the roles of plant PYLs in drought resistance depends on
their temporal and spatial patterns of expression. In future, it
will be worthwhile to use maize stress-inducible or tissue-specific
promoters to study the functions of ZmPYL genes in regulation
of drought resistance.

Developing new molecular markers is one of the most
important topics in plant breeding. Thanks to the advances
in high-throughput technologies, millions of SNP markers
distributed throughout the whole genome at high density
have been developed for various crops, including maize,
rice, and other crops (Huang et al., 2011; Jiao et al., 2012;
Fu et al., 2013; Zhou et al., 2015; Yano et al., 2016).
Candidate gene association analyses, which are based on
genetic variants and plant phenotypes, are widely used in
dissecting the natural variation involved in plant drought
resistance (Liu et al., 2013; Xiang et al., 2017). By using
this association method, we detected natural variants of both
ZmPYL8 and ZmPYL12 from a maize panel consisting of
368 natural accessions. Considering that these associations
were most significant as compared to those detected in
other ZmPYL genes which regulated ABA responses, and that
ZmPYL8 and ZmPYL12 were proved to play positive roles
in plant drought resistance, these associations are not false
positive but real associations. Further analyses failed to detect
resistant alleles in ZmPYL8, perhaps because they are not
causal alleles of drought resistance. However, we detected
resistant alleles in ZmPYL12 (Figure 7), indicating that these
alleles are causal alleles or have strong LD with the causal
alleles.

Together, our results revealed the fundamental roles ZmPYLs
in mediating ABA signaling and drought resistance in maize.

Breeding of drought-resistant maize cultivars is an important
goal for maize breeders. The drought-resistant ZmPYLs may
be used as genetic resources in drought-tolerant breeding
via transgenic approaches. Moreover, the resistant alleles or
haplotypes detected in ZmPYL12 have the potential to be used
as molecular markers in genetic improvement of maize drought
resistance.
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Drought is the most serious abiotic stress limiting rice production, and deep root is the

key contributor to drought avoidance. However, the genetic mechanism regulating the

development of deep roots is largely unknown. In this study, the transcriptomes of 74

root samples from 37 rice varieties, representing the extreme genotypes of shallow or

deep rooting, were surveyed by RNA-seq. The 13,242 differentially expressed genes

(DEGs) between deep rooting and shallow rooting varieties (H vs. L) were enriched

in the pathway of genetic information processing and metabolism, while the 1,052

DEGs between the deep roots and shallow roots from each of the plants (D vs. S)

were significantly enriched in metabolic pathways especially energy metabolism. Ten

quantitative trait transcripts (QTTs) were identified and some were involved in energy

metabolism. Forty-nine candidate DEGs were confirmed by qRT-PCR and microarray.

Through weighted gene co-expression network analysis (WGCNA), we found 18 hub

genes. Surprisingly, all these hub genes expressed higher in deep roots than in shallow

roots, furthermore half of them functioned in energy metabolism. We also estimated

that the ATP production in the deep roots was faster than shallow roots. Our results

provided a lot of reliable candidate genes to improve deep rooting, and firstly highlight

the importance of energy metabolism to the development of deep roots.

Keywords: deep rooting, energy metabolism, Oryza sativa (rice), QTT (quantitative trait transcripts), RDR (ratio of

deep roots), transcriptome, WGCNA (weighted gene co-expression network analysis)

INTRODUCTION

Drought stress is one of the most pressing issues inhibiting global agriculture today (Osakabe et al.,
2014). But with the growing of world’s population, more food must be produced with less fresh
water (Fu et al., 2007; Zhang, 2007). Rice (Oryza sativa L.) is the main food for more than half
of the world’s population. Water deficit may reduce rice production seriously and threaten world
food security (Serraj et al., 2009; Luo, 2010; Ahmadi et al., 2014). So, there is an urgent need
to understand the underlying physiological and molecular mechanisms of drought resistance to
sustain rice production in water-limiting areas (Nguyen et al., 1997; Lanceras et al., 2004; Rabello
et al., 2008; Bernier et al., 2009; Serraj et al., 2011). As the main organ to uptake water in soil, root
is the key contributor of plants’ drought resistance (Kato et al., 2006; Henry et al., 2012). Therefore,
recently root has become a hot area of research to improve drought resistance (Coudert et al., 2014).
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Deep roots play important role in enhancing plants drought
resistance, and it is an important component of roots
architecture. According to the research of Uga (Uga et al., 2009;
Uga, 2012), the roots distributing at 50–90◦ with the horizontal
are recognized to be deep roots. The deep rooting varieties like
upland rice usually have better drought resistance than shallow
rooting varieties (Uga et al., 2013a; Lou et al., 2015). Over the
course of evolution, the upland rice evolved a lot of adaptive
mechanisms to cope with the environmental lack of water, like
the feature of deep rooting possessing more and longer roots
in deep soil (Kondo et al., 2003; Ding et al., 2011). Increasing
deep roots ratio is a promising strategy to improving the drought
resistance in rice. In recent years, progress has been made in
detecting large effect quantitative trait loci (QTL) conferring the
ratio of deep roots (RDR) in rice (Uga et al., 2011, 2012, 2013a,b,
2015; Kitomi et al., 2015; Lou et al., 2015). But, the knowledge
about the genetics and molecular control of deep rooting in rice
is still relatively limited, for example what genes control the deep
rooting in rice and how these genes regulate the deep rooting in
rice.

Comparative transcriptomes among specific samples is
useful for exploring genes controlling various phenotypes
and elucidating genetic mechanisms for plant’s adaptation to
adverse environments (Gan et al., 2011; Roberts et al., 2011;
Yu et al., 2012). The current knowledge of transcriptome of
drought resistance in plant mostly related to the comparative
studies of different species with diverse genetic background
and different ability of drought resistance (Moumeni et al.,
2011). In this study, we investigated not only two groups
of rice varieties with contrasting roots architecture but also
37 pairs of deep roots and shallow roots from one variety
with the common genetic background. Differentially expressed
genes (DEGs) were analyzed, and their expression patterns
were further confirmed by microarray and qRT-PCR. Through
weighted gene co-expression network analysis (WGCNA), we
got some hub genes from the co-expressed DEGs, and found
that the energy metabolism may play quite important role in
the development of deep roots. Furthermore, to compare the
difference of ATP synthesis between deep and shallow roots, we
measured their oxygen consumption rates and found their rates
were significantly different. Nowadays, association mapping has
become an important bridge connecting phenotype and genotype
to identify important genes controlling traits. So, besides the
analysis of DEGs, the association mapping of the quantitative
trait transcripts (QTT) with the phenotype was conducted. In our
study, 10 QTTs genes associated to deep rooting were identified,
and some of them also functioned in energy metabolism.

This study would help us to identify genes and mechanisms
involved in the development of roots architecture. More
importantly, this study could provide candidate genes to
promote molecular breeding and genetic engineering projects for
enhancing drought resistance in rice.

MATERIALS AND METHODS

Plant Materials and Growing Conditions
Through repeated phenotypic validation, 37 rice varieties were
screened out from a set of more than 800 varieties (Lou

et al., 2015). Fourteen of them are peculiar varieties with
extremely deep rooting, fifteen peculiar varieties with extremely
shallow rooting, and eight varieties with normally median root
distribution (Figure 1, Table S1).

The experiment was conducted in the greenhouse at Shanghai
Academy of Agricultural Sciences, Shanghai, China, in 2014
summer. In order to sample roots, the rice seedlings were
cultured by hydroponic system using baskets placed in plastic
boxes. The composition of nutrient solution was referred to the
formula of International Rice Research Institute (IRRI), and the
detailed parameters of the basket can be referred to our previous
work (Lou et al., 2015). The roots emerging from the bottom
and sides were regarded as deep roots (DR) and shallow roots
(SR), respectively. For each variety, three baskets were used as
replications and two seedlings were planted together in the center
of each basket. After growing for 45 days, the tips about 1 cm
long of roots were excised and immediately frozen in liquid
nitrogen for RNA sampling. About 50 root tips from six plants
of each variety were pooled as one sample. Thus, total mRNA
of 74 samples (the deep roots sample and shallow roots sample
were collected from each of the 37 varieties) was prepared for
RNA-seq.

RNA Sequencing
Total RNA was extracted from root tips using Trizol reagent
(Invitrogen, USA) and purified using Plant RNA Purification
Reagent (Invitrogen, USA). The RNA quality was checked by
Bioanalyzer 2100 (Aligent, USA), and the integrity number (RIN)
of all these samples’s RNA were >9.0.

According to the manufacturer’s instructions (Illumina,
USA), the sequencing libraries were prepared. Poly-A-containing
mRNA was isolated from the total RNA by poly-T oligo-attached
magnetic beads, and then fragmented by RNA fragmentation
kit. The cDNA was synthesized using random primers through
reverse transcription. After the ligation with adaptor, the cDNA
were amplified by 15 cycles of PCR, and then 200-bp fragments
were isolated using gel electrophoresis. At last, the products were
sequenced by an Illumina HiSeq2500 instrument inMajorbio Co.
Ltd. (China). The raw data had been submitted toNCBI Sequence
Read Archive (SRA) with the Bioproject number PRJNA306542
from SRX1547421 to SRX1547494.

FIGURE 1 | Photos of three types of varieties with different root distribution.

H is the deep rooting variety, M is the median rooting variety, and L is the

shallow rooting variety.
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RNA-Seq Data Analysis
After sequencing, we totally got 3,412,297,344 reads and about
345G bases raw data. After removing Illumina adapter sequences,
and trimming low-quality bases, about 306G bases clean data
was used in our analysis. Then, we mapped the reads to the
NipponbareMSU7.0 genomic reference (http://rice.plantbiology.
msu.edu/index.shtml, Release 7) by the software TopHat v2.0.13
(http://tophat.cbcb.umd.edu/). According to the annotation of
MSU7.0, there are 55,963 genes on the rice genome. The
screening of DEGs was based on their FPKM (Reads per kilobase
of exon model per million mapped reads) values (Mortazavi
et al., 2008). The FPKM-value was calculated by the software
of cufflinks from the website http://cole-trapnell-lab.github.io/
cufflinks/ (Trapnell et al., 2012). The clustering of samples were
carried out using the script of clust (method = “average”) in
R package. We compared the transcriptomic data in two levels:
deep rooting varieties and shallow rooting varieties; and the
deep roots and shallow roots from one variety. The comparative
analysis of deep rooting varieties vs. shallow rooting varieties was
carried out by Wilcox-test using R statistical software (https://
www.r-project.org/). The paired comparative analysis of deep
roots vs. shallow roots from one variety was conducted by
the Cuffdiff software (http://cufflinks.cbcb.umd.edu/). A false
discovery rate (FDR) of 0.05 was used for identifying significant
DEGs. To inspect the functions of DEGs, the gene KEGG
pathway enrichment analysis of the DEGs was performed by
the software of KOBAS (http://kobas.cbi.pku.edu.cn/expression.
php) and Fisher-test (Benjamini and Hochberg, 1995; Xie et al.,
2011). Additionally, the software of Visual Genomics (http://
www.vgenomics.cn/) was also used to data analysis and charting.

qRT-PCR and Microarray Confirmation
Some DEGs were selected for quantitative confirmation by
quantitative real-time PCR (qRT-PCR) analysis with a BIO–RAD
CFX96 Thermal Cycler (Bio-Rad, USA) (Livak and Schmittgen,
2001). After reversely transcription by PrimeScript RT reagent
Kit (Takara, JP), we obtained the cDNA of the total mRNA.
Then, the quantitative PCR reaction used SYBR Premix Ex Taq
(Takara, JP). For each gene, the qPCR reactions were performed
in biological triplicates.

Twelve 4∗44K Agilent Rice Oligo Microarray (Agilent
Technologies, Inc.) for six rice varieties were performed
(Table S2). The samples were planted on June–July in the same
place under the same growing condition as that operated in
the experiment of RNA-Seq. The microarray experiments were
conducted according to Agilent’s manuals in SBC (Shanghai
Biotechnology Corporation, China).

QTTs Analysis
The association mapping based on the four-omics datasets was
called QTX mapping, including quantitative trait SNPs (QTS),
QTT, quantitative trait proteins (QTP), and quantitative trait
metabolites (QTM) (Zhou et al., 2013). In this study, QTT
association mapping was conducted to detect QTT differences
on phenotype. The prediction of random effects (q, qq) was
obtained using QTXNetwork software based on GPU parallel
computation (http://ibi.zju.edu.cn/software/QTXNetwork/). We

calculated the QTTs using the transcriptome of deep roots and
shallow roots, respectively. After normalized (logX+1

2 ), a total
of 40,122 mRNA transcripts were used for QTTs mapping. The
QTTs of three quantitative traits including SR, DR, and RDRwere
mapped.

WGCNA
WGCNA is a system biology method for describing the
correlation patterns among genes across a group of special
samples. WGCNA can be used for finding modules of highly
correlated genes and hub genes with important effect. All the
DEGs between shallow roots and deep roots from one variety
by paired comparison with P < 0.05 were applied to WGCNA.
The correlation of co-expressed genes in six different groups
was analyzed: including the shallow roots sample (S); the deep
roots sample (D); the group of deep rooting rice varieties (H);
the group of shallow rooting rice varieties (L); and the group of
median rooting rice varieties (M). In this study, the co-expressed
genes involved in top 300 most correlated interactions were
selected for further analysis (Aoki et al., 2007; Usadel et al., 2009).

Estimation of ATP Synthesis
Oxygen electrodes (Oxytherm, Hansatech) were set up and
operated according to the manufacturer’s instructions. The
reaction solution is 2 ml K2HPO4 (20 mmolL−1) solution at
PH = 6.0 and full saturated by air before use. The reaction
temperature was set at 25◦C, and the speed of magnetic stirrer
was set at 100. The reference sequence variety of Nipponbare was
used in this experiment, and its fresh deep roots and shallow roots
were sampled after 50 days cultivation in green house (25◦C, dark
10 h; 35◦C, light 14 h). Six pairs of samples of deep roots (D) and
shallow roots (S) were replicated, and six intact root tips with
2 cm length were excised for each sample. Then the roots were
soaked into reaction solution by injector to remove the surface
oxygen and cut into 1 mm long pieces. Put the samples into
electrode cuvette, about 5 min later, the oxygen depletion curves
were generated to estimate the rates of oxygen consumption. The
rate of oxygen consumption could be converted into rates of ATP
production, because it was assumed that, in normoxic condition,
the ATP:O2 ratio was five, based on rates of phosphorylation
completed in mitochondria (Chance and Williams, 1956; Gibbs
and Greenway, 2003).

RESULTS

Gene Alignment and Sample Clustering
After RNA-sequencing, we totally got 295 billion pieces of clean
reads, about 43 M reads for each sample (Table S3). On the
average, about 92.60% of the reads could be mapped to the
reference genomic sequence. And the Q20-values (the base-
calling error probabilities = 99%) of the 74 samples are from
91.15 to 94.54%. After filtering, the expression profiles of 40,117
rice genes were used in further analysis.

Before clustering, the FPKM-values of the 40,117 genes were

normalized by logarithm (log
(FPKM+1)
2 ). Then, using these genes’

expressing data (FPKM-values), the 74 samples were clustered
into two groups (Figure 2). All the deep rooting samples were
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FIGURE 2 | Clustering of the 74 samples by transcriptome data. H is the deep rooting rice varieties, L is the shallow rooting rice varieties, and M is the median rooting

rice varieties. S indicates the shallow roots sample (the roots defined by an angle of 50◦ from the horizontal, centered on the stem of the rice plant), D indicates the

deep roots sample (the roots defined by an angle of 40◦ from the vertical, centered on the stem of the rice plant).

clustered into one group (Cluster 1), while all the shallow
rooting samples were clustered into another group (Cluster 2).
Six median rooting varieties (M6, M5, M2, M3, M4, and M7)
were located into Cluster 1 and only twomedian rooting varieties
(M8, M9) were clustered into Cluster 2. The separate clustering
of shallow and deep rooting varieties exhibited large difference
at gene expression level between rice varieties with different root
architectures.

Each pair of shallow roots and deep roots samples from the

same variety was always stayed together in the clustering tree.

This result was in full accordance with the clustering result

by microarray (Figure S1). It indicated the genes’ expression
differences between roots with different spatial locations from the
same variety were much smaller than the differences among roots
from different varieties.

DEGs between the Deep and Shallow
Rooting Varieties
Using the statistic method of Wilcox-test, we compared the
transcriptomes of the deep rooting varieties to shallow rooting
varieties with the criterion at FDR < 0.05. A total of 13,742
DEGs were detected between above-mentioned Cluster 1 vs.
Cluster 2, while 13,242 DEGs were found between the deep
rooting varieties compared with shallow rooting varieties (H
vs. L) (Figure 3A). And there were 11,945 common DEGs that
occupied about 90% of the total DEGs of H vs. L, so the
comprehensive comparison between H and L could represent the
comparison in all varieties. Furthermore, the DEGs of H vs. L,
H vs. M (deep rooting varieties compared with median rooting
varieties), and L vs. M (shallow rooting varieties compared with
median rooting varieties) were pair-wise compared (Figure 3B).
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FIGURE 3 | The Venn diagram of the different collections of DEGs. (A) The overlaps of DEGS from Cluster1 vs. Cluster2 and the DEGs from H vs. L. (B) The overlaps

of DEGs from three groups’ comparison: H vs. L, H vs. M, and M vs. L. Cluster1 and Cluster2 was classified by clustering analysis referred to the Figure 2. H is the

deep rooting rice varieties, L is the shallow rooting rice varieties, and M is the median rooting rice varieties.

The DEGs of H vs. L was more than the twice of L vs.
M. There were 5,697 DEGs exclusively detected in H vs. L,
while only 1,087 and 1,507 DEGs exclusively detected in H
vs. M and L vs. M. The difference of gene expression pattern
between deep rooting varieties and shallow rooting varieties
was much greater than their difference with median rooting
varieties.

Furthermore, we screened the DEGs using some criterions
(Table 1). Firstly, the fold changes (average FPKM-values of
H/L) were applied to screen candidate genes, and obtained 4,185
DEGs with fold changes >2: containing 1,634 DEGs with H/L
< 0.5 and 2,551 DEGs with H/L > 2. It indicated more than
half of the DEGs expressed higher in deep rooting varieties
than shallow rooting varieties. Secondly, when considered
the reliability of the data, the DEGS with high expression
(average FPKM-values > 0.5) were selected for further analysis.
There were 1,789 DEGs with average FPKM-values > 0.5
at least in one group (H and L): containing 1,403 DEGs
with average FPKM-values > 0.5 in one of H or L group
and 386 DEGs with average FPKM-values > 0.5 both in
H and L group. In the end, these 1,789 genes most likely
associated to roots’ distribution were selected for enrichment
analysis.

Based KEGG analysis (Kyoto Encyclopedia of Genes and
Genomes, http://www.kegg.jp/), 10 pathways were significantly
enriched using the 1,789 DEGs (Table 2). The first four all
belong to the metabolism class involved in genetic information
processing like DNA replication and mismatch repair. Another
four pathways related to metabolism were significantly enriched
too. Therefore, the difference in the genetic information
processing and metabolism could distinct the deep rooting and
shallow rooting varieties, and they contributed greatly to the
differentiation of roots distribution in rice.

DEGs between the Deep and Shallow
Roots from the Same Variety
In three group of rice varieties with deep, shallow and median
rooting, totally 1,052 DEGs were detected with FDR < 0.05
between deep and shallow root samples (D vs. S) (Table S4).
This number was far smaller than the DEG number of H vs.
L. Only 599, 488, and 299 DEGs of D vs. S were identified in
deep, shallow and median rooting varieties groups, respectively.
Most of the DEGs have the same expression pattern in different
varieties in the same group. In the deep rooting and median
rooting group, more than half of the DEGs were up regulated
especially in the median rooting varieties, while that was just
the opposite in the shallow rooting varieties. These DEGs were
enriched significantly in 18 KEGG pathways with P < 0.05, and
17 of them belong to metabolism pathways especially the energy
metabolism (Table S5).

To narrow the candidate genes, the DEGs could be repeatedly
detected in different rice varieties were chosen for further
analysis. Table 3 demonstrated the genes that could be repeatedly
detected in more than three pairs of roots samples. More than
half of the DEGs in Table 3 were down regulated in H and
L group, suggesting the repeatedly detected DEGs expressed
higher in deep roots than in shallow roots in H and L rice
groups. But in the median group (M), it was completely opposite
because all the DEGs were expressed higher in shallow roots
than in deep roots except LOC_Os11g24140. Nine genes in
Table 3 could be detected both in at least four deep and four
shallow rooting varieties, and three genes can be detected both
in more than three median and four shallow rooting varieties.
The gene of LOC_Os02g37190 could be detected in all three
groups. In Minghui 63 rice variety, LOC_Os02g37190 expressed
higher in roots than all other tissues of plant (Wang et al., 2010).
Four genes in Table 3 (LOC_Os02g48710, LOC_Os05g48890,
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TABLE 1 | The list of differentially expressed genes (DEGs) between deep rooting

and shallow rooting varieties under different criteria.

Number of DEGs

FDR < 0.05 13,242

Fold changes > 2 4,185

H/L > 2 2,551

H/L < 0.5 1,634

Average FPKM > 0.5 1,789

H or L > 0.5 1,403

Both H and L >0.5 386

TABLE 2 | KEGG pathway enrichment analysis of 1,789 genes differentially

expressed between deep rooting and shallow rooting rice varieties.

KEGG pathway ID P-values Classification

DNA replication ko03030 0.000657 Genetic information

processing

Mismatch repair ko03430 0.000669 Genetic information

processing

Nucleotide excision repair ko03420 0.002917 Genetic information

processing

Homologous recombination ko03440 0.0041 Genetic information

processing

Metabolism of xenobiotics by

cytochrome P450

ko00980 0.007219 Metabolism

Drug metabolism—cytochrome

P450

ko00982 0.007219 Metabolism

Plant-pathogen interaction ko04626 0.021512 Organismal systems

MAPK signaling pathway ko04010 0.028472 Environmental

information processing

Phenylpropanoid biosynthesis ko00940 0.045928 Metabolism

Phenylalanine, tyrosine and

tryptophan biosynthesis

ko00400 0.049828 Metabolism

The DEGs used here meet three criteria: FDR < 0.05, fold changes > 2 and average

FPKM > 0.5 as this table shows.

LOC_Os04g56100, and LOC_Os09g00999) appeared only in a
single group. All of them were detected only in the shallow
rooting varieties group, so these genes might exclusively function
in the shallow rooting varieties. Furthermore, it was interesting
to find almost all the genes expressed the same trend in different
varieties within a group, no matter the deep rooting varieties or
the shallow rooting ones. For example, LOC_Os01g57958 gene
was down regulated both in 10 H varieties and in five L varieties.
It suggested these genes have no variety-specificity, and they
belong to organ-specificity genes.

DEGs Related to Root Development
According to the review of Jung and Mccouch (2013), totally
about 1,380 candidate genes may control the architecture
development of roots in rice. In this study, 1,052 DEGs were
found between the shallow roots and the deep roots from the
same variety as above analysis. And 75 of the DEGs were
overlapped with the 1,380 genes that had been reported to be
responsible for the roots architecture (Tables S6, S7). Through

TABLE 3 | The number of differentially expressed genes (shallow roots vs. deep

roots) that could be repeatedly detected in more than three varieties.

Gene ID UpsH DownsH UpsL DownsL UpsM DownsM

LOC_Os01g07850 4 0 4 0

LOC_Os01g22670 3 0

LOC_Os01g57958 0 10 0 5

LOC_Os01g57968 0 8 0 6

LOC_Os01g71340 3 3 1 3

LOC_Os02g37190 4 0 4 0 3 0

LOC_Os02g37250 3 0

LOC_Os02g48710 4 0

LOC_Os03g05640 0 4

LOC_Os03g31750 0 6

LOC_Os04g16722 0 10 0 7

LOC_Os04g56100 7 0

LOC_Os05g15880 0 5 1 3

LOC_Os05g48200 0 7

LOC_Os05g48890 5 0

LOC_Os06g31960 4 0

LOC_Os07g25050 3 0

LOC_Os07g25060 3 0

LOC_Os09g00999 0 8

LOC_Os09g01000 0 7 0 7

LOC_Os09g24370 4 0

LOC_Os10g21346 0 5

LOC_Os10g21372 0 7 0 7

LOC_Os11g24140 3 5 0 6 1 3

LOC_Osm1g00500 0 6

LOC_Osp1g00770 0 4

LOC_Osp1g01040 0 4

Ups were the up regulated genes that expressed higher in shallow roots than in deep

roots; Downs were just the opposite. Superscript H is the group of deep rooting rice

varieties, superscript L is the group of shallow rooting rice varieties and superscript M is

the group of median rooting rice varieties.

χ2-test, we could found these DEGs were significantly enriched
in the collection of the genes controlling the architecture of roots
in rice, and the P-value (asymptotic significance two-sided) of
Pearson Chi-Square-test was little to 8.04E-22.

To further study the 75 overlapped genes that related to roots
architecture, we quantified the expression of these genes in two
rice varieties: H32 and L16 using microarray and qRT-PCR.
Forty-nine genes of the 75 overlap genes were detectable by at
least two methods. Table 4 indicated these 49 genes’ expression
ratio in shallow roots to deep roots (S/D) measured by RNA
sequencing, qRT-PCR, and microarray. Almost all genes had the
same expression trend among the three methods, and only a few
genes’ expressions measured by microarray were inconsistent.
The correlation coefficients of these DEGs expression profiles
obtained by different methods were all much larger than
the significant threshold of 0.28 (Table S8). It suggested the
reproducibility among these three methods of transcriptomic
surveying was excellent, and the expression patterns of the DEGs
were stable even using the samples cultured in different time.
Between the deep rooting variety (H32) and the shallow rooting
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TABLE 4 | Verification of 49 candidate genes relating to rice roots architecture by

real time PCR quantification and RNA microarray.

RNA-seq qRT-PCR Chip

H32s/d L16s/d H32s/d L16s/d H32s/d L16s/d

LOC_Os01g04800 1.14 0.79 1.37 0.76 1.53 1.40

LOC_Os01g10040 1.28 1.18 1.84 1.55 1.70 1.06

LOC_Os01g42380 1.06 0.54 1.09 0.64 1.18 0.31

LOC_Os01g50820 0.66 0.87 0.71 0.44

LOC_Os01g58240 0.84 0.59 0.65 0.42 0.94 0.97

LOC_Os01g58290 1.23 2.17 1.20 1.89 2.13 0.75

LOC_Os01g63980 0.36 0.24 0.44 0.18 0.52 0.44

LOC_Os01g72140 0.62 0.74 0.31 0.46 0.39 0.56

LOC_Os01g72550 1.16 1.05 1.02 1.13

LOC_Os02g02190 0.31 3.47 0.25 1.02 1.76 0.55

LOC_Os02g11760 1.20 0.87 1.14 0.83 1.64 0.62

LOC_Os02g17900 0.51 0.12 0.25 0.14 1.74 0.28

LOC_Os02g20360 0.74 0.68 0.76 0.54 0.90 0.79

LOC_Os02g32590 0.69 0.57 0.55 0.67 0.35 0.38

LOC_Os02g40710 0.70 0.46 0.88 0.44

LOC_Os02g49440 1.03 1.45 0.79 1.01

LOC_Os03g08754 0.99 2.04 0.63 1.59 0.87 0.95

LOC_Os03g09880 0.49 0.59 0.18 0.23 0.77 0.72

LOC_Os03g49260 1.20 0.92 1.23 0.79 1.61 1.33

LOC_Os03g50960 0.49 0.41 0.66 0.60

LOC_Os03g52860 1.08 2.16 1.73 2.04 2.07 3.59

LOC_Os03g60570 0.78 0.57 0.33 0.34

LOC_Os04g08350 2.23 1.06 1.24 1.46 1.00 1.49

LOC_Os04g33900 1.60 3.29 0.67 0.48

LOC_Os04g44060 0.62 0.87 0.42 0.94 0.83 1.14

LOC_Os04g46810 1.74 2.31 1.56 1.17 3.33 4.95

LOC_Os04g46820 1.92 2.58 1.87 1.04 3.41 4.83

LOC_Os04g49150 0.00 2.59 0.09 2.73 1.03 2.32

LOC_Os04g51460 0.88 0.96 0.75 0.73 2.33 0.52

LOC_Os05g02070 0.96 0.86 0.58 0.67 0.54 0.52

LOC_Os05g45410 0.84 0.68 0.51 0.67 0.71 0.76

LOC_Os05g48890 1.72 2.16 1.89 1.75 1.40 1.93

LOC_Os06g06350 0.95 0.95 0.68 0.51 0.71 1.33

LOC_Os06g36850 0.00 1.45 0.14 1.60 0.54 1.34

LOC_Os06g48200 0.96 1.97 0.84 1.69 0.79 1.05

LOC_Os07g39320 1.68 0.79 1.65 0.90

LOC_Os08g02070 0.78 0.84 0.66 0.48 0.43 0.56

LOC_Os08g24790 0.97 1.32 0.47 0.97

LOC_Os08g37210 1.11 0.52 0.93 0.90 1.93 1.02

LOC_Os08g37250 0.63 0.91 0.47 0.74 0.87 0.64

LOC_Os08g41720 1.24 0.68 1.67 0.87 1.93 0.25

LOC_Os08g44270 0.78 1.36 0.56 0.86 0.74 0.69

LOC_Os10g07510 1.64 0.84 1.67 1.02

LOC_Os10g38740 0.83 1.14 1.09 5.28

LOC_Os10g39130 3.40 0.84 1.82 0.48 1.46 0.73

LOC_Os10g40520 1.38 1.16 1.58 1.06

LOC_Os11g16970 0.85 1.15 0.89 1.81

LOC_Os11g18366 0.78 2.94 0.70 1.88 0.92 1.12

LOC_Os11g45280 1.58 2.95 1.27 1.57 2.35 1.96

Average 1.03 1.26 0.90 1.01 1.22 1.21

s/d is the ratio of gene’s expression in shallow roots contrast to deep roots.

variety (L16), some genes had different expression trend, for
example LOC_Os10g39130 expressed significantly higher in the
shallow roots of H32 than that in L16. The average values of all the
genes’ expression ratios of s/d were near 1, because the expression
directions of the 49 DEGs were different and neutralized by each
others. In the results of RNA-Seq and qRT-PCR, the average
ratios of s/d in L16 (1.26 vs. 1.03) were a little larger than that in
H32 (1.01 vs. 0.90), suggesting these genes might express higher
in shallow roots of shallow rooting variety than that in deep
rooting variety.

Quantitative Real-Time PCR Validation of
Candidate Genes
To further verify and study the function of some putative
genes, four DEGs were chosen for qRT-PCR-test. Two DEGs
(LOC_Os01g47400 and LOC_Os01g08780) of H vs. L that were
located on the known QTL intervals controlling RDR had been
reported in our previous study (Lou et al., 2015) were carried
out qRT-PCR-test in 14 rice varieties that were randomly chosen
from all the rice varieties (Figures 4A,B). LOC_Os01g47400 is an
Osman01-endo-beta-mannanase, belongs to glycosyl hydrolase
superfamily. LOC_Os01g08780 contains the phosphatase family
domain, behaving as an inositol polyphosphate 5-phosphatase
I. LOC_Os01g47400 and LOC_Os01g08780 both expressed
differently in H and L groups. Their mRNA levels were
significantly higher in H group than in L group varieties. So the
activity of these two enzymes in deep rooting varieties may be
higher than that in shallow rooting varieties.

Two other DEGs (LOC_Os01g57968 and LOC_Os04g16722)

of D vs. S fromTable 3were selected for qRT-PCR-test in 28 RNA

samples including 14 deep roots samples and 14 shallow roots

samples (Figures 4C,D). The results of qRT-PCR coincided with

the results of transcriptomic sequencing. In some rice varieties,

those two genes both expressed differently in shallow roots and

deep roots. The relative mRNA level of LOC_Os01g57968 in the
deep roots was higher than its expression in the shallow roots,
and their expression differences were especially dramatical in the
shallow rooting group (L). But, for the gene of LOC_Os04g16722
with ycf68 domain, its transcriptomic difference was more
significant in the deep rooting varieties group (H) than
in the shallow rooting varieties group (L). Those candidate
genes were in the process of genetic function verification by
transgenic test.

QTT Mapping
The QTT module in QTXNetwork was applied to screen
significant transcripts and to predict their effects on phenotype.
There were a total of 10 QTTs that were detected to control the
vertical distribution of roots in rice (Table 5). Four of them were
overlapped with the DEGs between deep rooting and shallow
rooting varieties. Seven QTTs were identified in the deep roots,
and three QTTs were found in the shallow roots. There was
no overlap between the QTTs of deep roots and shallow roots.
Most of the QTTs detected in this study were single gene locus,
and only one of them had qq interactions. The qq interaction
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FIGURE 4 | qRT-PCR of four candidate DEGs in the roots of 14 rice varieties. (A,B) indicated two DEGs that differentially expressed between deep rooting and

shallow rooting varieties; (C,D) indicated two DEGs that differentially expressed between deep roots and shallow roots from one variety.

TABLE 5 | Estimated heritability of QTTs for three traits of Root.

Transcriptome Trait Locus Q/QQ P-value h2

Deep roots DR LOC_Os01g15860× LOC_Os05g49980 122.22 1.60E-14 0.42

LOC_Os01g02280 141.04 2.19E-18 0.56

SR LOC_Os01g65150 235.13 9.52E-05 0.29

LOC_Os10g28400 353.52 1.51E-05 0.65

RDR LOC_Os01g42430 12.10 2.76E-03 0.23

LOC_Os03g44840 15.69 1.66E-03 0.39

LOC_Os08gG06810 −10.19 5.85E-04 0.17

Shallow roots SR LOC_Os01g42140 543.71 3.89E-08 0.95

RDR LOC_Os03g08230 −33.02 8.20E-10 0.61

LOC_Os09g10860 24.19 1.26E-05 0.33

Q/QQ: Additive effect on the phenotype when the expression of the gene increasing two units. Two sets of transcriptome data were calculated in this study, the first half of the table

showed the results of QTTs mapping using the deep roots transcriptomes, the second half of the table (italic effect) showed the results of QTTs mapping using the shallow roots

transcriptomes.

of LOC_OS01G15860 × LOC_OS05G49980 might affect the DR
(the number of deep roots) of rice with the h2 of 42%.

RDR was the RDR, so it was decided by the number of
deep roots and shallow roots. Three genes (LOC_OS01g42430,
LOC_OS03g44840, and LOC_OS08g06810) in deep roots
and two genes (LOC_OS03g08230 and LOC_OS09g10860) in
shallow roots were identified to influence the RDR. Four
genes of the QTTs (LOC_Os01g42430, LOC_Os01g65150,
LOC_Os05g49980, and LOC_Os10g28400) were also found to

be differentially expressed between deep rooting and shallow
rooting varieties (Table S9), and two of them (LOC_Os01g42430
and LOC_Os01g65150) were annotated to be related to energy
metabolism: LOC_Os01g42430 contributes to energy production
while LOC_Os01g65150 relates to energy consumption.

Co-expressed Genes Network
WGCNA could find the network of associated genes with
certain functions and identify new genes (Brown et al.,
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2005). We analyzed the co-expression network of DEGs in
6 different groups of samples. Totally 9820 DEGs of D vs.
S with P < 0.05 were used in WGCNA. After analysis,
the top 300 interactions of correlated DEGs were chosen
for further analysis (Table S10). The average weights of
the top 300 co-expressed interactions in these six groups
ranged from 0.44 to 0.65. In shallow rooting materials, the
correlations among the DEGs were much closer than any other
groups.

Through WGCNA analysis, one big module having
comprehensive interaction was found, and almost all the
genes were clustered into this big module (Figure 5). Inside
of the module, there were some hub genes having many co-
expressed genes. Table 6 indicated the information of the hub
genes with ≥7 significantly co-expressed genes. From this
table, two obvious phenomena could be found: (1) half of
the hub genes are from the mitochondria genome; (2) more
than half of the hub genes relate to energy metabolism,

especially relate to ATP biosynthesis. Furthermore, except
LOC_Os12g34108, all the 17 hub genes in Table 6 expressed
significantly higher in deep roots than in shallow roots. So we
can infer that the deep roots have stronger energy metabolism
compared with the shallow roots. Besides the genes related
to energy metabolism, the other hub genes belong to two
other types: five hub genes of them act on transcription
and translation, and three hub genes are uncharacterized
proteins.

Estimation of ATP Synthesis
To estimate the rates of ATP synthesis, we measured the rate of
oxygen consumption in roots for there were fixed ratio between
the oxygen consumption and ATP synthesis in respiration
reaction (Greenway and Gibbs, 2003; Edwards et al., 2012).

The rates of O2 consumption between the deep roots and
the shallow roots from the same plants were significantly
different, and the deep roots used more oxygen than

FIGURE 5 | The network of the top 300 co-expressed genes pairs from WGCNA. The WGCNA (weighted gene co-expression network analysis) used all DEGS of

deep roots vs. shallow roots with P < 0.05 in whole samples.

Frontiers in Plant Science | www.frontiersin.org July 2017 | Volume 8 | Article 1314146

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Lou et al. Energy Metabolism Contribute Deep Rooting

TABLE 6 | The annotation of the hub genes with ≥7 co-expressed genes identified by WGCNA.

Node Num P-value Fold change Gene annotation GO term

LOC_Osm1g00580 63 5.80E-03 6.14 ATP synthase F0 subunit 1 ATP biosynthetic process

LOC_Osm1g00110 54 4.40E-03 10.73 Cytochrome c oxidase subunit 3 Respiratory electron transport chain

LOC_Osm1g00120 52 7.90E-03 9.79 Hypothetical protein ATP synthesis coupled proton transport

LOC_Os09g08910 48 3.42E-03 4.63 ATP synthase subunit alpha Response to stress

LOC_Os09g00999 46 2.76E-03 4.62 Putative uncharacterized protein P0459B01.16 Unannotated

LOC_Os04g16722 32 2.17E-03 4.85 Uncharacterized protein ycf68 Unannotated

LOC_Osm1g00370 13 2.48E-03 6.77 ATP synthase F0 subunit 6 ATP synthesis coupled proton transport

LOC_Osm1g00440 12 1.80E-03 6.37 Ribosomal protein L2 Translation

LOC_Os12g34108 9 8.80E-02 1.39 ATP synthase protein 9 Transporter activity

LOC_Osm1g00230 9 8.73E-03 7.19 NADH dehydrogenase subunit 7 Oxidation-reduction process

LOC_Os02g24614 8 1.48E-02 3.53 DNA-directed RNA polymerase subunit beta Transferase activity

LOC_Os12g33956 8 1.28E-02 3.19 Maturase Transferase activity

LOC_Os12g34094 8 8.04E-03 4.66 NADH-ubiquinone oxidoreductase chain 4 Generation of precursor metabolites and energy

LOC_Os06g16380 7 7.97E-03 8.51 Expressed protein Unannotated

LOC_Os12g34014 7 7.52E-03 10.62 NADH-ubiquinone oxidoreductase chain 6 Generation of precursor metabolites and energy

LOC_Osm1g00320 7 2.60E-02 5.29 NADH dehydrogenase subunit 4 Oxidation-reduction process

LOC_Osm1g00390 7 2.74E-02 10.18 Ribosomal protein S13 Translation

LOC_Osm1g00490 7 1.04E-02 3.03 Maturase-related protein mRNA processing

The boldface in the “Node” column highlighted the genes located on the mitochondria genome. Num, is the number of co-expressed genes with the node gene in the first column;

P-value, is the significance of the paired t-test of the gene expression between 37 pairs of deep roots and shallow roots in the same variety; Fold change, the average fold changes

of the 37 pairs of gene expressions between the deep roots and shallow roots from the same variety. The boldface in the “GO Term” column highlighted the genes related to energy

metabolism, and the italic highlighted the genes related to transcription and translation.

FIGURE 6 | The oxygen consumption rates of six pairs of deep roots and

shallow roots. D is deep roots and S is shallow roots. The 1–6 at X-axis is the

six replicates of the samples.

shallow roots in all six pairs of samples (Figure 6). The
average rate of oxygen consumption of the deep roots was
approximately 7.5 nmol(O2) cm

−1min−1, and the average
rate of oxygen consumption of the shallow roots was about
5.1 nmol(O2) cm

−1min−1. The P-value of paired student test
of the rates of oxygen consumption between deep and shallow
roots is 0.001. So, we could conclude the rates of ATP production
between deep roots and shallow roots were different, and the
ATP production in the deep roots was faster than shallow
roots.

DISCUSSION

Fresh water shortage is a global challenge for all countries.
In China, agriculture used about 70% of the total water

consumption of the country, 70% of which was used for
rice production alone (Zhang, 2007). As the main water
consumers, rice is more susceptible to drought stress than
other crops. Enhancing crops’ drought resistance through
genetic improvement has proved to be practicable to obtain
stable and adequate crop production in drought-prone areas
(Wang et al., 2005; Gowda et al., 2011). The experiments of
Uga et al. (2013a) suggested that increasing the RDR would
contribute obviously to drought avoidance in rice. Some QTLs
controlling RDR in rice have been reported (Uga et al., 2011,
2013b, 2015; Kitomi et al., 2015; Lou et al., 2015). Our
research firstly profiled the transcriptions of root samples with
diverse RDR and different spatial distribution underground. The
DEGs of this study come from two levels of transcriptomic
comparison: first comparison among the three groups of
varieties with different roots distribution, second comparison
between the paired roots samples (D vs. S) in the same
variety. Compared with previous transcriptomic experiments,
this experiment should be more accurate and meaningful, firstly
because amounts of samples with different RDR were researched;
secondly in the second comparison all the disturbances of
background were removed. The paired samples had same
genome, same growth environment and same development
stage, so the positional difference was the only difference
between them. Therefore, the DEGs identified here could provide
breeders reliable candidate genes for plants’ drought resistance
improvement.

The transcriptome is the set of all messenger RNA molecules
in a given organism at a given growth stage, and it is the
most important part of genetic regulation in all living things.
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The clustering result of the transcriptomic data was completely
consistent with the phenotype of RDR (Figure 2, Table S1),
which also could be found from the experiment of RNA
microarrays assay (Table S2, Figure S1). It implied the difference
of transcriptomes could represent the difference of varieties with
diverse RDR phenotypes, so the transcriptomic analysis was
suitable for deep rooting research. Furthermore, all the paired
samples from the same variety were always clustered together
in the minimum group, suggesting the differences derived from
position-specificity were much less than the differences derived
from genotype diversity.

The transcriptomic differences among different varieties
were diverse. H vs. L contained 13,242 DEGs > H vs.
M contained 7,252 DEGs> M vs. L contained 5,248 DEGs
(Figure 3B). Therefore, compared with shallow and median
rooting varieties, the deep rooting varieties H had the largest
transcriptomic specificity. Furthermore, there were 5,192 DEGs
could be both found in H vs. L and H vs. M, that was
much more than the DEGs (1,507) could be exclusively found
in M vs. L. It suggested the similarity between M and L
is the largest one among three pair-wise comparisons. As
a result, we could speculate the similarity between shallow
rooting and median rooting varieties was quite high. From
the Figure 2, we could also find most of the median varieties
cluster with shallow rooting varieties. In a word, the deep
rooting varieties were a special group compared with other rice
varieties, and they might have experienced strict selection and
developed a set of particular patterns of phenotype, genotype and
transcriptome.

The DEGs of deep rooting varieties and shallow rooting
varieties were enriched mainly in the pathway of genetic
information processing and metabolism (Table 2). It suggested
the divergence of deep rooting and shallow rooting rice
varieties may be caused by their difference in the genetic
information processing and metabolism. However, the DEGs
from the paired comparison of shallow roots vs. deep roots
were significantly enriched in themetabolism pathways especially
energy metabolism (Table S5). It implied the importance of the
metabolism process to the deep rooting. Meanwhile, the DEGs
of D vs. S also enriched in the genes’ collection controlling roots
architecture with P-value 8.04E-22 (Table S6). It indicated the
reliability of the DEGs identified in this study. Furthermore, we
found 52 DEGs between deep and shallow roots from the same
variety located on the intervals of QTLs controlling RDR that
had been identified by our previous work (Lou et al., 2015).
We also compared the 1,052 DEGs with the QTLs for root
traits contributing to drought resistance like deep root rate,
root volume, root length, and root weight in rice (Qu et al.,
2008; Courtois et al., 2009; Obara et al., 2010; Uga et al., 2011,
2013b, 2015; Liang et al., 2013; Sthanumoorthy and Tamba, 2013;
Wang et al., 2013), and we found 790 DEGs were located on
the intervals of the 305 known QTLs reported to be related
to the roots architecture and drought resistance. Therefore,
the DEGs found here were quite reasonable and can be used
for theoretical study and practical utility by roots architecture
modification.

WGCNA is a useful way to analyze transcriptomic data to find
the network of associated genes with certain functions and even
identify new genes. In this study, through WGCNA using all the
DEGs of D vs. S, a big module consisted of the top 300 genes’
co-expressing network was found (Figure 5). Some hub genes
had close correlations with many other genes in this big module.
Through annotation, we surprisingly found half of them belong
to mitochondria genes and involve in the energy metabolism, like
the synthesis of ATP (Table 6). And all the hub genes expressed
higher in deep roots than in shallow roots. Meanwhile, through
QTTs mapping, two genes involved in the energy metabolism
(LOC_Os01g42430 and LOC_Os07g23380) were also identified
to be associated with the RDR (Table 5, Table S9). Almost all
these hub genes have significantly higher expression in deep roots
than that in shallow roots from the same variety. Through KEGG
analysis of all the DEGs between deep roots and shallow roots
from the same variety, the DEGs were significantly enriched in
five energy metabolism pathways (Table S5). Besides the evidence
of molecular data, we also found physiological evidence that
the deep roots could produce more ATP than shallow roots.
Therefore, we can infer the development of the roots may closely
relate to energy metabolism. Deeper roots need more energy
than shallow roots, or more energy could make roots grow
deeper. The amount of energy could decide the distribution of
roots. The further studies of these energy metabolism-related
candidate genes and the map-based cloning of more RDR-
related QTLs would provide more information to elucidate
the relationship between energy metabolism and deep root
growth.
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High-throughput phenotyping platforms (HTPPs) provide novel opportunities to more

effectively dissect the genetic basis of drought-adaptive traits. This genome-wide

association study (GWAS) compares the results obtained with two Unmanned Aerial

Vehicles (UAVs) and a ground-based platform used to measure Normalized Difference

Vegetation Index (NDVI) in a panel of 248 elite durum wheat (Triticum turgidum L. ssp.

durum Desf.) accessions at different growth stages and water regimes. Our results

suggest increased ability of aerial over ground-based platforms to detect quantitative trait

loci (QTL) for NDVI, particularly under terminal drought stress, with 22 and 16 single QTLs

detected, respectively, and accounting for 89.6 vs. 64.7% phenotypic variance based on

multiple QTL models. Additionally, the durum panel was investigated for leaf chlorophyll

content (SPAD), leaf rolling and dry biomass under terminal drought stress. In total,

46 significant QTLs affected NDVI across platforms, 22 of which showed concomitant

effects on leaf greenness, 2 on leaf rolling and 10 on biomass. Among 9 QTL hotspots

on chromosomes 1A, 1B, 2B, 4B, 5B, 6B, and 7B that influenced NDVI and other

drought-adaptive traits, 8 showed per se effects unrelated to phenology.

Keywords: Triticum turgidum L. subsp. durum, durum wheat, drought, high-throughput phenotyping, UAV, NDVI,

GWAS, QTL

INTRODUCTION

Global warming and the increasing frequency and severity of drought events unequivocally
underline the urgency to select crops able to sustain growth in rainfed conditions, particularly
when grown in Mediterranean countries, where climatic change is expected to exacerbate yield
uncertainty (Ortiz et al., 2008; Kelley et al., 2015; Kyratzis et al., 2017). The selection of
drought-resistant cultivars increasingly relies on the use of yield-related proxies selected either
directly (Reynolds and Tuberosa, 2008) or via marker-assisted selection once the quantitative
trait loci (QTLs) underpinning the variability of the relevant trait are identified (Langridge and
Reynolds, 2015; Maccaferri et al., 2016; Mason et al., 2018).
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The recent progress in high-throughput phenotyping
platforms (HTTPs) based primarily on the use of ground-
based and/or Unmanned Aerial Vehicles (UAVs) provides
unprecedented opportunities to accurately measure proxy traits
in hundreds of plots (Pauli et al., 2016; Duan et al., 2017; Shakoor
et al., 2017; Shi et al., 2017; Trapp et al., 2017), as required
in experiments to identify QTLs. In this respect, increasing
attention is being devoted to the use of ground-based and aerial
HTPPs that allow for such high-throughput phenotyping levels
(Araus and Cairns, 2014; Zaman-Allah et al., 2015; Kefauver
et al., 2017; Madec et al., 2017). A potential limitation of
ground-based phenotyping platforms is the considerably longer
time required to complete the measurements as compared to
UAV-based remote sensing which allows phenotyping over a
larger area in less time, an important prerequisite to minimize
the effects due to daily fluctuations in environmental conditions,
inevitable in large-scale experiments (Tuberosa, 2012). However,
a potential advantage of ground-based platforms is the increased
data resolution as result of shorter distances between sensors and
plant targets. Empirical data are needed to compare benefits of
the different platforms for different experimental objectives.

Because water shortage affects vegetative state and cover,
drought-stress monitoring can be based on the use of vegetation
indices (VIs). Normalized Difference Vegetation Index (NDVI)
was found to be an effective indicator of vegetation response
to drought based on the relationships between NDVI and a
meteorologically based drought index (Ji and Peters, 2003).
NDVI is based on the difference between the maximum
absorption of radiation in the Red spectral region (from 620 to
690 nm) as result of chlorophyll pigments and the maximum
reflectance in near infrared (NIR, from 760 to 900 nm) light
as result of the leaf cellular structure (Tucker, 1979). Healthy
and living canopies absorb most of the Red light by the
photosynthetic pigments, while the NIR light is mostly reflected
due to light scattering in leaf internal structure and canopy
architecture. Therefore, NDVI-value, computed as (NIR –
Red)/(NIR + Red), integrates biomass (or leaf area) and leaf
chlorophyll content (Lukina et al., 1999), hence providing a
proxy for grain yield (Labus et al., 2010). In wheat, NDVI has
been shown to be associated with drought-adaptive traits as
well as grain yield under stressed conditions (Bort et al., 2005;
Marti et al., 2007; Reynolds et al., 2007; Lobos et al., 2014;
Bowman et al., 2015; Tattaris et al., 2016; Yousfi et al., 2016),
which ultimately allows for the identification of the relevant
QTL governing the adaptive response to drought. In this case,
it is important to account for the effects of the single QTLs
on flowering time, a trait well known to influence drought
adaptation (Tuberosa, 2012). A number of key genes (PPD-A1,
PPD-B1, FT-7A-indel, Rht-B1b, and VRN-A1) affect flowering
time and, consequently, NDVI and other drought-adaptive traits
(Milner et al., 2016). Therefore, their effects should be accounted
for when interpreting the results of QTL analyses, particularly
when aiming at identifying loci that affect drought resistance on a
per se basis, i.e., irrespectively of indirect effects due to differences
in flowering time.

Although remote sensing based on the utilization of
UAVs equipped with either conventional or hyperspectral

and multispectral cameras is being increasingly adopted as
an alternative to portable cameras and spectroradiometers to
measure NDVI in wheat (Haghighattalab et al., 2016; Holman
et al., 2016; Yang et al., 2016; Kyratzis et al., 2017) no study
has yet compared the QTL results of a genome-wide association
study (GWAS) for NDVImeasured with both aerial- and ground-
based phenotyping platforms in crops under both well-watered
and water-deficit conditions of increasing severity. To our best
knowledge, this study is the first to report on the use of UAV-
based NDVI remote sensing for GWAS analysis in crops and
to compare the results with those obtained via a ground-based
HTPP. Importantly, GWAS of NDVI and other drought-adaptive
traits allowed us to identify a number of QTL hotspots with
per se effects that provide suitable targets for enhancing drought
tolerance via marker-assisted selection.

MATERIALS AND METHODS

Plant Material and Field Management
The field trial was conducted at Maricopa Agricultural Center
(33.070◦ N, 111.974◦ W, elevation 360m) on a Casa Grande
soil (fine-loamy, mixed, superactive, hyperthermic Typic
Natrargids) (Supplementary Figure 1). The plant material
included 248 accessions of durum wheat from the association
mapping population UNIBO-Durum Panel (hereafter referred
to as “Durum Panel”) assembled at the University of Bologna
(UNIBO), representing a large portion of the genetic diversity
present in the most important improved durum wheat gene
pools.

The Durum Panel includes Mediterranean-adapted
accessions selected and released from breeding programs
in Italy, the International Maize and Wheat Improvement
Center (CIMMYT), the International Center for Agricultural
Research in the Dry Areas (ICARDA), the National Institute
for Agricultural Research (INRA, France) and the Institute of
Agrifood Research and Technology (IRTA, Spain). The Durum
Panel also includes accessions released by public breeding
programs in the Northern Great Plains of the USA and Canada
(North Dakota, Montana, Saskatchewan and Alberta), private
French breeders and Australian breeding programs, as well as
representative accessions from the Pacific Southwest of the US,
commonly referred to as “Desert-Durum R©” (Supplementary
Table 1).

The 248 accessions were planted on 20 December 2016
according to a Randomized Complete Block Design (RCBD) with
two replicates and border plots (cv. Orita). Each accession was
evaluated in two-row plots (3.5m long, 0.76m apart) with a final
density of 22 plants/m2. Before planting, nitrogen at 112 kg ha−1

and phosphorus (P205) at 56 kg ha−1 were incorporated into
the soil and 28 days after sowing, irrigation was managed by a
pressurized drip system using lines buried ∼10 cm deep. Drip
irrigation was stopped on 16 March 2017 and from that date the
accessions were subjected to a progressive drought stress until
3–4 April 2017 when plants were harvested to measure biomass.

Soil moisture data were collected for monitoring the water
stress conditions using time domain reflectometry (TDR) probes
(rod length: 15 cm) on 22 and 23 March 2017. TDR probes
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worked in 8 equidistant field ranges by inserting the rods into
the soil and within a few seconds the moisture value is presented
on a display unit.

Plants were harvested on 105 days after planting (DAP)
to allow for planting the next phenotyping experiment and
therefore biomass data indicate the status at a point in time rather
than direct estimates of final yields.

Disease and insect pest pressure were negligible throughout
the crop.

Leaf Water Status
Relative Water Content (RWC) was measured in flag leaves
collected from the two replicates for the cultivars “Gallareta,”
“Karim,” “Mexicali 75,” and “Svevo.” Flag leaves were sampled
on 24 March 2017 (DAP: 94), 27 March 2017 (DAP: 97) and 31
March 2017 (DAP: 101) placed in glass containers within a cooler
and transported immediately to the laboratory to minimize water
loss due to evaporation. Samples were weighed as fresh weight
(FW) and then submerged in distilled water. After rehydration
for 24 h at 4◦C in the dark, the turgid leaves were rapidly blotted
to remove surface water and weighed to obtain turgid weight
(TW). Finally, the leaves were oven-dried at 60◦C for 24 h and
then the dry weight (DW) was obtained. RWC-values were
computed as follows: [(FW – DW)/(TW – DW)] × 100 (Barrs,
1968).

NDVI Measurements
NDVI was measured on progressive days after planting using
two UAV-based and one tractor-based platforms and related
phenology of each accession was evaluated on the basis of the
Zadoks scale (Supplementary Table 2).

UAV-based NDVI was extracted from georeferenced
orthomosaic GeoTIFFs generated from imagery captured from
autopiloted flights of either a MicaSense RedEdge multi-spectral
camera (MicaSense, Seattle, WA) carried on a hexacopter, or
a Parrot Sequoia (Parrot, Paris, France) multi-spectral camera
carried on an eBee (SenseFly, Lausanne) fixed wing aircraft.
Table 1 compares features of the two multispectral cameras in
terms of band centers and bandwidths.

Flights were conducted at 40–42m above ground level,
resulting in ground sampling distances of ∼3 cm/pixel for the
RedEdge, and 4.4 cm/pixel for the Sequoia. Mission planning was
done with UgCS (UgCS, Riga) for the RedEdge camera, and either
eMotion 3 (senseFly, Lausanne) or Atlas Flight (MicaSense,
Seattle, WA) for the Sequoia camera. All flights were planned for
80% image overlap along flight corridors. Both the Sequoia and
RedEdge cameras use global shutters.

Pix4DMapperPro desktop software (Pix4D SA, Switzerland,
http://pix4d.com) was used to generate orthomosaics for each
camera band. Six to eight ground control points (GCP)
geolocated with Real Time Kinematic (RTK) survey precision
were used to georeference the orthomosaics. Camera images
were calibrated using manufactured supplied reflectance panels
that were imaged at the beginning of each flight. The Pix4D
processing options were essentially the same as those of Pix4D’s
“Ag Multispectral” template version 4.1.10, except that GeoTIFF
tiles were merged to create the NDVI orthomosaic.

TABLE 1 | Properties of Sequoia, RedEdge, and GreenSeeker Normalized

Difference Vegetation Index (NDVI) sensors and including type of recorded

spectral band, bandcenter, and bandwidth.

Sensor Spectral

band

Band center

(nm)

Band width

(nm)

UAV-Sequoiaa Green 550 40

Red 660 40

Red Edge 735 10

NIR 790 40

Blue 475 20

Tractor-GreenSeekerb Red 660 25

NIR 770 25

UAV-RedEdgec Green 560 20

Red 668 10

Red Edge 717 10

NIR 840 40

ahttps://www.micasense.com/parrotsequoia/
bhttps://agriculture.trimble.com/precision-ag/products/greenseeker/
chttps://www.micasense.com/

Plot-level NDVI means from UAV’s were created in QGIS
software version 2.18.3 (QGIS, US, http://www.qgis.org). Shape
files containing annotated single plot polygons were generated
with an R (r-project.org) script. Shape files with GCPs as
features (points) were also employed based on RTK survey grade
measuring devices. For all flights, the GeoTIFF with the NDVI
orthomosaic from Pix4D was combined with the plot polygon
and GCP shape files in a single QGIS project. Confirmation of
proper geolocations of the Pix4D orthomosaics was achieved
by visually confirming alignment of the visible GCPs with
the corresponding points in the feature shape file. NDVI plot
means were generated using the Zonal Statistics function in
QGIS.

The tractor-based system was similar to that described by
Andrade-Sanchez et al. (2013) but carried five GreenSeeker
spectral sensors and RT200 communication module (Trimble,
Inc., Sunnyvale, CA) mounted in a frame at the front of the
vehicle. These active sensors are equipped with their own source
of modulated white light, which is directed toward the top of
the crop canopy with the platform in motion at an average
speed of 0.84m s−1. A portion of the sensor-generated light
reflects off the crop and is measured by Red and Near Infrared
(NIR) wide-band filters located in the sensor head. The height
position of the sensors was set to 1.32m above ground in
every event. Since the approximate view angle of this sensor
model is 28◦, the field-of-view (FOV) of each sensor was ∼50-
cm at the soil surface. The ground platform was retrofitted
with an ultra-precise RTK Global Navigation Satellite System
(GNSS) receiver, AgGPS332 (Trimble, Inc., Sunnyvale, CA) to
generate positioning data via “GGA” National Marine Electronics
Association (NMEA) messages. The data acquisition system used
in the tractor platform was a CR3000 micro-logger (Campbell
Scientific, Logan, UT) programmed to record the NDVI output
of all five spectral sensors plus latitude and longitude coordinates
at a rate of 5Hz. The combination of data sampling frequency
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and platform speed of operation produced an average of 20 NDVI
data points for each plot.

The lme4 package (r-project) and custom R scripts were used
to conduct a spatial adjustment analysis of the raw NDVI plot
data from aerial- and ground-based platforms using a mixed
procedure including row and column random effects and a
moving mean of variable size for optimizing spatial adjustment.
Repeatability values and Pearson’s correlation r coefficients
among growth stages were also calculated in R.

Phenology Score (Zadoks System), Leaf
Chlorophyll Content (SPAD), Leaf Rolling,
and Dry Biomass Evaluation
Phenology of each accession was evaluated on the basis of the
Zadoks scale (Zadoks et al., 1974) (Supplementary Table 2).

Flag leaf “greenness” on 101 DAP was assessed based on
Soil-Plant Analysis Development (SPAD) estimates obtained
with a non-destructive chlorophyll meter SPAD-502Plus
(Konica Minolta Sensing, Inc., Japan) as an indicator of leaf
photosynthetic activity, chlorophyll content and nitrogen (N)
status. The hand-held SPAD meter operates by an illuminating
system that emits Red (650 nm) and infrared (940 nm) light
transmitted through a leaf to a receptor.

Leaf rolling (LR) was visually estimated on 99 DAP with a
score from 0 (no leaf rolling) to 9 (severely rolled).

At the end of the field trial, plants within the entire two-
row plots were cut with mechanical harvester (Carter mfg
equipment) while subsamples of 2–3 plants were collected to
evaluate moisture content in order to estimate dry biomass on
3–4 April 2017. Dry weight of the harvested plot assumed plot
dimensions of 1.5m width and 3.5m length and was adjusted
to 0% moisture. Plant moisture content (%) at harvest was
estimated from a subsample of biomass either placed directly in
a drying oven or stored temporarily in an uncooled greenhouse
that reached a diurnal high temperature of 60◦C before being
transferred to an oven at 60◦C for final drying.

SNP Genotyping, Population Structure, and
GWAS Model
For each accession, genomic DNA was extracted using
NucleoSpin R© 8/96 Plant II Core Kit from Macherey Nagel
and sent for SNP genotyping to TraitGenetics (http://www.
traitgenetics.com/en/).

The Illumina iSelect 90K wheat SNP assay (Wang et al.,
2014) was used and genotype calls were obtained as described
in Maccaferri et al. (2015b). The tetraploid-consensus-2015
reported in Maccaferri et al. (2015a) was used to assign
polymorphisms to chromosomes and map positions.

Linkage disequilibrium (LD) among markers was calculated
in HaploView 4.2 software (Barrett et al., 2005), for each
chromosome of A and B genomes and only SNPs with known
position and with a minor allele frequency > 0.05 were
considered. LD decay pattern as a function of consensus genetic
distances was inspected considering squared allele frequency
correlation (r2) estimates obtained for all pairwise comparisons
among intra-chromosomal SNPs. Curve fit and distance at which

LD decays below r2 0.3 were used to define the confidence
intervals of QTLs detected in this study as already reported for
the same germplasm by Liu et al. (2017) using a custom script in
R following the methodology described in Rexroad and Vallejo
(2009) and in Maccaferri et al. (2015a).

Population structure was assessed in STRUCTURE software
2.3.4 (Pritchard et al., 2000) using a reduced subset of 2,382
markers pruned for r2 = 0.5 using the corresponding tagger
function in Haploview 4.2 (Barrett et al., 2005).

The model-based quantitative assessment of subpopulation
memberships of the accessions was carried out in STRUCTURE
using inferences based on molecular SNP data only.
STRUCTURE model included admixture and correlated allele
frequencies among subpopulations. 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. To estimate the sampling variance (robustness)
of population structure inference, five independent runs were
carried out for each k.

The rate of change in the logarithm of the probability
of likelihood [LnP(D)] value between successive k-values (1k
statistics, Evanno et al., 2005) together with the inspection
of the rate of variation (decline) in number of accessions
clearly attributed to subpopulations (no. of accessions with Q
membership’s coefficient ≥ 0.5 and ≥ 0.7) and meaningful
grouping based on pedigree and accessions’ passport data were
used to predict the optimal number of subpopulations. Finally,
to determinate the level of differentiation among subpopulations,
we considered the Fixation Index (Fst) among all possible
population pairwise combinations.

A maximum and optimal number of eight subpopulations
with accession memberships consistent with the known pedigree
and passport data was chosen for subsequent analysis and GWAS
results interpretation based upon the integrated analysis of (i) the
derivation of the variance of the maximum likelihood estimation
of themodel plotted vs. increasing k (1k, Evanno et al., 2005) and
(ii) analysis of pre-existing pedigree and passport information on
the accessions included in the panel which provides an estimation
of parentage among accessions. A kinship matrix of genetic
relationships among individual accessions of the durum panel
was calculated with all non-redundant SNPmarkers (7,723) using
the Haploview 4.2 tagger function set to r2 = 1.0. Kinship based
on Identity-by-State (IBS) among accessions was calculated in
TASSEL (Trait Analysis by aSSociation, Evolution and Linkage)
5.2.37.

Subsequently, 17,721 SNP markers with minor allele
frequency (MAF) > 0.05, imputed with LinkImpute (LDkNNi)
(Money et al., 2015) in TASSEL, were used in a GWAS of
NDVI, leaf chlorophyll content, leaf rolling and phenology
scores (Zadoks system) on 87 and 100 DAP. Marker-trait
association (GWAS) analysis was implemented in the software
package TASSEL 5.2.37 with a Mixed Linear Model (MLM; Yu
et al., 2006; Bradbury et al., 2007) which included either the
Kinship matrix (MLM-K) alone or STRUCTURE subpopulation
membership estimates plus Kinship plus (MLM-Q+K) as
random effect. Following Zhang et al. (2010), MLM was specified
as follows: y = Xβ + Zu + e, where y is the phenotype value,
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β is the fixed effect due to 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. Based on GWAS Q-Q (quantile-
quantile) plot results (Supplementary Figure 2), the MLM-K was
considered as the optimal model to control the P-value inflation
associated to population structure while the MLM-Q+K model
was noticed to lead to overcorrections. Thus, all GWAS analyses
were subsequently carried out based on the MLM-K model.
In addition, the allelic state of loci relevant for phenology
(PPD-A1, PPD-B1, FT-7A-indel, Rht-B1b, and VRN-A1) was
included as covariate in MLM analysis (Yu et al., 2006; Price
et al., 2010). These genes are associated with the most important
agronomic traits influencing NDVI and other drought-adaptive
traits. GWAS p-values and R2 effects were extracted and QTL
selection criteria was carried-out based on standard conditions
of significance: “highly significant” refers to P < 0.0001 and
“significant” refers to P < 0.001. The average genetic distance
at which LD decayed below r2 of 0.3, a threshold frequently
adopted in GWAS (Berger et al., 2013; Maccaferri et al., 2015a;
Liu et al., 2017), was used to select the QTL confidence Interval
(cM) in the association analysis in this study. By setting LD
r2 = 0.3, the corresponding inter-marker genetic distance was
3.0 cM as reported by Liu et al. (2017). Therefore, the confidence
interval of ±3.0 cM based on map positions of QTL tag-SNPs
was chosen. The proportion of variance for phenotypic traits
explained by selected SNPs was calculated with Minitab1 R© 18.

RESULTS

Population Structure and LD Decay of the
Elite Durum Panel
Out of the 17,721 polymorphic SNPs (minimum allele frequency
≥ 0.05) suitable for GWAS analysis, a representative reduced
set of 2,382 SNPs obtained after pruning for LD at r2 = 0.50
threshold was used to investigate the population structure of the
elite durum panel of 248 elite accessions. STRUCTURE analysis
indicated a strong population genetic structure, as reported in
previous analyses of this durum wheat germplasm, using SSR,
DArT, and SNP markers (Maccaferri et al., 2011; Letta et al.,
2013; Liu et al., 2017). The number of optimal k subpopulations
ranged fromfive to eight.With k= 8, 155 accessions (62.5%)were
clearly grouped into one of the eight main gene pools (Figure 1)
at a Qmembership coefficient≥0.5, while the remaining 93 were
considered as admixed.

Subgroup S1 corresponded to native Mediterranean and
North African germplasm. Subgroup S2 included germplasm
specifically bred for dryland areas at ICARDA (Syria) from
the early 1970s. Subgroup S3 included Spanish and Moroccan
cultivars from early 1970s, and CIMMYT and ICARDA
selections for temperate areas. Subgroup S4 mostly included
ICARDA high-yielding lines/cultivars for temperate areas and
contemporary (1970s) Italian accessions obtained from cv. Creso,
an important Italian founder also related to CIMMYT materials.

1Minitab Statistical Software release 9. Minitab Inc., 3081 Enterprise Drive, State

College, PA 16801-3008.

Subgroup S5 included accessions derived from widely adapted
(photoperiod insensitive) CIMMYT germplasm released in the
late 1970s to early 1980s. Subgroup S6 included accessions
from the mid-1970s breeding program in Italy (Valnova group)
while subgroup S7 included accessions from the high-yielding
CIMMYT germplasm released in the late 1980s to early 1990s
(founders Altar84 and Gallareta).Finally, subgroup S8 included
40 accessions from North Dakota (USA), Canada, France and
Australia (Supplementary Table 3).

The division into eight subpopulations was supported by
pairwise comparisons among and within subgroups based on the
Fixation Index (Fst) which provides a measure of subpopulation
diversity (Supplementary Table 4) and by Neighbor Joining tree
(Saitou and Nei, 1987; Figure 1). High genetic diversity was
detected between the old Italian cultivars (S1) and the French,
North American, Canadian and Australian cultivars (S8), while
a considerable admixture among subgroups characterized the
ICARDA, CIMMYT, and Italian groups. As a further note, only a
relatively small portion of the molecular variation was accounted
for by the origin of the accessions, as expected based on the high
exchange rate of germplasm among breeding programs.

Quantitative Trait Variation in Relation to
Population Genetic Structure
Multiple linear regression was performed to estimate the
impact of genetic population structure on the phenotypic traits
(Supplementary Table 5). The R2-values ranged from 0.02 to 0.11
for NDVI-UAV-Sequoia scores and from 0.08 to 0.09 for NDVI-
tractor-GreenSeeker scores. R2 for SPAD was higher (R2 = 0.17),
reflecting the selection for high flag leaf chlorophyll content
in more recent germplasm groups such as S7, while R2-values
for leaf rolling and dry biomass were equal to 0.09 and 0.08,
respectively. Figure 2 shows violin-plot distributions in relation
to the eight subpopulations.

Although multiple regression showed a limited relationship
between population structure and NDVI, violin plots and
median values based on the eight subgroups evidenced trends
for increased NDVI and, even more pronounced, for SPAD
from the oldest subgroups (S1-S2-S3) to the most recently
improved groups S5-S6-S7. Notably, subgroup S8 showed the
widest within-group variation for NDVI and SPAD-values, as
expected based on the concomitant presence within the same
genetically highly homogeneous group of conventional plant
height accessions from the Northern Plains of the US and Canada
and semidwarf (RhtB1b) accessions from France and Austria.

NDVI From UAV-Sequoia, UAV-Rededge,
and Ground-Based Greenseeker Sensors
NDVI measurements from the aerial platforms included data
from the Sequoia-sensor on four DAP associated with differing
growing stages (GS), and from the RedEdge sensor on two DAP,
the first of which coincided with the last measurement with
the Sequoia. Phenotypic distributions approximated normality
for both traits (Figure 3). Repeatability (h2) values for NDVI
were mostly high for both UAV-Sequoia (from 0.77 on 55
DAP to 0.89 on 83 DAP) and UAV-RedEdge (from 0.80 on
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FIGURE 1 | Bar Plot (A) and Neighbor Joining Tree (B) using STRUCTURE 2.3.4. for the eight durum wheat subpopulations (S1-S8) sorted by Q and relative genetic

distance.

FIGURE 2 | Violin-plot distributions for the eight durum wheat subpopulations (S1-S8) related to NDVI-UAV-Sequoia at 91 DAP (A), NDVI-tractor-GreenSeeker at 94

DAP (B), leaf chlorophyll content (SPAD) at 101 DAP (C), leaf rolling at 99 DAP (D), and dry biomass (ton/ha) at 105 DAP (E).

91 DAP to 0.89 on 98 DAP) and medium-high for ground-
based GreenSeeker (from 0.61 on 58 DAP to 0.67.5 on 94
DAP).

NDVI-UAV-Sequoia mean values progressively increased

during the time interval from 13 February (55 DAP) (NDVI
from 0.40 to 0.63) to 21 March (91 DAP) (NDVI from 0.84

to 0.91). NDVI reached the highest mean value (0.87) at 21

March (91 DAP), the last measurement. NDVI-UAV-RedEdge
measurements averaged 0.82 at 21 March (91 DAP) (comparable

to NDVI-UAV-Sequoia) while at 29 March (98 DAP) the mean
value decreased to 0.77. Summary statistics are reported in
Table 2.

The NDVI data collected with the GreenSeeker showed
distributions with lower mean values compared to the UAV-
derived data and, most importantly, reached the plateau already
at 6 March (76 DAP) (Figure 3). Similarly to NDVI-UAV-
Sequoia, the mean values progressively increased from 16
February to 24 March (55 DAP to 91 DAP). NDVI on 58 DAP
averaged 0.36 and on 76 DAP reached 0.64, considered as the
plateau for this platform (Figure 4). Table 3 reports Pearson’s

correlation coefficients among NDVI consecutive measurements,
separately for UAV-Sequoia and tractor-GreenSeeker sensors.

Correlations reached medium to high values only for
measurements taken at consecutive DAP, and were lower for
non-consecutive DAP. Table 4 shows the correlations between
UAV-Sequoia and tractor-GreenSeeker at comparable DAP. The
correlations were all highly significant and ranged from 0.42
to 0.61 (P < 0.01), with the latter observed for the two
measurements taken on 91 and 94 DAP.

Leaf Chlorophyll Content (SPAD), Leaf
Rolling (LR), Soil Moisture, RWC, and Dry
Biomass
Leaf chlorophyll content (SPAD) and leaf rolling (LR) as assessed
under terminal drought stress conditions showed a normal
distribution (Supplementary Figure 3). SPAD measurements
ranged from 35.3 to 53.7 with an average of 46.0 while leaf rolling
had an average of 4.45. Repeatability values were equal to 0.88
for SPAD, 0.40 for LR and 0.64 for dry biomass (Table 2). RWC
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FIGURE 3 | Normal distribution curves and Pearson correlation coefficients for NDVI data from tractor-GreenSeeker (A) and UAV-Sequoia (B) at four different times.

***P < 0.0001, *0.001< P <0.01.

results show that the cessation of irrigation on March 16 resulted
in progressively lower leaf RWC for the four tested varieties
(Supplementary Figure 4). In addition, soil moisture data on
volumetric basis ranged from 7.1 to 13.8% indicating high levels
of drought stress.

Dry biomass showed a normal distribution with an average
of 2.61 ton ha−1. A positive correlation was observed between
dry biomass and NDVI from aerial and tractor platforms
with Pearson correlation coefficients ranging from 0.32 (91
and 94 DAP) to 0.53 (83 and 84 DAP) (Supplementary
Figure 5).

Effect of Phenology-Relevant Loci on NDVI
Association testswere performed to investigate the effect of
known phenology-relevant loci on the target traits (records of
phenological stage and NDVI repeated measurements) (Table 5).
PPD-A1 had the strongest effect on phenology score, followed

by FT-7A and PPD-B1. The photoperiod sensitive allele PPD-
A1-452 (Bentley et al., 2011), against all photoperiod-sensitive
alleles had the strongest effects on phenology-score and NDVI
measurements with –Log P-values equal to 9.69 and 12.16 for the
two phenological scores and –Log P-values ranging from 2.46 to
7.52 for ground-based NDVI. The photoperiod-insensitive allele
PPD-A1-380 showed only a mildly significant effect compared to
the insensitive allele PPD-A1-452. Also FT-7A showed significant
effects on phenological scores and on both UAV- and ground-
based NDVI on 91, 94, and 98 DAP. PPD-B1 showed mild effects
on phenology scores only, while VRN-A1 had no effect on any of
the drought-adaptive traits. In addition, Rht-B1b had a significant
effect on dry biomass with –Log P-value equal to 3.14. The
phenology-relevant loci did not affect the manually scored SPAD.
Based on these results, the loci relevant for phenology/plant
development were used as covariates in GWAS analysis for NDVI
traits.
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TABLE 2 | Summary statistics for Normalized Difference Vegetation Index (NDVI),

leaf chlorophyll content (SPAD), phenology score (PHENO-score 1 and

PHENO-score 2), leaf rolling (LR), and dry biomass on different days after planting

(DAP) in a panel of 248 durum wheat elite advanced lines and cultivars from

worldwide.

Trait DAP Range Mean St. dev. h2(%)

NDVI-UAV

(Sequoia)

55 0.40–0.63 0.54 0.012 77.2

77 0.66–0.81 0.74 0.029 83.9

83 0.64–0.79 0.71 0.026 88.5

91 0.84–0.91 0.87 0.032 87.3

NDVI-tractor

(GreenSeeker)

58 0.30–0.42 0.36 0.025 61.1

76 0.54–0.70 0.64 0.022 66.3

84 0.63–0.75 0.69 0.028 66.9

94 0.58–0.73 0.66 0.023 67.5

NDVI-UAV

(RedEdge)

91 0.78–0.87 0.82 0.016 80.0

98 0.64–0.84 0.77 0.029 88.6

Leaf cholorophyll

content (SPAD)

101 35.3–53.65 45.9 3.04 87.5

PHENO-score 1 87 37.00–51.50 43.06 3.99 66.2

PHENO-score 2 100 37.00–75.00 59.49 10.3 69.3

Leaf rolling (LR) 99 1.00–8.00 4.45 1.44 40.4

Dry biomass

(ton/ha)

105 1.9–3.7 2.6 0.29 63.5

GWAS for NDVI, Dry Biomass, Leaf
Chlorophyll Content (SPAD), Leaf Rolling,
and Phenology Score
A total of 55 single NDVI QTLs were detected for the
UAV-Sequoia platform on 55, 77, 83 and 91 DAP (detailed
results reported in Supplementary Table 6), while for the
similar DAP (58, 76, 84, and 94) the tractor-mounted platform
identified 41 QTLs, about 25% fewer than with the UAV
platform (Supplementary Tables 6, 7). In total, 28 QTLs were
identified exclusively with the UAV-Sequoia platform while 15
QTLs were uniquely detected the tractor-mounted platform.
When overlapping QTLs across platforms and GSs were
considered as single identities, a total of 46 unique NDVI QTLs
were identified (Supplementary Table 12). MLM-Q+K analysis
detected 17 out of 46 unique NDVI QTLs on chromosomes
1A, 1B, 2B, 4A, 4B, 5A, 6A, 6B and 7A (Supplementary
Table 13).

As to NDVI-UAV-Sequoia, the global R2 of multiple QTL
models ranged from 24.2% on 77 DAP (6 QTLs) to 89.6% on 91
DAP (22 QTLs), as shown in Supplementary Table 6. For NDVI-
tractor-GreenSeeker at the same growth stages, the global R2 of
multiple QTL models ranged from 15.1% on 76 DAP (11 QTLs)
to 64.7% on 94 DAP (16 QTLs). Notably, 19 of the 46 unique
NDVI QTLs were consistently detected by both Sequoia-UAV
and tractor-mounted platforms (41.30%, Supplementary Table
8). A common feature of both platforms was that the number
of detectable NDVI QTLs and the global R2 of multiple QTL
models sharply increased from 55–77 DAP (14 QTLs for UAV-
Sequoia and 9 QTLs for tractor-GreenSeeker) to 76–94 DAP (41
QTLs for UAV-Sequoia and 32 QTLs for tractor-GreenSeeker),

in coincidence with and/or after anthesis. Twelve QTLs (52%
of all 23 QTLs) were detected by both platforms for 55–77
DAP and 41 of 73 NDVI QTLs (56%) were detected at 76–94
DAP.

As expected from the medium to low correlation value,
NDVI QTLs were detected at each of the four DAP herein
considered. Specific QTLs were found particularly on 76–77
DAP and 91–94 DAP. Table 6 reports the QTLs, commonly
detected over at least two of the following inter-related
traits: NDVI-UAV-Sequoia, NDVI-tractor-GreenSeeker, leaf
chlorophyll content (SPAD), and dry biomass. A strong per
se QTL influencing all eight NDVI measurements, SPAD and
dry biomass was identified on chromosome 2B (QNDVI.ubo-
2B.1), positioned at 5.9 cM on the tetraploid consensus map
of Maccaferri et al. (2015a). R2-values for this QTL were
5.38% for NDVI-UAV-Sequoia (91 DAP), 6.29% for SPAD,
and 5.67% for dry biomass. Importantly, the confidence
interval of this QTL did not overlap with that of PPD-B1
(mapped at 51.3 cM on chromosome 2B of the consensus
map) and can thus be considered as a valuable constitutive
per se QTL affecting NDVI from the vegetative stage under
well-watered conditions up to late-milk grain filling under
water-deficit conditions. Additional QTLs consistently detected
for NDVI, SPAD and dry biomass mapped on chromosomes
4A and 4B (QNDVI.ubo-4A.2 and QNDVI.ubo-4B.1), with
the latter closely mapping to the well-known RhtB1b locus.
At least nine additional QTLs on chromosomes 1A, 2B,
3A, 4B, 5B, 6B, 7A, and 7B (QNDVI.ubo-1A.1, QNDVI.ubo-
2B.1, QNDVI.ubo-2B.4, QNDVI.ubo-3A.1, QNDVI.ubo-4B.1,
QNDVI.ubo-5B.4, QNDVI.ubo-6B.6, QNDVI.ubo-7A.4, and
QNDVI.ubo-7B.1) affected NDVI concomitantly with both
SPAD and dry biomass (chr. 1A, 2B, 4B, 5B, 6B, and 7B) or
dry biomass only (chr. 2B, 3A, and 7A), suggesting that these
QTLs affected biomass accumulation during the fast-growing
stage or during the remobilization/translocation phases. In all
cases, eight out of nine QTLs had no effects on phenology,
hence suggesting per se effects on NDVI unrelated to growth
stage.

Additionally, QTLs showed concurrent effects on NDVI
(Table 7), and SPAD as well. However, for these QTLs no
significant effects were detected on dry biomass, suggesting
a prevalence of effects on chlorophyll content and/or
senescence at the grain-filling stage without an appreciable
impact on total biomass. Examples of these NDVI QTLs
are QNDVI.ubo-1B.3,-2A.1,-2A.2,-3A.2,-3B.1, -3B.3,-3B.4,-
3B.5, -4A.1,-4A.2,-4B.2, -5B.1,-5B.3,-7A.2, and -7B.4. Several
QTLs affected only a single NDVI measurement and were
therefore considered of marginal interest. UAV-RedEdge
platform on 91 and 98 DAP identified 45 single QTLs for
NDVI (Supplementary Table 9). A major per se NDVI locus
(QNDVI.ubo-6B.5), not detectable by SPAD, was detected on
91 DAP (R2 = 8.43%) and on 98 DAP (R2 = 6.71%). However,
this QTL was then ascertained to be coincident with a QTL
for visual leaf rolling. The UAV-based platforms identified
13 common NDVI QTLs out of the 22 that were detected
with at least one of the UAV-based platforms (Supplementary
Table 9).
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FIGURE 4 | Histograms for NDVI-UAV-Sequoia (A), NDVI-tractor-GreenSeeker (B), and NDVI-UAV-RedEdge (C) at different days after planting (DAP).

TABLE 3 | Broad-sense heritability and Pearson correlation coefficient for NDVI by

UAV-Sequoia and tractor-GreenSeeker platforms on different days after planting

(DAP).

NDVI-UAV-Sequoia h2(%) 55 77 83 91

55 77.2 1 – – –

77 83.2 0.747*** 1 – –

83 88.5 0.562*** 0.859*** 1 –

91 87.3 0.291*** 0.555*** 0.782*** 1

NDVI-Tractor-GreenSeeker h2(%) 58 76 84 94

58 61.1 1 – – –

76 66.3 0.661*** 1 – –

84 66.9 0.535*** 0.869*** 1 –

94 67.5 0.142* 0.415*** 0.590*** 1

***P <0.001, *0.01< P <0.05.

Most of the NDVI-QTLs were detected from 76 to 94
DAP, with 12 out of 19 QTLs common to UAV- and tractor-
mounted platforms, in contrast to only 3 QTLs detected on
55–58 DAP. As reported in Table 6, R2 of multiple QTL
models for common NDVI QTLs showed a himasongher
percentage of explained variance (PEV) for UAV-Sequoia than
for NDVI-tractor-GreenSeeker. PEV was 45.0% on 55 DAP
for UAV-Sequoia and considerably lower (15.4%) on 58 DAP
for tractor-GreenSeeker. UAV-Sequoia and tractor-GreenSeeker
showed a PEV of 59.5% (77 DAP) and 42.1% (76 DAP),

TABLE 4 | Pearson correlation coefficient for NDVI between UAV-Sequoia and

tractor-GreenSeeker platforms on different days after planting (DAP).

NDVI Tractor-GreenSeeker

DAP 58 76 84 94

UAV-Sequoia 55 0.506*** 0.469*** 0.384*** 0.189**

77 0.467*** 0.507*** 0.376*** 0.243***

83 0.357*** 0.435*** 0.423*** 0.383***

91 0.105*** 0.219** 0.397*** 0.614***

***P < 0.001, **0.001< P <0.01.

respectively, while PEV was 89.6% (91 DAP) and 64.7% (94
DAP), respectively. In addition, PEV was equal to 73.9 and 91.8%
for NDVI-UAV-RedEdge on 91 and 98 DAP, respectively.

A total of 39 significant QTLs were detected for SPAD,
particularly on chromosomes 1A (R2 = 9.7%), 3B (R2 = 6.8%),
5A (R2 =10.3%), 5B (R2 =8.0%), and 7A (R2 = 9.3%). Out of
the 39 SPAD-QTLs, a total of 22 loci (56%) overlapped between
SPAD and NDVI. Among these 22 loci, 19 were not related to
phenology. Selected SNPs associated to SPAD showed a very high
global R2 of 97.2% (Table 6), most likely overestimated due to
residual population structure effects not accounted for.

Leaf rolling (LR) was associated to nine significant QTLs with
one with the largest effect on chromosome 3A (R2 = 6.34%),
while selected SNPs associated to LR showed a global R2 of
36.0% (Supplementary Table 11). Co-localization was observed
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TABLE 5 | Significance and associated effect for major loci known to affect phenology and plant height PPD-A1-452 (sensitivity vs. insensitivity), PPD-A1-380/290

(insensitivity alleles), PPD-B1 (copy number variation polymorphism), Rht-B1 (RhtB1b semi-dwarfism allele) and FT-7A (indel in promoter region) on phenology score

(17.3.2017 and 30.3.2017), NDVI and dry biomass on different days after planting (DAP).

Traits DAP PPD-A1-452 PPD-A1-380/290 PPD-B1 Rht-B1 FT-7A

–Log P Effect –Log P Effect –Log P Effect –Log P Effect –Log P Effect

NDVI-UAV-Sequoia 91 6.40a −9ab 3.45 −9a

NDVI-tractor-GreenSeeker 76 2.99 20a

84 2.46 −9a 2.79 10a

94 7.52 −9a 4.11 −1a

NDVI-UAV-RedEdge 91 3.08 −7a

98 6.11 −21a 3.31 −1a

PHENO-score1 87 12.16 8.65 2.76 2.05 6.15 2.71

PHENO-score2 100 9.69 3.79 2.12 3.57 2.56 8.65 6.78 7.46

Dry biomass 105 3.14 0.24

aGWAS significance P < 0.0001 (corresponding to Bonferroni P 0.05 multiple test significance threshold) correspond to a bold underlined font, 0.0001 < P < 0.001 to a bold font and

0.001 < P <0.01 to a regular font; bEffect: a = E−03.

for LR and NDVI at QNDVI.ubo-5B.2 and QNDVI.ubo-6B.5.
In particular, the first locus was related to NDVI measured
with both UAV- and ground-mounted platforms under drought
stress. QNDVI.ubo-6B.5 was even more interesting as it was
strongly associated to NDVI signals from all three platforms and
to LR but not SPAD nor biomass. In addition, LR co-mapped
with leaf chlorophyll content (SPAD) measured on 101 DAP on
chromosome 2B.

GWAS for dry biomass identified 19 significant QTLs
(Supplementary Table 11) with the strongest effects shown by
those on chromosomes 2B (R2 = 6.3%), 4B (R2 = 6.5%), 6A
(R2 = 7.2%), and 7B (R2 = 6.4%). Nine of these QTLs were linked
to NDVI (47% of UAV-detected QTLs) with QNDVI.ubo-5A.3
(R2 = 5.8%) and QNDVI.ubo-5B.4 (R2 = 5.7%) only detected
with UAV-based platforms. Selected SNPs associated to dry
biomass QTLs accounted for 64% of the phenotypic variance.

The full QTL list for NDVI, dry biomass, leaf chlorophyll
content (SPAD), LR and phenology scores is available in
Supplementary Tables 6, 7, 11. For comparative analysis
of our results with previously published work, all QTLs
identified in this study were positioned on the tetraploid-
consensus map assembled by Maccaferri et al. (2015a)
and are reported in Figure 5, including also NDVI QTLs
gathered from the literature, mainly identified in the
hexaploid wheat germplasm with hand-held portable
instruments such as the classic GreenSeeker. Notably, 23
of the 46 NDVI QTLs did not overlap with growth stage
QTLs, hence suggesting a prevalence of effects on a per se
basis.

Based on the results reported herein, eight QTL hotspots
for NDVI and/or chlorophyll content (SPAD), leaf rolling
(LR) and biomass unrelated to phenology were detected on
chromosomes 1A (QNDVI.ubo-1A.1), 1B (QNDVI.ubo-1B.3),
2B (QNDVI.ubo-2B.1), 4B (QNDVI.ubo-4B.1), 5B (QNDVI.ubo-
5B.1), 6B (QNDVI.ubo-6B.5 and QNDVI.ubo-6B.6), and 7B
(QNDVI.ubo-7B.1).

DISCUSSION

NDVI Measurements by UAV- and
Ground-Based Platforms
To our best knowledge, this study is the first to report on the use
of UAV-based NDVI remote sensing for GWAS analysis in crops
and to compare the results to those obtained using a ground-
based platform. We compared two UAV- and one ground-based
platforms to search for NDVI QTLs in a field trial first conducted
under well-watered conditions until flowering, then followed by
2 weeks of progressively increasing water-deficit conditions that
decreased leaf relative water content (RWC) to 53%. The rapid
decrease in RWC after stopping irrigation was consequent to
the high evaporative demand typical of the environment where
the field trial was conducted. During the time interval from
16 to 31 March when irrigation was terminated and plants
experienced an increasing water-deficit stress, the average mean
daily and average maximum temperatures were 20.9 and 29.7◦C,
respectively while the average reference daily evapotranspiration
using the standardized Penman-Monteith method was 5.41mm.

It is well known that NDVI devices/platforms show different
sensitivity features and, consequently, differ in their capacities
to discriminate genotypes, specifically depending on the crop
developmental stage and/or agronomic management (Marti
et al., 2007; Cabrera-Bosquet et al., 2011; Christopher et al.,
2016). Sensitivity of commonly used ground-based sensors
such as GreenSeeker is maximum at early growth stages and
then at the grain-filling/senescence stage while the sensitivity
of UAV-based sensors, particularly for GWAS-QTL analysis,
has not been assessed. Based on the known relationships of
NDVI (as an integrative measure) with chlorophyll content
and total plant/canopy biomass, a time-series of consecutive
NDVI measurements were cross-referenced with flag leaf relative
chlorophyll content (SPAD), leaf rolling and dry biomass data in
order to identify the growth stage when NDVI and its relevant
QTLs were most informative.
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TABLE 6 | NDVI GWAS-QTLs for UAV-Sequoia (DAP: 55, 77, 83, and 91) and Tractor-GreenSeeker platforms (DAP: 58, 76, 84, and 94), leaf chlorophyll content (SPAD)

(101 DAP) and dry biomass (105 DAP), commonly detected for at least two traits. QTL significance, tagging-marker R2-value and co-localization with previously known

NDVI QTLs are reported.

QTL Marker Position NDVI UAV-Sequoia NDVI Tractor-GreenSeeker SPAD Dry biomass NDVI QTL from

literature

cM1 55 77 83 91 58 76 84 94 101 105 QTL2

QNDVI.ubo-1A.1 IWB72019 59.7 4.93 4.6 4.74 3.92 5.03 5.13 e

QNDVI.ubo-1B.2 IWA8557 25.4 6.56 a,d

QNDVI.ubo-1B.3 IWA6917 67.6 5.99 6.99 6.99 7.07

QNDVI.ubo-2A.3 IWB8175 107.0 7.21 3.90

QNDVI.ubo-2B.1 IWB47560 5.9 3.41 4.53 4.82 5.38 5.35 2.69 5.24 5.37 6.29 5.67

QNDVI.ubo-2B.4 wPt-2929 170.6 5.35 6.08 6.3

QNDVI.ubo-3A.1 IWA5039 64.3 4.95 2.91 4.21 e,f

QNDVI.ubo-3B.1 IWB6062 2.4 4.84 6.84 e

QNDVI.ubo-3B.3 IWB8435 41.3 5.37 3.95 4.84

QNDVI.ubo-3B.4 IWB24050 147.2 4.86 8.45

QNDVI.ubo-3B.5 IWB22805 204.5 4.2 4.6 6.79 b

QNDVI.ubo-4A.1 IWB73476 22.2 7.83 4.63 b,f,g

QNDVI.ubo-4A.2 IWB60692 167.6 4.73 6.59 5.38 5.35 5.23 5.23 3.13

QNDVI.ubo-4B.1 IWB70795 2.8 8.01 5.02 4.48 4.79 5.25 5.11 4.34 b

QNDVI.ubo-4B.2 IWB56078 32.9 3.00 7.56 b,d

QNDVI.ubo-4B.3 IWB72120 92.9 5.98 4.15 6.63

QNDVI.ubo-5A.3 IWA3583 112.1 4.23 5.76

QNDVI.ubo-5B.1 IWB73979 14.7 5.89 5.00 5.72 b,d,e

QNDVI.ubo-5B.2 IWB59038 48.9 4.75 c,d

QNDVI.ubo-5B.3 IWB54773 93.9 4.79 f

QNDVI.ubo-5B.4 wPt-0498 109 5.35 3.2 5.67

QNDVI.ubo-6B.6 IWB45581 155.1 3.14 4.59 3.24 4.08 4.75 2.9

QNDVI.ubo-7A.2 IWB44791 59.8 2.61 4.21 5.78 e

QNDVI.ubo-7A.3 IWB58341 131.3 4.90 7.18 4.32 4.63

QNDVI.ubo-7A.4 IWB28063 181.8 3.30 4.37 5.73 6.91 4.61

Global QTL model (R2, %) - 45.0 24.2 59.5 89.6 15.4 15.1 42.1 64.7 97.2 64.0

The full list of GWAS-QTLs is reported in Supplementary Table 12. 1Chromosomes of QTL regions based on the tetraploid wheat consensus map (Maccaferri et al., 2015a); 2a: (Shi

et al., 2017); b: (Pinto et al., 2016); c: (Sukumaran et al., 2015); d: (Gao et al., 2015); e: (Li et al., 2014); f: (Bennett et al., 2012); g: (Pinto et al., 2010); 3Tagging-marker R2-values are

reported. GWAS significance P < 0.0001 (corresponding to Bonferroni P 0.05 multiple test significance threshold) correspond to a bold underlined font, 0.0001 < P <0.001 to a bold

font and 0.001 < P <0.01 to a regular font.

When compared to the two UAV-based platforms, NDVI-
values collected with the ground-based platform plateaued earlier
from 76 to 84 DAP, indicating its lower capacity to monitor
plant biomass accumulation and leaf greenness during the
reproductive stage of the wheat growth cycle. Additionally, UAV-
mounted platforms allowed us to measure hundreds of plots
in very short time, hence minimizing the confounding effects
due to time-related environmental variation, which inevitably
affect the results of studies conducted with ground-based
platforms (Haghighattalab et al., 2016). Whether differences
between the ground-based platform and UAV-based platforms
are due to the means of locomotion or the nature of the
sensors employed, they could not be assessed with these
data.

NDVI has long been recognized for its ability to estimate crop
biomass and grain yield (Lewis et al., 1998; Araus et al., 2001;
Chuvieco Salinero, 2002) and this correlation becomes stronger

when estimated with UAV platforms (Kyratzis et al., 2015). In our
study, the two UAV-based platforms showed a markedly higher
repeatability for NDVI measurements as compared to those
collected with the ground-based platform. High repeatability,
hence heritability, is critical to effectively identify and eventually
clone QTLs (Tuberosa, 2012). Therefore, from a methodological
perspective on the use of the aerial vs. ground-based HTPPs
to detect QTL for NDVI, our results show the increased ability
of the former, particularly under terminal drought stress, as
shown by the considerably higher number of QTLs and overall
R2-values detected with the UAV-based platforms. Accordingly,
a recent study conducted in barley grown under 10 different
nitrogen treatments has also shown an increased sensitivity of
aerial vs. ground-based platforms to measure NDVI using RGB
(conventional digital cameras), multispectral and thermal aerial
imagery in combination with a matching suite of ground sensors
(Kefauver et al., 2017). The relative benefits and comparison
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TABLE 7 | Highly-significant GWAS-QTLs for NDVI (P < 0.0001) from UAV-RedEdge (DAP: 91 and 98), UAV-Sequoia (DAP: 55, 77, 83, and 91) and tractor-GreenSeeker

(DAP: 58, 76, 84, and 94).

Platform DAP QTL Marker Chr. Position (cM)1 CI (cM) Alleles Effect –Log P R2 (%)

UAV-Sequoia 55 QNDVI.ubo-4B.1 IWB70795 4B 7.95 4.95-10.95 A/G3 9.9c2 4.89 8.01

77 QNDVI.ubo-4B.1 IWB70795 4B 16 13-19 A/G −6.2a 4.15 5.02

83 QNDVI.ubo-7A.3 IWB58341 7A 124.1 121.1-127.1 A/G −1.5b 4.57 7.18

91 QNDVI.ubo-1B.3 IWA6917 1B 58.5 55.5-61.5 A/G −5.9a 4.90 6.99

QNDVI.ubo-2A.1 IWB34575 2A 46.6 43.6-49.6 A/G 0.09 4.43 7.21

UAV-RedEdge 91 QNDVI.ubo-1B.3 IWB31673 1B 59.1 56.1-62.1 C/T −1.2b 4.07 5.89

QNDVI.ubo-6B.5 IWB71546 6B 94.8 91.8-97.8 A/G −1.5b 5.53 8.43

QNDVI.ubo-7A.4 IWB28063 7A 181.8 178.8-184.8 A/G 0.01 4.62 6.83

98 QNDVI.ubo-1B.2 IWB8612 1B 43.6 40.6–46.6 G/T 0.02 4.98 6.61

QNDVI.ubo-3B.3 IWB1757 3B 32 29–35 A/C −2.1b 4.89 6.47

QNDVI.ubo-6B.5 IWB71546 6B 94.8 91.8–97.8 A/G −2.3b 5.05 6.71

Tractor 58 QNDVI.ubo-7A.4 IWA8393 7A 183.2 180.2–186.2 C/T 0.03 4.11 6.91

76 QNDVI.ubo-2B.1 IWB47560 2B 5.9 2.9–8.9 C/T 0.02 4.45 2.69

84 QNDVI.ubo-2B.1 IWB47560 2B 5.9 2.9–8.9 C/T 0.01 4.29 5.24

94 QNDVI.ubo-4A.2 wPt-3449 4A 161.5 158.5–164.5 A/T 0.01 5.35 4.25

QTL regions were defined based on a confidence interval of ±3.0 cM from the map positions of the QTL tagging-SNPs. 1Chromosomes of QTL regions based on the tetraploid wheat

consensus map (Maccaferri et al., 2015a); 2Allele effect: a = E+01, b = E+02, and c = E−04; 3The estimate of the effect is referred to the allele highlighted in bold.

of UAV- and ground-based platforms remain to be empirically
evaluated for other phenotypic variables beyond NDVI.

Notably, the NDVI measurements from UAV-RedEdge on 91
DAP showed a decrease in NDVI average values under water
shortage, most likely consequent to the cumulative effects of
senescence and drought stress severity. As reported by Peters
et al. (2002), NDVI can indicate vegetation response to water
stress and could be used as a proxy to evaluate drought effects
(Kyratzis et al., 2015; Liu et al., 2016).

GWAS Analysis for NDVI and Other
Drought-Adaptive Traits
It is known that spectrometers to measure NDVI and other
vegetative indexes show different sensitivities. Consequently,
sensors/platforms are also characterized by different capacity to
discriminate among genotypes, depending on the developmental
stage and/or agronomic management. In wheat, sensitivity
of commonly used ground-based active sensors such as
GreenSeeker is maximum at early growth stages while
progressively decreasing approaching heading/anthesis (canopy
closure) and then increasing again with the onset of the
grain-filling/senescence phase (Marti et al., 2007; Christopher
et al., 2016). While several GWAS studies have reported on
the dissection of genetic inheritance of NDVI data collected
with traditional ground-based sensors (as detailed below), no
specific study has so far addressed the effectiveness of UAV-based
sensors in providing NDVI scores suitable for QTL discovery.
In our study, the UAV-based (Sequoia) NDVI data allowed for
the identification of a considerably larger number (58%) of
NDVI QTLs as compared to the ground-based platform (42%).
Moreover, the use of the UAV-based platforms allowed us to
increase the level of QTL significance and repeatability across
growth stages. As expected, grain-filling stages appeared the most
valuable for detecting NDVI-related genetic differences among

genotypes (61.2% of which were identified at the grain-filling
stage) in response to the progressive onset of senescence and
drought stress related to the water-shortage treatment. Along
this line, breeding strategies for enhancing drought tolerance
are increasingly adopting remote-sensing of NDVI and other
spectral technologies (Monneveux et al., 2012; Araus and Cairns,
2014; Ramya et al., 2016; Trapp et al., 2017).

Two main loci identified on chromosomes 2A (R2 from 6.40
to 7.21%) and 6B (R2 from 6.13 to 8.43%) were associated to
NDVI QTLs as per UAV-based (Sequoia and RedEdge sensors)
data during the water-stressed treatment (Supplementary Table
10). Based on the known relationships of NDVI (as integrative
measure) with chlorophyll content and total plant biomass,
NDVI measurements were cross-referenced to leaf chlorophyll
content (SPAD) and dry biomass accumulation data. Among the
39 significant loci mapped for SPAD, 22 (56%) overlapped with
NDVI QTLs from aerial and ground-based platforms.

QTL Hotspots for NDVI and Other
Drought-Related Proxy Traits
The major loci known to influence photoperiod, vernalization,
flowering time, and plant height (Milner et al., 2016) significantly
affected phenology score, NDVI, leaf rolling and dry biomass.
In particular, PPD-A1 and FT-7A influenced phenology score,
UAV- and ground-based NDVI, especially under water-deficit
stress. The strong effect on phenology score and adaptation
of PPD-A1 allelic variants is well documented (Snape et al.,
2001) while the effects of variants at PPD-B1 (copy number
variation) and at FT-7A have been less explored. PPD-A1 (452-
bp allele) influenced UAV-based NDVI on 91 and 98 DAP as
well as ground-based NDVI on 84 and 94 DAP, while FT-7A
influenced UAV-based NDVI on 91 and 98 DAP as well as
NDVI-tractor-GreenSeeker on 94 DAP (Table 5). Accounting
for the effects (as covariates) of these major loci in the GWAS
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FIGURE 5 | Chromosome position on the durum consensus map (Maccaferri et al., 2015a) of (i) QTLs identified in this study, (ii) previously mapped NDVI QTLs and (iii)

main genes for phenology. NDVI QTLs significant for UAV-Sequoia are highlighted with a dark-green vertical bar, NDVI QTLs significant for UAV-RedEdge with a

light-green bar, NDVI QTLs significant for tractor-GreenSeeker with a green-bar. QTLs highlighted with a yellow bar were significant for dry biomass, QTLs with a blue

bar are significant for SPAD, QTLs with a red bar were significant for leaf rolling (LR) and QTLs indicated with an orange bar (shown directly on the chromosomes) are

significant for phenology score. Black vertical bars indicate NDVI QTLs identified from the literature. Horizontal gray-dotted lines indicate the QTL peak positions.

mixed model allowed us to markedly increase the power of QTL
detection while providing more accurate estimates of their effects
and identifying QTLs influencing drought-adaptive traits on a
per se basis. After covariance analysis based on the molecular
genotypes of accessions at the major PPD, VRN, and FT loci, six
QTLs were still found to influence both NDVI and phenology
score (Zadoks system). This notwithstanding, our study also
highlighted the presence of eight hotspot QTLs affecting NDVI
and/or chlorophyll content (SPAD), leaf rolling (LR), biomass
and/or visual response to water shortage independently from
phenology, further supported by co-location with NDVI QTLs
reported in bread wheat.

The leaves of many important cereal crops (maize, rice,
sorghum, and wheat) show a tendency to roll up into a cylinder in
response to drought conditions and then unroll when leaf water
balance improves (Sirault et al., 2015). Apart frommutant genetic
stocks showing a constitutively high leaf rolling (LR), this trait
in cultivated wheat germplasm is associated with leaf water loss
and thus provides a proxy of drought stress over a certain degree
of relative water loss. In this regard, the negative relationship

observed between NDVI and LR, particularly evident with
subgroup S1 (ancient Italian accessions) which showed the lowest
NDVI (98 DAP) and the highest LR-values, suggests that modern
durum wheat varieties for Mediterranean countries have been
selected for both enhanced chlorophyll content and improved
drought-response.

Comparative Analysis With Other QTL
Studies in Wheat
Although recent studies have identified significant NDVI QTLs
in cereals (Pinto et al., 2010, 2016; Bennett et al., 2012; Li et al.,
2014; Gao et al., 2015; Sukumaran et al., 2015; Shi et al., 2017;
Figure 5), none of these studies deployed UAV-mounted cameras
to collect multi-spectral images.

Among the five NDVI QTLs detected by Pinto et al. (2010)
in elite Seri/Babax recombinant inbred lines (RILs) at vegetative
and grain-filling stages, two overlapped with our QTLs on
chromosomes 1B and 4A for ground-basedNDVI.More recently,
Pinto et al. (2016) detected the major QTL for NDVI at the
vegetative stage in Seri/Babax wheat mapping population on
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chromosome 1B and other NDVI loci on chromosomes 1A, 2A,
4A, 5B, and 7A, all of which overlapped with each locus of this
study, except for the QTL on chromosome 2A.

In particular, the NDVI QTL on chromosome 1B is of great
interest, since it showed the highest LOD score and percentage
explained variance (PEV) in Seri/Babax (Pinto et al., 2016) and it
has been consistently detected across three NDVI phenotyping
methods in our experiment, within a coincident confidence
interval of <10 cM. Most notably, this QTL did not affect
phenology. Therefore, this chromosome region represents an
important hotspot for NDVI and leaf greenness and is a good
candidate for marker-assisted selection as well as positional
cloning (Salvi and Tuberosa, 2015). Studying the inheritance
of this region in tetraploid wheat and eventually cloning the
underlining functional polymorphism would also be a good
complement toward the dissection of drought-adaptive traits in
hexaploid wheat, in view of the simplified genetics of tetraploid
wheats and, particularly, the recent assembly of a high-quality
assembly in emmer wheat (T. turgidum ssp. dicoccum Schrank;
Avni et al., 2017), the tetraploid progenitor of both durum and
bread wheat.

Bennett et al. (2012) identified four significant loci for NDVI
in RAC875/Kukri doubled-haploid population under heat and
drought treatments and two of those overlapped with our QTLs
for UAV-based NDVI on chromosomes 2B and 5B. Gao et al.
(2015) reported NDVI QTLs in the Chinese Wheat Cross Zhou
8425b/Chinese Spring at anthesis and at 10 days post-anthesis,
eight of which co-mapped with NDVI QTLs detected in this
study and, in particular, a strong overlapping was identified on
chromosomes 3B and 5B. Additionally, Li et al. (2014) detected
NDVI QTLs in bread wheat (Jingdong 8/Aikang 5) overlapping
with QTLs on chromosomes 1A, 3A, 3B, 5B, and 7A also
identified in the present work. Additionally, according to the
markers shared with the tetraploid consensus map (Maccaferri
et al., 2015a), two significant NDVI QTLs were identified on
chromosomes 1B and 5B at 13 and 7 cM, respectively, from
the QTLs previously identified by Sukumaran et al. (2015) for
NDVI at vegetative and grain-filling stages using GreenSeeker
portable sensors on spring hexaploid wheat lines. According
to Kyratzis et al. (2017), there is a close association between
NDVI and leaf/canopy greenness in durum wheat. Moreover,
SPAD provides an estimation of grain yield (Islam et al., 2014;
Monostori et al., 2016) and grain protein concentration (Le
Bail et al., 2005). As reported by Kyratzis et al. (2015), NDVI
represents also a proxy for biomass and the efficient application
of this technology in large breeding programs has become the
next challenge. We identified 19 significant GWAS QTLs for dry
biomass, nine of which (47.3%) co-mapped with NDVI from
both aerial and ground-based platforms, hence confirming the
usefulness of this vegetation index for predicting final wheat
biomass (Marti et al., 2007; Pantazi et al., 2016). Notably, nine
of these loci on chromosomes 1B, 2B, 3B, 4B, 6A, 6B, and 7B
overlapped with QTLs for field thousand grain weight (TGW)
and/or grain yield (GY) from data published in Maccaferri
et al. (2011) and reanalyzed for GWAS based on the same SNP
platform (Maccaferri et al., 2016) considered herein. In addition
QNDVI.ubo.5A.3 and QNDVI.ubo.5B.4 were linked to both dry

biomass and NDVI captured only from aerial platforms with a
R2 of 5.76 and 5.67%, respectively (Table 6). Among the four
main QTLs mapped for LR on chromosomes 1B, 3A, 3B, and
6B, the last one overlapped with the LR QTL reported by Peleg
et al. (2009) in durum wheat× wild emmer RIL evaluated under
drought stress.

In summary, eight QTL hotspots for NDVI and/or chlorophyll
content (SPAD), leaf rolling (LR) and biomass unrelated to
phenology were detected on chromosomes 1A (QNDVI.ubo-
1A.1), 1B (QNDVI.ubo-1B.3), 2B (QNDVI.ubo-2B.1), 4B
(QNDVI.ubo-4B.1), 5B (QNDVI.ubo-5B.1), 6B (QNDVI.ubo-6B.5
and QNDVI.ubo-6B.6) and 7B (QNDVI.ubo-7B.1). Notably,
QNDVI.ubo-2B.1, QNDVI.ubo-4B.1 and QNDVI.ubo-6B.6
overlapped with QTLs for TGW and/or GY (Maccaferri et al.,
2016).

CONCLUSIONS

This study compared NDVI field phenotyping based on the
emerging UAV-based platforms vs. the standard ground-based
methods targeting an elite durum wheat collection suitable for
GWAS analysis and representative of global durum breeding.
The results reported herein demonstrated the great potential
and effectiveness of both fixed-wing and multi-rotor UAV-
based platforms to gather rapid, precise, and detailed NDVI
measurements, which in turn considerably improved trait
repeatability estimates, QTL identification and considerably
increasing the portion of phenotypic variation accounted for by
the multiple-QTL models. NDVI phenotypes and NDVI QTLs
were cross-referenced by parallel leaf greenness (SPAD) and
final biomass evaluation. The durum panel proved informative
for the identification of QTLs for NDVI, SPAD, LR, and
biomass. Strong effect NDVI QTLs were consistently detected
across phenotyping platforms, with concomitant QTL effects
on SPAD, LR and/or biomass. One major per se NDVI QTL
detected on chromosome 1B (QNDVI.ubo-1B.4) across the three
NDVI phenotyping platforms and for SPAD co-mapped in
a 10-cM interval with a major NDVI QTL described in the
CIMMYT spring hexaploid wheat germplasm. Therefore, this
QTL is worth considering for further characterization as well
as positional cloning. Moreover, three additional per se NDVI
QTLs were detected across measurements, consistently expressed
from the end of fast-growth stage on 91 DAP (QNDVI.ubo-
2B.1, QNDVI.ubo-4A.2 and QNDVI.ubo-4B.1) in addition to
several specific NDVI QTLs were also detected, particularly for
the grain-filling drought-stressed stages. Importantly, our results
demonstrate that UAV-based platforms allow phenotypic data to
be collected in high-throughput and with precision capable of
discerning genetic differences to facilitate the detection of QTLs
for drought-adaptive traits.
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Sweet pepper is among the most widely cultivated horticultural crops in the

Mediterranean basin, being frequently grown hydroponically under cover in combination

with CO2 fertilization and water conditions ranging from optimal to suboptimal. The aim

of this study is to develop a simple model, based on the analysis of plant stable isotopes

in their natural abundance, gas exchange traits and N concentration, to assess sweet

pepper growth. Plants were grown in a growth chamber for near 6 weeks. Two [CO2] (400

and 800 µmol mol−1), three water regimes (control and mild and moderate water stress)

and four genotypes were assayed. For each combination of genotype, [CO2] and water

regime five plants were evaluated. Water stress applied caused significant decreases

in water potential, net assimilation, stomatal conductance, intercellular to atmospheric

[CO2], and significant increases in water use efficiency, leaf chlorophyll content and

carbon isotope composition, while the relative water content, the osmotic potential and

the content of anthocyanins did change not under stress compared to control conditions

support this statement. Nevertheless, water regime affects plant growth via nitrogen

assimilation, which is associated with the transpiration stream, particularly at high [CO2],

while the lower N concentration caused by rising [CO2] is not associated with stomatal

closure. The stable isotope composition of carbon, oxygen, and nitrogen (δ13C, δ18O, and

δ
15N) in plant matter are affected not only by water regime but also by rising [CO2]. Thus,

δ
18O increased probably as response to decreases in transpiration, while the increase in

δ
15N may reflect not only a lower stomatal conductance but a higher nitrogen demand

in leaves or shifts in nitrogen metabolism associated with decreases in photorespiration.

The way that δ
13C explains differences in plant growth across water regimes within a

given [CO2], seems to be mediated through its direct relationship with N accumulation

in leaves. The changes in the profile and amount of amino acids caused by water stress

and high [CO2] support this conclusion. However, the results do not support the use of

δ
18O as an indicator of the effect of water regime on plant growth.

Keywords: [CO2], nitrogen, sweet pepper, photosynthesis, water stress, δ
13C, δ

15N, δ
18O
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INTRODUCTION

After tomato, sweet pepper is the second largest horticultural
product cultivated in the Mediterranean basin in terms
of area (del Amor, 2007). Moreover, a significant area is
devoted to its cultivation under cover (greenhouses of different
categories), and is frequently combined with the application
of CO2 fertilization (Piñero et al., 2016). Essentially, a high
CO2 concentration ([CO2]) stimulates photosynthesis and may
contribute to increasing productivity in greenhouses while
palliating environmental problems such as water stress or
high temperature. Nevertheless, plant responses to elevated
[CO2] may be affected in one or another way as a result
of photosynthetic acclimation (Long et al., 2004) or due to
differences in growing conditions such as water regime (O’Leary
et al., 2015). Thus, some degree of water stress may increase the
efficiency of water use, and at the same time positively affect the
quality of the final product (López-Marín et al., 2017). However,
the interaction of elevated [CO2] with water stress has not been
widely studied and there are studies supporting either the positive
or the negative effects of elevated [CO2] on water stress tolerance
(Medina et al., 2016). Exposure to elevated [CO2] may mitigate
the inhibition of photosynthesis under water stress and improve
water use efficiency by a positive synergistic effect of both factors
on stomatal closure, but can also stimulate oxidative stress and
not affect plant growth (Erice et al., 2007, 2014; Bencze et al.,
2014; Medina et al., 2016). In addition, plant size may limit the
direct physiological effects of elevated [CO2] (Xu et al., 2016).
Moreover, some studies indicated that this interaction is highly
dependent on the genotypic variability and the severity of water
stress (Erice et al., 2014; Medina et al., 2016; Xu et al., 2016).

Therefore, a better understanding of the interactions between
high [CO2] and water stress is important for predicting the
agricultural consequences of the expected increase in [CO2].
In the case of sweet pepper the genotypic performance and
the specific responses to the combinations of [CO2] and water
conditions have usually been monitored through photosynthetic
and transpirative gas exchange traits (Peñuelas et al., 1995; del
Amor et al., 2010). However, the use of methodologies that are
able to integrate physiological processes on a larger temporal
scale is an alternative that needs exploration. The analysis of
the natural abundances of stable isotopes in plant matter may
represent an alternative (Dawson et al., 2002; Araus et al., 2008)
that is worth exploring.

Carbon isotope composition (δ13C), frequently expressed
as discrimination (113C) against the surrounding air,
provides information on the effect of growing conditions
on photosynthetic carbon assimilation (Farquhar et al., 1982;
Condon et al., 1990). Plants discriminate against the heavier
carbon isotope (13C) during photosynthesis and the extent of
this discrimination depends on the ratio of the intercellular
vs. the atmospheric [CO2] (Ci/Ca) in photosynthetic organs
(Farquhar et al., 1982, 1989). Since the Ci/Ca ratio depends on
the balance between the photosynthetic activity and the stomatal
conductance (A/gs) of the plant (Farquhar et al., 1982, 1989;
Rebetzke et al., 2002; Condon et al., 2004), when analyzed in plant
dry matter 113C becomes a time-integrated indicator of the A/gs

ratio and therefore of water use efficiency of the plant (Farquhar
and Richards, 1984). Under drought stress, the 113C (or δ

13C)
is also a good predictor of stomatal conductance (Condon et al.,
2002) and of water input received by the crop (Araus et al., 2003).
For growing conditions where the water regime is not the main
environmental variable, it remains challenging to assess whether
variation in the carbon isotope signature is the result of changes
in intrinsic photosynthetic capacity or stomatal conductance
(Scheidegger et al., 2000; Farquhar et al., 2007). Due to this, the
analysis of the stable oxygen isotope signature in plants may
contribute toward understanding the nature of the changes in
δ
13C (Barbour and Farquhar, 2000).
The oxygen isotope composition (δ18O) in plant tissues can be

influenced by three main factors. The first factor is the isotopic
composition of the source water taken up by the plant (Roden
and Ehleringer, 1999). The second factor is the enrichment in
18O in the leaves due to evaporation in comparison to source
water (Pande et al., 1995). The third factor is the fractionation
of oxygen isotopes during biochemical reactions involved in the
synthesis of organic matter (Farquhar and Lloyd, 1993). Sugars
and other metabolites formed in leaves incorporate the leaf
water isotopic signal, which is then retained in structural organic
compounds, such as cellulose (Barbour, 2007; Gessler et al.,
2014). Stomatal conductance plays a crucial role in regulating
the water balance of the plant. Providing there is constancy in
the δ

18O of the water taken up by the plant, the δ
18O of plant

matter integrates evaporative conditions throughout the life cycle
of the plant, and this is largely unaffected by photosynthesis
(Barbour and Farquhar, 2000; Farquhar et al., 2007). Therefore,
δ
18O has been proposed for estimating stomatal conductance
and transpiration and thus plant water use in different species
(Barbour and Farquhar, 2000; Barbour et al., 2000; Sheshshayee
et al., 2005; Farquhar et al., 2007; Cabrera-Bosquet et al., 2009a,
2011; Cernusak et al., 2009a).

Nitrogen is the most growth-limiting nutrient element for
plants (Piñero et al., 2016). In fact, the nitrogen isotope
composition (δ15N) in plant matter is an indicator of the effect of
growing conditions on the nitrogenmetabolism of the plant, even
though a complete knowledge of the underlying biochemical
mechanisms is lacking (Cernusak et al., 2009b; Tcherkez, 2010;
Yousfi et al., 2012). The natural abundance of δ

15N has been
used in sweet pepper to assess the source of nitrogen fertilization
(Flores et al., 2007; del Amor and Navarro, 2008). However, to
the best of our knowledge, studies on the interactive effect of
[CO2] and water regime on the δ

15N and δ
18O of the plant are

scarce.
This study compared the δ

13C, δ
18O, and δ

15N, together
with N concentration, of the leaf dry matter of sweet pepper
plants growing under different [CO2] and water regimes. Further
the stable isotope signatures of these three elements were
correlated with plant growth. Moreover, gas exchange and
amino acid profiles were measured on similar leaves. The final
aim of this study is to produce a single conceptual model,
integrating different key physiological traits, that explains the
variability in sweet pepper biomass due to growing conditions
and genotypic variability. To that end, plants were grown
under hydroponic conditions at a relatively low light intensity
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and mild to moderate water stress, resembling the growing
conditions usually experienced, in a mild Mediterranean climate,
by sweet pepper plants within commercial plastic/polycarbonate
greenhouses adapted to CO2 fertilization andwhich often include
a shadow sheet (Dueck et al., 2006; del Amor and Gómez-López,
2009; del Amor et al., 2010; Pérez-Jiménez et al., 2016).

MATERIALS AND METHODS

Plant Material and Growth Conditions
The experiment was carried at the Instituto Murciano de
Investigación y Desarrollo Agrario y Alimentario (IMIDA), La
Alberca, Murcia, Spain. Four sweet pepper (Capsicum annuum
L.) cultivars were studied: Tallante (Ta; De Ruiter Vegetable
Seeds, Inc.), Coyote (Co; Syngenta Seeds SA), Herminio (He;
Syngenta Seeds SA), and Velez (Ve; Enza Zaden BV). These
cultivars are commonly used in commercial greenhouses in SE
Spain (Almeria andMurcia regions). Seedlings were transplanted
to 5-l black containers filled with coconut coir fiber (Pelemix,
Alhama de Murcia, Murcia, Spain) and acclimated during 5 days
to the new conditions. Then three irrigation treatments were
applied for 41 days: the control (an amount of 500ml of nutrient
solution was applied every day), mild stress (same amount
every 2 days), and moderate stress (same amount every 3 days).
Plants were irrigated with a modified Hoagland solution with
the following composition in meq L−1; NO−

3 : 12.0; H2PO
−
4 : 1.0;

SO2−
4 : 3.5; K+: 7.0; Ca2+: 4.5; Mg2+: 2.0. Irrigation was supplied

via pressure-compensating and anti-drain drippers (2 l h−1) and
fresh nutrient solution was applied to avoid salt accumulation,
with a minimum of 35% drainage (del Amor and Gómez-López,
2009).

Plants were grown in a climate chamber designed to
mimic usual environmental conditions experienced by pepper
plants within greenhouses (del Amor et al., 2010), with fully-
controlled environmental parameters: 70% RH, 16/8 h day/night
photoperiod, 28/16◦C and a photosynthetically-active radiation
(PAR) of 250 µmol m−2 s−1 provided by a combination of
fluorescent lamps (TL-D Master reflex 830 and 840, Philips,
the Netherlands) and high-pressure sodium lamps (Son-T Agro,
Philips, the Netherlands). Plants were grown at [CO2] of 400
µmol mol−1 (atmospheric [CO2]) and 800 µmol mol−1 (high
[CO2]). The [CO2] was regulated by injection of external
compressed CO2 (bottle [CO2] ≥ 99.9%), controlled by an
infrared gas analyser (Dräger Politron IR CO2, Sweden). For
each cultivar within a specific water regime and [CO2], five
replications (each consisting in a single plant) were run. Thus,
24 treatments were studied, corresponding to the combination
of four cultivars, three irrigation levels, and two [CO2], totalling
120 plants. All the study was done in the same growth chamber.
Therefore, the experiment was done consecutively, with the
only difference being [CO2]. We carefully verified that the
germination and seedling growth conditions were the same (by
using a small growth chamber (BINDER KBWF 240, BINDER
GmbH, Tuttlingen, Germany), with light, temperature, and RH
control. Plants were grown under a randomized complete block
design (n= 60).

Photosynthetic and Transpirative Gas
Exchange and Chlorophyll Content
At the end of the experimental period, net CO2 assimilation,
stomatal conductance, transpiration, and the Ci/Ca ratio were
measured in the youngest fully-expanded leaf of five plants per
treatment, using a CIRAS-2 portable photosynthesis system (PP
Systems, Amesbury, MA, USA) with a PLC6 (U) Automatic
Universal Leaf Cuvette of 1.7 cm2. The cuvette provided light
(LED) with a photon flux of 800 µmol m−2 s−1, 400 or 800 µmol
mol−1 [CO2] and a leaf temperature of 22◦C.Water use efficiency
(WUE) was determined as the ratio of net CO2 assimilation to
transpiration.

The leaf chlorophyll content on an area basis was determined
in the same leaves used for gas exchange with a SPAD-
502 (Konica-Minolta Sensing, Japan) portable meter. Three
measurements were made on each leaf.

Measurement of Tissue Anthocyanins
Anthocyanins were extracted from oven-dried (after a minimum
of 72 h at 65◦C), ground tissue samples of plant leaves, suspended
in acidified methanol (methanol:water:HCl, 79:20:1, by vol.),
autoextracted at 0◦C for 72 h, centrifuged and absorbance
measured at 530 and 657 nm for each supernatant (Mirecki and
Teramura, 1984). Anthocyanin concentration was calculated as
Ab530 nm-1/3 Ab657 nm g−1 dry matter (Lindoo and Caldwell,
1978).

Leaf Water and Osmotic Potentials and
Relative Water Content
The leaf water potential (9w) was measured in the same
leaves used for gas exchange determinations, using a Scholander
pressure chamber (model 3000, Soil Moisture Equipment
Corp., Santa Barbara, USA) as reported elsewhere (Turner,
1988). Measurements were performed after gas exchange
determinations and then the leaves were put in Eppendorf
tubes with holes at the bottom and rapidly frozen. These tubes
were then centrifuged twice, at 4,000 g for 4min (4◦C), using
an Eppendorf centrifuge so that all sap was extracted from
the samples. The osmotic potential (9π) of the leaf sap was
assessed with a vapor pressure osmometer (Wescor 5500, Logan,
Utah, USA) used to measure the osmolality (mmol kg−1) of the
expressed sap; this was converted to osmotic potential according
to the Van’t Hoff equation: 9π (MPa) = −RTC, where R is the
gas constant (0.00832 l MPa K−1 mol−1), T is the temperature
(293K) and C is the number of moles of solute in 1 kg of water
(= 1 l at 293K). The leaf relative water content (RWC) was
measured on same-age leaves as those used for 9π. Three small
disks (2.07 cm2) per leaf from each of the six plants were cut
and weighed immediately to obtain fresh mass (FM), and then
they were placed for 24 h in the dark in a beaker (30 cm3) filled
with distilled water. After this, they were reweighed to obtain
turgid fresh mass (TM), and dry mass (DM) after drying at
80◦C for 48 h. The relative water content (RWC), expressed as
a percentage, was calculated as RWC = [(FM–DM)/(TM–DM)]
×100%.
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Shoot Biomass
Plants were harvested at the end of the experiment (41 days
after transplanting), and 120 plants (five plants per treatment)
were analyzed. The aerial parts (thereafter referred as shoot
biomass, including leaves plus stems and petioles) were dried
and the dry weight determined after a minimum of 72 h
at 65◦C. The specific leaf area (SLA) was calculated as the
ratio between the area and the dry weight of leaf discs of
6.91 cm2.

Leaf N-Total Concentration and Stable
Carbon, Nitrogen, and Oxygen Isotope
Composition
Total nitrogen concentration and the stable carbon (13C/12C)
and (15N/14N) isotope ratios in the whole pool of shoot
leaves were measured using an elemental analyser (Flash
1112 EA, ThermoFinnigan, Germany) coupled with an isotope
ratio mass spectrometer (Delta C IRMS, ThermoFinnigan,
Germany), operating in continuous mode. Samples of 1mg
and reference materials were weighed into tin capsules, sealed,
and then loaded into an automatic sampler (ThermoFinnigan,
Germany) prior to EA-IRMS analysis. Measurements were
carried out at the CCiT (Centres Científics i Tecnològics)
of the University of Barcelona. Nitrogen was expressed as
a concentration (percent of dry weight). The 13C/12C ratios
were expressed in δ notation (Coplen, 2008): δ

13C (‰) =

(13C/12C)sample/(
13C/12C)standard−1, where “sample” refers to

plant material and “standard” to international secondary
standards of known 13C/12C ratios (IAEA CH7 polyethylene foil,
IAEA CH6 sucrose, and USGS 40 L-glutamic acid) calibrated
against Vienna Pee Dee Belemnite calcium carbonate (VPDB)
with an analytical precision (SD) of 0.10‰. The same δ notation
was used for the 15N/14N ratio (δ15N), but in this case using
international secondary standards of known 15N/14N ratios
(IAEA N1 and IAEA N2 ammonium sulfate and IAEA NO3

potassium nitrate) referred to N2 in air, with an analytical
precision of 0.18‰.

For the δ
18O, the 18O/16O was determined by an on-

line pyrolysis technique using a Thermo-Chemical Elemental
Analyser (TC/EA Thermo Quest Finnigan, Germany) coupled
with an IRMS (Delta C Finnigan MAT, Germany). Samples
of 1mg were weighed into silver capsules, sealed and oven-
dried at 60◦C for not less than 72 h to remove moisture and
loaded into an automatic sampler. Results were expressed as
δ
18O values, using two secondary standards (IAEA 601 and
IAEA 602) calibrated against Vienna Standard Mean Oceanic
Water (VSMOW) (Coplen, 2011); the analytical precision was
≈ 0.25%. Analyses were conducted at Iso-Analytical Limited
(Crewe, Cheshire, UK).

Free Amino Acids
The free amino acids were extracted from leaves (frozen
at −80◦C): the sap was extracted, after vortexing at 5,000
rpm (10min, 4◦C), and analyzed by the AccQ·Tag-ultra
ultraperformance liquid chromatography (UPLC) method
(Waters, UPLC Amino Acid Analysis Solution, 2006). For

derivatization, 70 µl of borate buffer was added to 10 µl
of the fruit sap and 20 µl of reagent solution. The reaction
mixture was mixed instantly and heated at 55◦C for 10min.
After the temperature was lowered, an aliquot of the reaction
mixture was used for injection. The column was an Acquity
BEH C18 1.7µm, 2.1–100mm (Waters), and the wavelengths
were set at 266 nm (excitation) and 473 nm (emission). The
solvent system consisted of two eluents: (A) AccQ·Tag-ultra
eluent A concentrate (5%, v/v) and water (95%, v/v); and
(B) AccQ·Tag-ultra eluent B. The following elution gradient
procedure was used for the analysis: 0–0.54min, 99.9% A−0.1%
B; 5.74min, 90.9% A− 9.1% B; 7.74min, 78.8% A−21.2% B;
8.04min, 40.4% A−59.6% B; 8.05–8.64min, 10% A−90% B;
8.73–10min, 99.9% A−0.1% B. The injection volume was 1
µl, with a flow rate of 0.7ml min−1. The temperature of the
column was maintained at 55◦C. External standards (Thermo
Scientific) were used for the quantification of the amino acids,
and Empower 2 (Waters) software for data acquisition and
processing.

Statistical Analysis
Data were subjected to factorial ANOVA to test the effects of
the growing conditions ([CO2] and water regime), genotype,
and their interactions. Mean comparisons were performed
using Tukey’s honestly significant difference (HSD) test. A
bivariate correlation procedure was used to calculate the Pearson
correlation coefficients between the different traits measured.
Multiple linear regression (stepwise) analysis was used to analyse
the criterion included to explain variation in shoot biomass under
different growing conditions. Principal component analysis was
produced to analyse the interrelationships among the shoot
biomass, leaf nitrogen concentration, and chlorophyll content,
the stable isotope composition of C, O, and N, and the gas
exchange variables. Data were analyzed using IBM SPSS Statistics
24 (SPSS Inc., Chicago, IL, USA). Figures were created using
a Sigma-Plot 11.0 program for Windows (Systat Software Inc.,
Point Richmond, CA, USA). Finally, we performed path analyses
(Li, 1975) to quantify the relative contributions of direct and
indirect effects of stable isotopes and other key traits on
aboveground biomass. This methodology offers the possibility
of building associations between variables that is based on
prior knowledge. A path analysis determines simple correlations
between independent factors (in this case δ

13C), and regresses
them on each intermediary (Ci/Ca, gs, δ

15N andN concentration)
or dependent factor (shoot biomass) to obtain direct effects in
the form of partial regression coefficients (i.e., path coefficients).
This model was aimed at understanding biomass responses
to genotypic differences across water regimes under different
levels of [CO2]. A model with a comparative fit index (CFI)
(Arbuckle, 1997) with values > 0.9 was taken as indicative
of a good fit. Data were analyzed using the Amos Graphics
package (IBM SPSS Amos, USA). A clustered heat map of amino
acid profile was built using the R statistics environment (R
Development Core Team, Vienna, Austria). Additionally, after
generating a correlation matrix of all parameters analyzed in
R, we performed a network analysis of significant correlations
(Pearson correlation coefficient cut-off of 0.7 and P< 0.05) under
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ambient and elevated [CO2] using Cytoscape software (Shannon
et al., 2003).

RESULTS

Effect of Growing Conditions and
Genotype on Shoot Biomass
Compared with control plants water stress negatively affected
shoot biomass (SB), plant height (PH), and the leaf water
potential (9w), whereas leaf chlorophyll (LC) content slightly
increased and no differences existed in the specific leaf area
(SLA), relative water content (RWC), leaf osmotic potential
(9π), and anthocyanin content (Table 1). Increasing ambient
[CO2] significantly increased SB, PH, LC, anthocyanin, and 9π,
whereas all the other traits reported in Table 1 decreased. A
genotypic effect was significant for all the traits except RWC,
anthocyanin, and 9π.

The interactions between water regime (WR) and [CO2] were
significant for all the traits of Table 1 except RWC, anthocyanin,
and 9w, meaning that, except for these two traits, the response
to water regime differed depending on [CO2]. Most of the
interactions of genotypes with growing conditions were not
significant, even when it is worth to mention the significant
interaction between genotype and [CO2] for SB.

Effect of Growing Conditions and
Genotype on Gas Exchange and Stable
Isotope Signatures
Water stress significantly decreased the leaf net CO2 assimilation
(A), stomatal conductance (gs), the intercellular to ambient CO2

concentration (Ci/Ca), the stable oxygen isotope composition
(δ18O) and the nitrogen concentration (N), whereas the water use
efficiency (WUE), the stable carbon isotope composition (δ13C),
and the stable nitrogen isotope composition (δ15N) increased
and no significant differences existed for the transpiration (T)
(Table 2). Rising [CO2] significantly increased A, gs, T, Ci/Ca,
WUE, and δ

18O, whereas N, δ
13C and δ

15N decreased. The
genotypic effect was significant for all traits except A and T. The
interaction between WR and [CO2] was significant for all the
traits except δ

18O (P = 0.060) and T. The interactions between
genotype and [CO2] were significant for A, gs, Ci/Ca , and WUE,
and near significant for T (P =0.056), whereas the interaction
between genotype andWRwere also significant for gs, Ci/Ca, and
WUE. Except for an interaction between genotype and WR for
δ
15N, no interactions between genotype and growing conditions
were found.

Given the significance of the interactions between WR and
[CO2] for most of the traits in Tables 1, 2, a subset of traits in
these tables was analyzed across water regimes within each [CO2]

TABLE 1 | Water regime, CO2 concentration and genotype effects on biomass, growth parameters, anthocyanin content, and leaf water status of four sweet pepper

genotypes grown under different combinations of CO2 concentration and water supply.

SB PH SLA LC anthocyanin RWC 9w 9π

WATER REGIME

Control 10.48a ± 0.18 39.80a ± 0.59 946.58a ± 22.50 44.12b ± 0.46 0.17a ± 0.03 85.88a ± 0.74 −3.88c ± 0.18 −7.17 a ± 0.16

Mild water stress 8.65b ± 0.19 36.40 b ± 0.61 920.83ab ± 23.24 46.20a ± 0.47 0.24a ± 0.04 85.04a ± 0.77 −5.18b ± 0.18 −6.87a ± 0.16

Moderate water stress 6.35c ± 0.20 35.09 b ± 0.64 860.20b ± 25.54 45.71a ± 0.52 0.18a ± 0.02 85.87a ± 0.85 −6.52a ± 0.20 −6.98a ± 0.18

CO2 CONCENTRATION

400 ppm 7.78 ± 0.14 35.90 ± 0.46 996.30 ± 17.63 43.89 ± 0.36 0.13 ± 0.01 88.70 ± 0.58 −4.90 ± 0.14 −7.72 ± 0.12

800 ppm 9.52 ± 0.17 38.88 ± 0.55 822.62 ± 21.07 47.15 ± 0.43 0.27 ± 0.03 81.87 ± 0.70 −5.49 ± 0.16 −6.21 ± 0.15

GENOTYPES

Coyote 7.93d ± 0.21 37.30b ± 0.67 919.52ab ± 25.66 46.32ab ± 0.52 0.22a ± 0.04 85.53a ± 0.85 −5.32ab ± 0.20 −7.02a ± 0.18

Herminio 8.76bc ± 0.22 40.20a ± 0.70 867.48b ± 26.92 46.87a ± 0.55 0.21a ± 0.03 86.48a ± 0.89 −5.21ab ± 0.21 −7.10a ± 0.19

Tallante 8.38cd ± 0.22 34.27c ± 0.72 965.42a ± 27.36 43.36c ± 0.56 0.16a ± 0.05 85.96a ± 0.91 −5.40a ± 0.21 −7.03a ± 0.19

Velez 9.31a ± 0.24 37.05b ± 0.78 886.92ab ± 29.79 44.66bc ± 0.61 0.19a ± 0.03 84.40a ± 0.99 −4.60 b ± 0.23 −6.89a ± 0.21

LEVEL OF SIGNIFICANCE

Water regime (WR) 214.01*** 455.48*** 38058ns 60.31** 0.15ns 0.95ns 76.42*** 2.54ns

CO2 concentration (CO2) 52.15*** 153.01*** 521286*** 183.80*** 0.32*** 806.83*** 5.86** 49.06***

Genotype (G) 9.12* 370.48*** 155183* 116.74*** 0.03ns 25.87ns 7.60* 1.79ns

WR x CO2 33.36*** 260.37*** 109438* 48.09* 0.03ns 9.69ns 0.77ns 8.16ns

WR x G 3.82ns 12.88ns 352201*** 20.45ns 0.52* 50.87ns 3.27ns 13.23*

CO2 x G 16.57*** 29.27ns 53189ns 32.64ns 0.03ns 149.20* 2.01ns 6.09ns

WR x CO2 x G 9.37ns 15.75ns 316187** 56.05ns 0.25ns 122.07ns 10.96ns 8.16ns

SB, shoot biomass (g DW); PH, plant height (cm); SLA, specific leaf area (cm2/g); LC, leaf chlorophyll content (SPAD units); anthocyanin content (absorbance g−1 dry matter); RWC,

leaf relative water content (%); 9w, leaf water potential (bar); 9π, leaf osmotic potential (bar).Values within each water regime are the means ± SE of 40 measurements (two levels of

CO2 concentration, four genotypes, and five replicates per genotype), CO2 concentration values are the means ± SE of 60 measurements (three water regimes, four genotypes, and

five replicates per genotype), while genotypic values are the means of 30 ± SE measurements (two CO2 concentrations, three water regimes, and five replicates per genotype). For

each replicate a single plant was used. Means followed by different letters are significantly different (P < 0.05) according to Tukey’s honestly significant difference (HSD) test. Analysis of

variance for the same variables is shown for the water regime (WR), CO2 concentration (CO2 ), genotype (G), and interaction (WR x CO2), (WR x G), (CO2 x G), (WR x CO2 x G) effects.

The associated percentage of the sum of squares and probabilities (ns, not significant; *P < 0.05; **P < 0.01 and ***P < 0.001) are shown.
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TABLE 2 | Water regime, CO2 concentration, and genotype effects on gas-exchange parameters, carbon, oxygen, and nitrogen isotope composition, and nitrogen

concentration of four sweet pepper genotypes grown under different combinations of CO2 concentration and water supply.

A gs Ci/Ca T WUE N (%) δ
13C (‰) δ

18O (‰) δ
15N (‰)

WATER REGIME

Control 13.03a ± 0.18 314.51a ± 10.71 0.79a ± 0.01 4.16a ± 0.39 3.34b ± 0.15 6.06a ± 0.06 −42.46b ± 0.10 26.55a ± 0.09 2.35b ± 0.06

Mild stress 13.01a ± 0.20 211.84b ± 11.66 0.74b ± 0.02 3.15a ± 0.42 4.27a ± 0.27 5.41b ± 0.06 −41.45a ± 0.10 26.21b ± 0.09 2.42ab ± 0.07

Moderate stress 11.68b ± 0.20 169.32c ± 11.48 0.69c ± 0.02 3.38a ± 0.41 4.50a ± 0.25 4.66c ± 0.06 −41.17a ± 0.10 26.20b ± 0.09 2.60a ± 0.07

CO2 CONCENTRATION

400 ppm 10.12 ± 0.20 222.02 ± 13.09 0.69 ± 0.01 3.11 ± 0.30 3.51 ± 0.11 5.54 ± 0.05 −35.32 ± 0.08 26.12 ± 0.07 3.12 ± 0.05

800 ppm 15.01 ± 0.21 251.56 ± 13.21 0.78 ± 0.01 4.01 ± 0.31 4.55 ± 0.22 5.27 ± 0.05 −48.03 ± 0.08 26.56 ± 0.07 1.79 ± 0.05

GENOTYPES

Coyote 12.58a ± 0.21 206.02b ± 12.60 0.71b ± 0.02 3.95a ± 0.45 4.07a ± 0.18 5.53ab ± 0.07 −41.89b ± 0.12 26.34ab ± 0.11 2.67a ± 0.08

Herminio 12.96a ± 0.23 213.01b ± 13.47 0.73b ± 0.01 3.02a ± 0.49 4.57a ± 0.35 5.10c ± 0.06 −41.74b ± 0.12 26.48a ± 0.10 2.43ab ± 0.07

Tallante 12.27a ± 0.23 280.78a ± 13.54 0.77a ± 0.02 3.85a ± 0.49 3.38b ± 0.12 5.65a ± 0.07 −42.17b ± 0.12 26.50a ± 0.11 2.24b ± 0.08

Velez 12.56a ± 0.22 244.13ab ± 12.52 0.73b ± 0.02 3.52a ± 0.45 4.06a ± 0.30 5.32bc ± 0.06 −41.13a ± 0.11 26.03b ± 0.10 2.47ab ± 0.07

LEVEL OF SIGNIFICANCE

Water regime (WR) 59.20*** 389424*** 0.16*** 18.27ns 27.84*** 32.21*** 22.12*** 2.82* 1.07*

CO2 concentration

(CO2)

701.39*** 22051* 0.20*** 20.67* 30.60*** 1.90*** 4143.95*** 5.02*** 45.24***

Genotype (G) 0.52ns 73058*** 0.05*** 10.02ns 18.26*** 4.35*** 7.02*** 3.75** 1.84**

WR x CO2 11.44* 36743* 0.03** 27.02ns 8.99** 10.72*** 13.73*** 1.71ns 4.86***

WR x G 12.84ns 68741* 0.04* 31.11ns 9.29*** 0.13ns 3.20ns 1.81ns 2.44*

CO2 x G 51.42*** 93735*** 0.07*** 36.72ns 26.51*** 0.08ns 1.93ns 0.77ns 0.27ns

WR x CO2 x G 13.55ns 34002.ns 0.03* 27.71ns 12.51* 0.46ns 1.95ns 3.87ns 1.11ns

A, leaf net CO2 assimilation (µmol CO2 m
−2 s−1); gs, stomatal conductance (mmol CO2 m

−2 s−1); Ci/Ca, intercellular to ambient CO2 concentration; T, transpiration rate (mmol H2O

m−2 s−1); WUE, water use efficiency (µmol CO2 mmol H2O
−1); N, nitrogen concentration (% DW); δ13C, stable carbon isotope composition (‰), δ18O stable oxygen isotope composition

(‰); δ15N, stable nitrogen isotope composition (‰). Values within each water regime are the means± SE of 40 measurements (two levels of CO2 concentration, four genotypes, and five

replicates per genotype), CO2 concentration values are the means ± SE of 60 measurements (three water regimes, four genotypes, and five replicates per genotype), while genotypic

values are the means ± SE of 30 measurements (two CO2 concentrations, three water regimes, and five replicates per genotype). For each replicate a single plant was used. Means

followed by different letters are significantly different (P < 0.05) according to Tukey’s honestly significant difference (HSD) test. Analysis of variance for the same variables is shown for

the water regime (WR), CO2 concentration (CO2 ), genotype (G), and interaction (WR x CO2), (WR x G), (CO2 x G), (WR x CO2 x G) effects. The associated percentage of the sum of

squares and probabilities (ns, not significant; *P < 0.05; **P < 0.01 and ***P < 0.001) are shown.

(Table 3). At atmospheric [CO2] the water regime significantly
affected SB, A, gs, Ci/Ca, N, and δ

18O, and the effect for δ
13C

(P = 0.068) and δ
15N (P = 0.057) approached significance,

whereas at high [CO2] the water regime significantly affected all
the traits except δ18O. The genotypic effect at atmospheric [CO2]
was significant for all the traits, except δ

15N (P = 0.057) and
SB, whereas at high [CO2] the genotypic effect was significant
for all the traits except δ

15N and δ
18O. Interactions of genotypes

with WR at atmospheric [CO2] were only significant for A,
Ci/Ca and δ

18O, whereas at high [CO2] no interactions were
detected.

Relationships of Shoot Biomass with Gas
Exchange and Stable Isotopes
The range of A rates measured across the different water
conditions at the end of the experiment was only weakly
correlated with SB (r = 0.34, P < 0.05) at atmospheric [CO2]
and was not correlated at high [CO2] (data not shown). In
fact, while A and gs were less affected by water limitation at
high compared to atmospheric [CO2], the opposite occurred for
leaf growth, where the greatest decrease in biomass occurred at
high [CO2].

The single correlations between the signatures of the different
isotopes against SB were plotted for each [CO2] level across the
three water regimes. δ

13C correlated negatively against SB at
high [CO2], whereas the negative relationship at atmospheric
[CO2] did not reach significance (Figure 1A). By contrast δ

18O
correlated with SB in a weak, albeit significant, positive manner
at atmospheric [CO2], whereas the positive relationship did not
reach significance at high [CO2] (Figure 1B). δ

15N correlated
negatively with SB at high [CO2],whereas no correlation existed
at atmospheric [CO2] (Figure 1C). The nitrogen concentration
correlated positively with SB at both [CO2] levels (Figure 2C)
in a stronger manner than any of the three stable isotopes. In
addition, the N concentration correlated negatively with δ

13C
at atmospheric [CO2] and in a far stronger way at high [CO2]
(Figure 2A). Moreover, δ

13C correlated with the total shoot
nitrogen content (calculated as a SB x N/100) in a weaker manner
(r = −0.43 and −0.64, both P < 0.01, for 400 and 800 µmol
mol−1 [CO2], respectively) than the nitrogen concentration
alone (Figure 2A). In contrast the N concentration correlated
negatively with δ

15N only at high [CO2] (Figure 2B) and a weak
positive correlation existed between nitrogen concentration and
δ
18O at atmospheric [CO2] (r = 0.33, P < 0.05; data not shown).
Moreover, gs correlated positively with the N concentration at
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TABLE 3 | Effect of water regime treatments in each CO2 concentration (400 and 800 ppm) on shoot biomass, gas-exchange parameters, nitrogen content, and carbon,

oxygen, and nitrogen stable composition.

SB A gs Ci/Ca N (%) δ
13C (‰) δ

18O (‰) δ
15N (‰)

CO2 400 ppm Control 9.58a ± 1.26 10.99a ± 1.28 317.36a ± 87.93 0.76a ± 0.03 6.09a ± 0.24 −35.61a ± 0.31 26.38a ± 0.41 3.12a ± 0.44

Mild stress 7.25b ± 0.59 10.88a ± 1.51 225.64b ± 61.92 0.71a ± 0.05 5.22b ± 0.57 −35.13a ± 0.70 25.86b ± 0.25 3.27a ± 0.33

Moderate stress 6.57b ± 0.56 8.65b ± 1.29 126.65c ± 51.86 0.62b ± 0.07 5.27b ± 0.31 −35.12a ± 0.83 26.08ab ± 0.21 2.98a ± 0.26

Level of

significance

Water regime (WR) 77.59*** 49.23*** 258979*** 0.14*** 7.13*** 1.83ns 1.71*** 0.74ns

Genotype (G) 1.23 ns 19.42** 39535* 0.04*** 1.92** 4.87** 2.51*** 0.098 ns

WR x G 3.21 ns 19.46* 29874 ns 0.04** 0.57 ns 3.50 ns 1.47* 0.47 ns

CO2 800 ppm Control 11.99a ± 2.06 15.68a ± 1.20 312.90a ± 84.00 0.82a ± 0.04 6.04a ± 0.25 −48.59b ± 0.61 26.69a ± 0.60 1.67b ± 0.47

Mild stress 10.23b ± 0.92 14.86a ± 1.47 217.38b ± 92.96 0.77ab ± 0.07 5.63b ± 0.46 −48.55b ± 0.65 26.68a ± 0.75 1.39b ± 0.48

Moderate stress 6.23c ± 1.03 14.63a ± 1.22 203.60b ± 77.78 0.75b ± 0.08 4.14c ± 0.40 −46.88a ± 0.83 26.36a ± 0.80 2.23a ± 0.38

Level of

significance

Water regime (WR) 257.65*** 10.59* 110428*** 0.03** 30.50*** 30.78*** 1.19ns 4.26***

Genotype (G) 23.08** 23.67*** 111626*** 0.07*** 2.53*** 4.11* 1.39 ns 0.59 ns

WR x G 13.96ns 11.36ns 54817ns 0.02 ns 0.24 ns 2.35 ns 3.17 ns 1.90 ns

Means followed by different letters are significantly different (P < 0.05) according to Tukey’s honestly significant difference (HSD) test. Analysis of variance for the same variables is

shown for the water regime (WR), genotype (G), and interaction (WR x G) effects. The associated percentage of the sum of squares and probabilities (ns, not significant; *P < 0.05; **P

< 0.01 and ***P < 0.001) are shown. Values within each water regime are the means ± SE of 20 measurements (four genotypes and five replicates per genotype). For each replicate

a single plant was used.SB, shoot biomass (g DW); A, leaf net CO2 assimilation (µmol CO2 m
−2 s−1); gs, stomatal conductance (mmol CO2 m

−2 s−1); Ci/Ca, intercellular to ambient

CO2 concentration; N, nitrogen concentration (%, DW); δ
13C, stable carbon isotope composition (‰), δ

18O stable oxygen isotope composition (‰); δ
15N, stable nitrogen isotope

composition.

both [CO2] levels, and while it also correlated with SB, this was
only at atmospheric [CO2] (Figure S1). Ci/Ca correlated with the
N concentration and SB in a similar way, but in a somewhat
weaker manner than gs.

In order to get an overall view of the relationships between
shoot biomass and all the different physiological traits, a principal
component analysis (PCA) was undertaken that included SB
and LC together with the gas exchange traits and stable isotope
signatures in Table 2. For all the water regimes and [CO2]
combined, the two first components explained 60% of variability.
SB was placed nearly opposite to δ

13C and δ
15N and surrounded,

at a certain distance, by δ
18O, N and the A, gs, Ci/Ca, and T

gas-exchange parameters, whereas LC was placed further away
(Figure 3A). For the three water regimes at atmospheric [CO2]
the two first component axes of the PCA accounted for more
than 62% variability. In this case SB, and particularly N, were
placed clearly opposite to δ

13C, LC and δ
15N, with the first

isotope the furthest away and the second the closest to the center
(Figure 3B), whereas Ci/Ca (together with N) surrounded SB.
The rest of the gas exchange traits were placedmore (gs, and T) or
less (A) close to Ci/Ca, while δ

18O had the least alignment to SB.
In the case of the PCA for the three water regimes at high [CO2],
the two first component axes explained around 55% of variability.
As in the previous PCAs, δ

13C and δ
15N were placed opposite

to SB, whereas for the rest of the parameters only N was placed
relatively near SB and all the gas exchange traits, together with
δ
18O and LC, were placed on the same side of the representation
as SB but far away from it (Figure 3C).

The relationships between SB with the different traits of
Table 2 in combination were assessed through a stepwise
regressions analysis (Table 4). At atmospheric [CO2] and the

three water regimes combined, the first variable chosen by the
model was gs, which on its own explained 30% of the variability
in SB. The second variable chosen by the model was N, with the
two variables explaining together 44% of the variability in SB.
At elevated [CO2] and the three water regimes combined, the
first variable chosen by the model was N concentration, which
on its own explained 51% of the variability in SB. The second
variable chosen by the model was Ci with the two variables
explaining 58% of the variability in SB. In control conditions
and both [CO2] combined, the first variable chosen by the model
was δ

13C, explaining 34% of the variability in SB. The second
variable chosen by the model was gs; the two variables together
explaining 44% of the variability in SB. Under mild stress and
both [CO2] combined, the first variable chosen by the model was
also δ

13C, which on its own explained 76% of the variability; the
second variable chosen by the model was N concentration, with
the two variables together explaining 81% of the variability in SB.
Concerning the moderate stress, only T was chosen by the model
and it explained merely 16% of the variability in SB.

Path Analysis
Further, we used the traits best correlated with shoot biomass to
develop a conceptual model via a path-analysis. Besides SB, the
model included δ

13C and δ
15N, (as time-integrated indicators

of water conditions and nitrogen metabolism, respectively),
together with the N concentration and the gas exchange traits,
gs and Ci/Ca (Figure 4). In this case only the models across
water regimes within each of the two [CO2] levels were assayed,
but excluding the model combining the two [CO2], because the
different δ

13C of the ambient air and the compressed CO2. At
atmospheric [CO2], both the gs and N concentration had quite
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FIGURE 1 | Relationships of shoot biomass with the stable isotope

compositions of (A) carbon (δ13C), (B) oxygen (δ18O), and (C) nitrogen (δ15N)

analyzed in the leaves of sweet pepper grown hydroponically under different

[CO2] and water regimes. Levels of significance: ns, no significant; *P < 0.05

and **P < 0.01.

FIGURE 2 | Relationships of leaf nitrogen concentration with the stable

isotope compositions of (A) carbon (δ13C) and (B) nitrogen (δ15N) and the

(C) shoot biomass of sweet pepper grown hydroponically under different

[CO2] and water regimes. Levels of significance: **P < 0.01 and ***P < 0.001.
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FIGURE 3 | Principal component analysis of shoot biomass (SB) and different physiological traits related to the photosynthetic, transpirative, and nitrogen status of

the plant were set for four sweet pepper varieties grown under (A) three different water regimes (WR) and two [CO2] combined, (B), three water regimes at

atmospheric [CO2], and (C) three water regimes at high [CO2]. The physiological traits included as variables are: the stable carbon, oxygen and nitrogen isotope

compositions (δ13C, δ
18 O, δ

15N), the nitrogen concentration (N), the chlorophyll content (LC), and the net CO2 Assimilation (A), transpiration (T), stomatal conductance

(gs), and the ratio of the intercellular vs. the atmospheric [CO2] (Ci/Ca) of leaves.
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TABLE 4 | Multiple linear regressions (stepwise) explaining shoot biomass (SB)

variation across genotypic groups in each CO2 concentration and all water

regimes (WR) combined and in each water regime condition and all [CO2]

combined as a dependent variable, and all the gas exchange traits and stables

isotope signatures and nitrogen concentration in the same growing conditions as

independent variables.

Dependent

variable

Growing condition Variable

chosen

R2 Final stepwise

model

SB CO2 400 ppm

(all WR combined)

gs 0.30*** SB = 0.006 gs
+ 1.06N + 0.53gs; N 0.44***

SB CO2 800 ppm

(all WR combined)

N 0.51*** SB = 2.73

N−0.02 Ci+ 4.86N; Ci/Ca 0.58***

SB Control

(all CO2 combined)

δ
13C 0.34*** SB = −0.18 δ

13C

− 0.008 gs + 5.49
δ
13C; gs 0.44***

SB Mild stress

(all CO2 combined)

δ
13C 0.76*** SB = −0.24 δ

13C

−0.76N + 2.76
δ
13C; N 0.81***

SB Moderate stress

(all CO2 combined)

T 0.16* SB = −0.08 T

+ 6.67

Levels of significance: *P < 0.05 and ***P < 0.001. Abbreviations for variables are as

defined in Table 2.

similar direct positive effects on the shoot biomass. However, gs
also indirectly affected N concentration through its strong direct
effect on Ci/Ca and δ

13C. Thus, δ13C was negatively related with
the N concentration in dry matter. The relationship of δ

13C on
δ
15N was small, whereas there was no direct relation of δ

15N on
the N concentration. At high [CO2] most of the direct effect on
shoot biomass corresponded to the N concentration, whereas the
effect of gs wasminor and apparently negative. The direct effect of
gs onCi/Cawas very strong but its direct effect on δ

13Cwasminor.
However, the effect of δ13C onN concentration was stronger than
atmospheric [CO2] and included a direct negative effect, together
with an indirect effect mediated through changes in δ

15N.

Amino Acid Profile and Network Analysis
The profile of 17 amino acids were assayed in the leaves of the
four sweet pepper genotypes grown under contrasting [CO2]
and water regimes and plotted in a hierarchically clustered
heat map (Figure 5). The significance of the three main factors
and their interactions revealed that water regime, [CO2] and
the CO2 x water stress interaction were the most relevant
conditions affecting amino acid contents (all of them except
lysine, methionine, and histidine). Although genotypic variability
was only significant for three amino acids (proline, glycine,
and glutamate), the interaction genotype by [CO2] affected nine
amino acids, almost exactly the amino acids that were altered
under the CO2 x water regime. CO2 enrichment significantly
decreased the content of 8 amino acids (serine, asparagine,
glutamate, threonine, proline, cysteine, and valine), and tended
to decrease the content of other amino acids, and only increased
the levels of tyrosine. Water stress, regardless of the severity,
decreased the contents of eight amino acid (serine, glycine,

asparagine, threonine, alanine, proline, cysteine, and valine). In
spite of some genotypic differences the [CO2] x water regime
interaction highlighted that, although elevated CO2 and water
stress led to a decrease of amino acid levels, this decrease was less
clear under mild compared with the most severe water stress.

Based on significant correlations between trait pairs we
built a correlation network for ambient and elevated [CO2]
treatments, including amino acid content (Figure S2). They
showed similar number of nodes (32 and 31, respectively) and
edges (128), although there were some differences with more
negative correlations under elevated [CO2]. In both networks
amino acid levels were positively correlated between them.
However, most amino acids correlated positively with shoot
biomass under elevated [CO2], while at ambient [CO2] only
cysteine and tyrosine did. In ambient [CO2] network (Figure
S2A) amino acids levels were also positively associated with SLA,
N content, and δ

18O and negatively with δ
15N. By contrast, in

elevated [CO2] network (Figure S2B) amino acids levels were
associated with more traits: positively with PH, A, and N content
and negatively with RWC, 9w, δ

13C, T, and δ
15N.

DISCUSSION

Water stress affected negatively plant growth as compared with
control conditions and regardless the [CO2] assayed. Water
stress also decreased 9w but did not have any effect on RWC
and 9π. These kinds of responses do not support osmotic
adjustment, which contrasts with the available literature (e.g.,
Wullschleger and Oosterhuis, 1991; del Amor et al., 2010), and
may be due to the mild to moderate nature of the water stress
applied. In fact, the relatively small (but significant) changes in
A rates, gs, LC, and δ

13C and the lack of differences for SLA
and anthocyanins under stress compared to control conditions
support this statement. Moreover, although anthocyanins have
protective functions during drought stress, their contribution to
osmotic regulation might be low (Manetas, 2006).

The effects of high [CO2] on increasing plant growth and
biomass have been widely reported in many plant species
including pepper (del Amor et al., 2010), with the positive effect
being less evident at the most severe water stress (Peñuelas et al.,
1995; Medina et al., 2016). The decrease in SLA has also been
reported following increases in [CO2] (Peñuelas et al., 1995;
Piñero et al., 2016) and as a consequence of water stress (Xu et al.,
2014). These results suggest that the leaf thickness of mesophyll
packing increased in response to high [CO2] (Oberbauer et al.,
1985). The LC and anthocyanins also increased in response to
high [CO2]. Previous results in pepper only exhibited a trend
toward higher chlorophyll content following exposure to high
[CO2] (Peñuelas et al., 1995). The increase of anthocyanins
under elevated [CO2], as it was also observed in Takatani et al.
(2014) in response to higher carbon/nitrogen balance observed
under these growth conditions. Indeed, the accumulation of
anthocyanins is an indicative of nitrogen limitation in the plant
according to these authors. The high sucrose levels usually
reported under elevated [CO2] might stimulate the expression
of MYB75/PAP1 transcription factor that further enhances the
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FIGURE 4 | Path analyses of four sweet pepper varieties grown under

different water regimes and two [CO2]. The conceptual model quantifying the

relative strengths of direct and indirect relationships of gas exchange, stable

isotope compositions and nitrogen concentration on shoot biomass (SB) is

shown in (A). Physiological parameters included in the model are: gs, stomatal

conductance; Ci/Ca, the ratio of the intercellular vs. the atmospheric [CO2];

δ
13C, carbon isotope composition; δ

15N, nitrogen isotope composition and N

concentration of leaves. The width of arrows is proportional to the path

coefficient values. Dashed lines indicate negative relationships. Overall fit

statistics for each path model (x2 and comparative fit index, CFI), the latter

useful for small sample sizes (with values >0.9 taken as indicative of a good

fit), are shown at the bottom right of each panel. **P < 0.01, ***P < 0.001.

production of anthocyanins (Tzin and Galili, 2010). Moreover,
the levels of tyrosine, a precursor of anthocyanins, were induced
under elevated [CO2] and they could also induce the anthocyanin
biosynthesis, as showed in Arabidopsis thaliana (Zhou et al.,
2014). Regarding the genotype x water regime interaction, we
observed that in most of the genotypes anthocyanin content
increased with water stress as a response to water limitation.
However, in the case of Coyote we observed a reduction of
anthocyanins with water stress; that could suggest a limitation
of the protective functions of anthocyanins in response to water
stress in this genotype, which in part accounts for the lowest shoot
biomass of this genotype.

In addition, high [CO2] decreased leaf RWC and 9w, and
increased 9π. A previous study in pepper found a tendency
to lower 9w in response to high [CO2] under well-watered
conditions, whereas the RWC increased regardless of the water
regime considered, and the 9π increased but only under
water stress (del Amor et al., 2010). However, the high [CO2]
concentration assayed in this paper was nearly three times higher
than in the present study. The effect of high [CO2] decreasing
water status seems fairly surprising, but it may be due to a larger
transpiration area compared with plants grown under normal
[CO2].

As expected high [CO2] increased A and WUE compared
with atmospheric [CO2], but surprisingly did not decrease gs
and transpiration under control and mild-stress conditions, and
even these rates increased under moderate water stress. A small
number of studies have noted similar patterns, including work
on sweet pepper (del Amor et al., 2010; del Amor, 2013), other
herbaceous crops (Morison, 1998; Medina et al., 2016) and in tree
species that were not acclimated (Medlyn et al., 2001). The results
of the current study suggest that there was no acclimation of gs
to elevated [CO2]. Moreover, the response of photosynthesis to
growth in elevated [CO2] is commonly tested by comparing the
gas exchange of plants grown at atmospheric- and high-[CO2] at
the same [CO2] across both sets of plants (e.g., Drake et al., 1997;
Curtis and Wang, 1998).

Effect of [CO2] and Water Regime on δ
13C,

δ
18O, and δ

15N
The increase in δ

13C under water stress is in line with earlier
work (Farquhar et al., 1982, 1989). However, the effect was more
evident at high [CO2], which agrees with the findings of del Amor
(2013) for sweet pepper plants that were subjected to different
levels of salinity under these two different [CO2]. This may be
due to the δ

13C dilution effect of the CO2 used to raise the air
[CO2] up to 800 ppm (i.e., the industrial CO2 is a by-product
of combusting fossil fuels and therefore its δ

13C is far more
negative than atmospheric CO2). Indeed, δ

13C decreased around
3‰ for each 100 µmol mol−1 of increase in [CO2], which is
in line with previous reports (Schubert and Jahren, 2012; del
Amor, 2013). Therefore at high [CO2], water stress slows the
increase of new biomass with lower δ

13C. The effect (pointed
out above) of high [CO2] decreasing water status due to a larger
transpiration area, compared with plants grown under normal
[CO2], may be also involved in the larger range of δ13C values as
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FIGURE 5 | Hierarchically clustered heat map of amino acid content of four sweet pepper genotypes (TA, Tallante; CO, Coyote; HE, Herminio; VE, Velez) grown

hydroponically under different [CO2] (aCO2, ambient [CO2]; eCO2, elevated [CO2]) and water regimes (A, control; B, mild water stress; C, moderate water stress).

Values were scaled in the row direction as presented in the color key. Significance of main factors (WR, water regime; CO2, [CO2]; and G, genotype) and their

interactions are shown as black cells (P < 0.05).

response to water stress. Thus, at high [CO2] the absolute changes
in δ

13C were more in parallel with the SB than with the net
assimilation or Ci/Ca. In that regard, δ13C correlated negatively
with SB across water regimes at high [CO2], but the negative
relationship did not reach significance at atmospheric [CO2].
Significantly, stronger negative relationships between δ

13C and
SB at high vs. atmospheric [CO2] have been reported before
for sweet pepper when plants growing across different levels of
salinity were compared (del Amor, 2013). Moreover, genotypic
effects on δ

13C were significant at both [CO2]. To the best of
our knowledge there are no studies reporting on the genotypic
variability in δ

13C of sweet pepper under different levels of water
stress and [CO2].

Water stress slightly decreased δ
18O but only at high [CO2].

Such decreases in δ
18O in response to water stress and a lower

transpiration are opposite to most of the reports (Barbour and
Farquhar, 2000; Farquhar et al., 2007; Cabrera-Bosquet et al.,
2009a, 2011). The increase in δ

18O in plant material exposed
to high [CO2] has been reported before and may be caused by
increases in the δ

18O of the leaf water (Cooper and Norby, 1994).
Although it has been shown that the oxygen isotopic content
of atmospheric carbon dioxide has little direct influence on the
δ
18O of either leaf water or cellulose (DeNiro and Epstein, 1979),

increasing atmospheric carbon dioxide concentrations may have
significant indirect effects on heavy stable isotope enrichment
in leaf water. This would result from the expected decreases
in transpiration and increases in WUE by plants as [CO2]
levels increase (Eamus and Jarvis, 1989). The processes leading
to concentration of the heavy isotopes 18O in leaf water are
similar in many respects to evaporation, which alters the isotopic
composition of terrestrial surface waters (Cooper and Norby,
1994). Alternative explanations for the increase in δ

18O at high
[CO2] are not supported by our results. Indeed, a higher CO2

release due to photorespiration at atmospheric compared with
high [CO2] levels would cause an increase in δ

18O at atmospheric
[CO2] levels (Farquhar et al., 1993), which does not agree with
the increase we found in δ

18O at high [CO2]. Changes in gs do
not seem to be involved because, regardless of the presence or
absence of differences in gs within a given water regime between
the atmospheric and high [CO2], all water regimes at high [CO2]
exhibited higher δ

18O than the corresponding water regimes
at atmospheric [CO2]. Moreover, genotypic variability was only
significant at atmospheric [CO2]. In spite of some positive results
(Barbour et al., 2000; Cabrera-Bosquet et al., 2009b), the weak
performance of δ

18O in correlating with biomass and yield has
been extensively reported (Araus et al., 2013; Bort et al., 2014;
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Foulkes et al., 2016;Munjonji et al., 2016). This poor performance
appears to be caused by post photosynthetic fractionations of the
18O signature in the photoassimilates (Sánchez-Bragado et al.,
2016). The same reasoning may be extended for the weak and
erratic correlations of δ18Owith gas exchange traits and δ

13C that
we found.

Plants under the strongest water stress exhibited slightly lower
δ
15N values than the other two treatments at atmospheric [CO2],
and the opposite occurred at high [CO2]. Decreases in δ

15N
following water limitation (Araus et al., 2013; Bort et al., 2014) or
growing conditions causing water stress, such as salinity (Yousfi
et al., 2009, 2012), have been reported before. The effect of rising
[CO2] on δ

15N was clearer than the effect of the water regime;
in this case decreasing the isotopic composition, irrespective of
the water regime considered. Depletion of the heavier N isotope
in plants grown under high [CO2] and water deficit conditions
has been reported before in a study with alfalfa (Ariz et al.,
2015), whereas another recent study, this time in durum wheat,
concluded that elevated [CO2] was the main factor that increased
δ
15N (Medina et al., 2016). The decrease in δ

15N under elevated
[CO2] may reflect decreased gs, but could also be related to a
higher nitrogen demand in leaves, as suggested by the decreased
in leaf N (Ariz et al., 2015) or shifts in nitrogen metabolism
associated with decreases in photorespiration (Tcherkez, 2010).

The photorespiratory nitrogen cycle extending over different
plant compartments implicates several reactions related to
nitrogen recycling that may have 15N-kinetic isotope effects (Yu
and Woo, 1991; Werner and Schmidt, 2002). Normally, the
kinetic isotope effects on these reactions should not become
evident when there is a total recycling of the intermediates
without input or net production of substrates and products
(Werner and Schmidt, 2002). However, plants can excrete
gaseous ammonia (Francis et al., 1997; Pearson et al., 1998) as a
consequence of photorespiration. If the uptake/loss of NH3 from
plant stomata is rate-limited by the diffusion of NH3 in air, the
transported NH3 will be depleted in 15N by around 18‰ relative
to the δ

15N of the source (Farquhar et al., 1980; Tcherkez and
Hodges, 2008). As a consequence an increase in δ

15N may be
expected as a response to photorespiration, whichmay be the case
for plants exposed to atmospheric [CO2] compared to enhance
[CO2].

The correlation of δ
15N with SB across water regimes was

only significant (and negative) at the high [CO2]. The lack of
correlation at atmospheric [CO2] may be due, as for δ

13C, to
the relatively narrow range of variability in SB associated with
the response to water regimes at atmospheric [CO2]. Negative
relationships between δ

15N and SB and yield at atmospheric
[CO2] have been frequently reported (Robinson et al., 2000;
Yousfi et al., 2009; Raimanová and Haberle, 2010; Araus et al.,
2013).

Growing Conditions, N Concentration, and
Plant Growth
The effects of water stress decreasing the N concentration in
leaves have been extensively reported (Shangguan et al., 2000;
Yousfi et al., 2012). In accordance with this, the N concentration

was positively correlated with the gs (r = 0.36, P < 0.01; r =

0.51, P < 0.001, at atmospheric and high [CO2], respectively),
suggesting that the N concentration in leaves depends to some
extent on the transpirative stream (Dalla Costa and Gianquinto,
2002). This may be the case for plants growing under hydroponic
conditions in particular, where water and nitrogen are provided
together through the nutrient solution (Peñuelas et al., 1995)
and the transpiration stream largely determines the availability
of mineral N in the rhizosphere (Gonzalez-Dugo et al., 2010). In
support of that, our results show a general decrease in the content
of the different amino acids as response to water stress. Such
decrease is nonspecific, as shown by the fact these amino acids
belong to different metabolic pathways (Galili et al., 2016). This
may highlight that primary substrate(s) for the synthesis of all
amino acids were reduced, involving the provision of C skeletons
or N. It has been reported for Arabidopsis plants that a reduction
in the levels of transpiration, decreased the capacity for nitrogen
uptake and the shoot nitrogen concentration of the plant but only
when water availability was not restricted (Hepworth et al., 2015).

Increasing the [CO2] had a significant, albeit minor effect,
decreasing the N concentration. In fact, the results of an increase
in [CO2] decreasing N concentration were only significant at
the strongest water stress. A decrease in nitrogen concentration
has been widely reported in non-leguminous plants following
increases in [CO2] (Jablonski et al., 2002), irrespective of the
water regime (Medina et al., 2016). In fact, the predicted growth
response to elevated [CO2] is reduced at low N availability
(McMurtrie et al., 2008; Vicente et al., 2016b). In our study,
water deficit combined with high [CO2] caused the lowest SB and
N concentration in the leaves among the six different growing
conditions.

As expected at elevated [CO2], the levels of photorespiratory
intermediates, glycine and serine decreased (Geiger et al., 1998,
1999; Yu et al., 2012; Aranjuelo et al., 2013; Noguchi et al.,
2015). However, different to previous studies (Fritz et al., 2006;
Krapp et al., 2011; Noguchi et al., 2015), the levels of (other)
major amino acids (e.g., aspartate, asparagine, glutamate, and
alanine) decreased. Such decrease has been reported as response
to insufficient nitrogen conditions; specifically under NO−

3 and
ambient [CO2] conditions (Noguchi et al., 2015; Vicente et al.,
2016b). This pattern suggests that in our system some limitation
of N availability may be present. Nevertheless, the relative
decrease of glycine as response to inhibition of photorespiration
(i.e., at high compared with ambient [CO2]) was much lower
than that of serine which is against a low N availability (Sulpice
et al., 2013; Noguchi et al., 2015). On the other hand in agreement
with previous studies the amount of minor amino acids (e.g.,
threonine, valine, cysteine, methionine, lysine, leucine, etc.)
decrease at elevated [CO2] (Noguchi et al., 2015).

Summarizing the decrease in the amount of several amino
acids under elevated CO2, reported in our study may have
several causes. Some of them, decreased probably due to the
inhibition of photorespiration under elevated CO2 (glycine and
serine). The rest of the amino acids could have been reduced
due to the inhibition of N assimilation; this has been reported
in several plants under elevated CO2, such as Arabidopsis and
wheat (Aranjuelo et al., 2013; Noguchi et al., 2015; Vicente et al.,
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2016b). The inhibition of N assimilation under elevated CO2 is
not completely understood, but it could be due, as reported in
Vicente et al. (2016b) and in agreement with previous studies
(Bloom et al., 2010; Aranjuelo et al., 2013), to (i) lower rates of
photorespiration in elevated CO2 that decrease the availability
of reductant in the cytosol, and inhibition of NO−

2 influx into
chloroplasts; or to increased demand for NO−

3 to match the
increase in net photosynthetic assimilation in elevated CO2,
leading to a decline of the metabolic NO−

3 pool that restricts
induction of nitrate reductase and thus NO−

3 assimilation.
Interestingly tyrosine was the only amino acid clearly

increasing as response to a high [CO2]. Moreover, under
water stress, high [CO2] also increased phenylalanine. Both are
aromatic amino acids, which have low N/C ratios, involved as
precursors in the synthesis of anthocyanin. In fact an increase
in both amino acids has been reported in Arabidopsis leaves at
elevated [CO2] in NH+

4 + NO−
3 media (Noguchi et al., 2015)

which is our case (i.e., nutrient solution). Cysteine was strongly
decreased under elevated [CO2] regardless of water regime. It
constitutes the first stable product of the sulfur assimilation, and
acts as precursor of the majority of organic sulfur compounds
(Hawkesford et al., 2012).

Independently of [CO2], the levels of all amino acids were
correlated (Supplementary Material Figure S2). However, the
relationships between amino acids with other physiological
traits varied depending on [CO2]. It was especially remarkable
that amino acid contents correlated positively with SB under
high [CO2] and negatively with traits related to water status
(RWC, 9w, δ

13C, and T), while under atmospheric [CO2] the
correlations between amino acids and other traits were scarce.
These findings suggest that amino acid pool greatly influences
biomass accumulation under elevated [CO2] and its amount is
influenced by leaf and plant water status in a highly-dependent
manner.

Decreases in transpiration associated with mass flow of soil
solution, have been proposed to limit plant N acquisition. In
an experiment with cottonwood, where relative humidity and
atmospheric [CO2] were manipulated to alter the transpirative
stream, N gain was positively correlated across all treatments with
root mass, and a significant portion of the remaining variation
(44%) was positively related to transpiration per unit root mass
(McDonald et al., 2002). Thus, decreases in plant N concentration
under water stress are attributable in part to associated decreases
in gs and transpiration. However, other mechanisms may be
involved for the decrease in plant N under [CO2] enrichment.
Thus, in our study no clear differences existed in the rates
of gs measured at different [CO2] and even transpiration was
increased at high [CO2] relative to atmospheric [CO2]. Besides
the potential effect of diminishing transpirative stream, [CO2]
enrichment is reported to inhibit the assimilation of nitrate into
organic nitrogen compounds (Bloom et al., 2010; Vicente et al.,
2016b). This inhibition may be largely responsible for [CO2]
acclimation, that is, the decrease in photosynthesis and growth
of C3 plants after long exposures to [CO2] enrichment. Different
studies have shown that the effect of elevated [CO2] on reducing
N content was related at the transcript level to a down-regulation
of genes encoding for Rubisco subunits and N-assimilation

enzymes (GS1 and GS2), indicating a co-regulation of primary
C and N metabolism (Stitt and Krapp, 1999; Vicente et al., 2015,
2016a,b; Medina et al., 2016).

As a consequence of the effect of water regime on N
concentration, the trait best correlated with total biomass within
each of the two [CO2] was the total leaf N concentration (and
amino acid contents), although the correlation was stronger
at high [CO2]. Overall, the results showed that greater plant
growth across water regimes was linked to an increase in shoot
N concentration associated to a higher transpiration stream, even
when changes in N metabolism appear also involved (Hirel et al.,
2007; Medina et al., 2016). A study of Peñuelas et al. (1995) on
sweet pepper also found that the effect of [CO2] and water regime
was dependent on the accumulated N supply. All these studies
have plants grown under hydroponic conditions in common,
where irrigation and fertilization are provided together through
the nutrient solution under relatively low photosynthetic photon
flux density.

The leaf N concentration was negatively correlated with
δ
13C within each [CO2] across water regimes, whereas nitrogen
concentration and gs correlated positively (but in a weaker
manner). Moreover, δ13C correlated with the total shoot nitrogen
content in a weaker manner than the nitrogen concentration
alone. In fact, both the δ

13C and nitrogen concentration were
expressed on a dry matter basis, which may explain their better
correlation. δ

13C is not just an indicator of water use efficiency
(Farquhar et al., 1982, 1989) but it is also strongly negatively
affected by the amount of available water (Araus et al., 1997,
2003) and therefore when analyzed on a dry matter basis it
may be considered an indicator on the total (i.e., through time)
water used by the plant. Moreover, in the Principal Component
Analysis the nitrogen concentration was placed clearly opposite
to δ

13C. In other words, the negative relationship between δ
13C

and nitrogen concentration on a dry leaf basis may be understood
as the nitrogen concentration in the leaves being, at least in part,
the consequence of the amount of water transpired by the plant.
The Path Analysis further supported the direct contribution of
the nitrogen concentration in determining total biomass as well
as the positive role of an increased water use (assessed through
a lower δ

13C of the dry matter) on the N accumulation. This
model worked better under high [CO2]. In sweet pepper growing
under hydroponic conditions, strong negative correlations across
salinity levels for leaf δ13C with both gs and nitrate accumulation
have been reported, with the correlations being higher at elevated
[CO2] compared with atmospheric [CO2] (del Amor, 2013).

CONCLUSION

The signatures of the three different stable isotopes are
significantly affected by water regime, [CO2], and genotypic
effects. However, the results do not support the use of δ

18O as
an indicator of the effect of growing conditions and genotypes
on plant growth. This study proves that the effect of water
regime on sweet pepper growth in a hydroponic system is caused
by changes in the amount of nitrogen assimilated, which is
associated with the plant’s water use. In that sense, the role of δ13C
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in explaining differences in plant growth across water regimes
appears mediated via its direct relationship with N accumulation
in leaves, particularly at high [CO2]. However, our study does
not support stomatal closure as being associated with an elevated
[CO2]-induced reduction in N concentration in the shoot.
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Erratic weather patterns associated with increased temperatures and decreasing rainfall
pose unique challenges for wheat breeders playing a key part in the fight to ensure
global food security. Within rain fed winter wheat areas of Turkey and Iran, unusual
weather patterns may prevent attaining maximum potential increases in winter wheat
genetic gains. This is primarily related to the fact that the yield ranking of tested
genotypes may change from one year to the next. Changing weather patterns may
interfere with the decisions breeders make about the ideotype(s) they should aim for
during selection. To inform breeding decisions, this study aimed to optimize major
traits by modeling different combinations of environments (locations and years) and
by defining a probabilistic range of trait variations [phenology and plant height (PH)]
that maximized grain yields (GYs; one wheat line with optimal heading and height is
suggested for use as a testing line to aid selection calibration decisions). Research
revealed that optimal phenology was highly related to the temperature and to rainfall
at which winter wheat genotypes were exposed around heading time (20 days before
and after heading). Specifically, later winter wheat genotypes were exposed to higher
temperatures both before and after heading, increased rainfall at the vegetative stage,
and reduced rainfall during grain filling compared to early genotypes. These variations in
exposure to weather conditions resulted in shorter grain filling duration and lower GYs
in long-duration genotypes. This research tested if diversity within species may increase
resilience to erratic weather patterns. For the study, calculated production of a selection
of five high yielding genotypes (if grown in five plots) was tested against monoculture
(if only a single genotype grown in the same area) and revealed that a set of diverse
genotypes with different phenologies and PHs was not beneficial. New strategies of
progeny selection are discussed: narrow range of variation for phenology in families
may facilitate the discovery and selection of new drought-resistant and avoidant wheat
lines targeting specific locations.
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INTRODUCTION

Water shortage (drought) and extremes in temperature (cold and
heat) are common abiotic stresses worldwide (e.g., Zampieri et al.,
2017). Although the wheat breeding and research community
focuses on developing high yielding varieties with improved
adaptation to drought and heat, annual genetic gains during the
last three decades have been poor in low yielding environments
(around 0.5% year, see, e.g., Lopes et al., 2012 and more
recently quantified in heat stressed environments in Crespo-
Herrera et al., 2017). The small amount of progress achieved
to improve heat and drought adaptation and resistance is at
least partially related to methodological obstacles such as: (i)
the confounding effects caused by phenology (or crop stage
at which the crop experiences the stress) when evaluating a
diverse set of wheat genotypes and (ii) the erratic nature of
weather (rainfall and temperature vary importantly from year
to year). One good example of the first obstacle is that cereal
genotypes of short duration will yield more than long-duration
genotypes when grown under terminal drought conditions (also
known as drought escape mechanism; Fischer and Wood, 1979;
Mitchell et al., 1996; Lopes et al., 2014). Meiosis, the most stress
sensitive stage of reproduction in wheat (Saini and Westgate,
1999) generally coincides with the booting stage (Zadoks et al.,
1974) and escape of exposure to drought and heat at this stage is
crucial for survival and grain set. Additionally, early flowering is
an evolutionary mechanism for adaptation to warm and drought
environments (Royo et al., 2014). Blum (2009) citing Mitchell
et al. (1996) explained that short-term growth duration dictates
moderate water-use and the escape of terminal drought stress,
whereas long-duration genotypes generally have greater water
use and larger deep root systems that allow deep soil moisture
extraction – if indeed deep soil moisture is available. Therefore,
exposure of genotypes with long and short duration to drought
or heat conditions at the same developmental stage would likely
reveal different effects on grain yield (GY). While the literature
indicates several explanations for the better performance of short
duration genotypes, exposure of these genotypes to weather
variables in comparison to late duration genotypes has not been
determined.

Fischer and Wood (1979) and Mitchell et al. (1996) have
suggested reducing the confounding effect of phenology to
explore other mechanisms of drought avoidance and tolerance.
Despite these early efforts, looking at the literature, a very
large number of published research studies (e.g., Araki et al.,
1999; Kirigwi et al., 2007; Kuchel et al., 2007; Honsdorf et al.,
2014) related to responses to drought or heat (both phenotyping
and genetics) completely ignored the effect of phenology that
Fischer took into consideration in his early work to improve
screening methodologies for drought adaptation (Fischer and
Maurer, 1978). This oversight is unfortunate and at least
partially hampers our progress to increase GYs under low
rainfall and warm environments. Fortunately, there have been
a few significant efforts to remove the confounding effects of
phenology in various wheat populations for gene discovery
at the International Maize and Wheat Improvement Center
(CIMMYT; Olivares-Villegas et al., 2007; Pinto et al., 2010;

Lopes et al., 2013, 2015). The removal of confounding effects
of phenology must be fully encouraged when developing new
populations for gene discovery or other purposes related to
studies of drought or heat adaptation (the evident exception
would be for populations developed for the discovery of new
phenology genes or related studies). In a scenario of increased
temperatures in dry areas, as projected in the last IPCC report
(available at: http://www.ipcc.ch/ipccreports/tar/wg2/index.php?
idp=378), these considerations become even more relevant due
to the increased difficulty of breeding for a combination of
stresses.

Some researchers have proposed that synchronizing growth
duration with the expected or predicted seasonal moisture
supply takes place as the first and foremost step in breeding
for water-limited environments (Blum, 2009). Although this
categorization is simple, the types of rainfall patterns found
in many parts of the world are becoming more erratic which
makes it difficult to define the synchronization that best suits
a particular environment and a specific year. Therefore, this
study aims to find the most probable optimal synchronization
for low rainfall winter wheat areas across years and locations.
By extension, this research also aims to determine optimal
plant height (PH) for this region, since height together with
heading are probably the highest contributors to improved
GY when not optimized and fixed by breeders (e.g., Lopes
et al., 2014). For PH, both positive and negative correlations
with GY have been reported depending on environmental
factors. In high yielding environments (either with high rainfall
or irrigated), tall genotypes will lodge and will have a GY
penalty. However, in low yielding environments where PH may
decrease as a response to water stress and high temperatures,
increased PH (up to a certain limit) is important for creating
a source of biomass and assimilates to feed grains and
increase GYs (Lopes et al., 2014). Moreover, PH is not just
a positive trait in terms of securing pre-anthesis reserves to
filling grain but may also confer a proper pre-anthesis canopy
architecture optimizing radiation interception (Miralles and
Slafer, 1997).

One possible way to ensure increased plasticity to erratic
weather conditions would be by planting several genotypes with
various flowering times and PHs. Hypothetically, this variation
would have the potential to increase resilience of the crop across
years and to increase GYs. Crop variety mixtures, in which
several genotypes are sown together in the same field, have
been proposed as a mechanism for increasing yield stability
in situations of environmental biotic and abiotic stress (Wolfe,
2000; Zhu et al., 2000; Creissen et al., 2016). This approach
has proven efficiency against crop diseases (Zhu et al., 2000)
and it is expected that compensation processes will also increase
crop performance under low rainfall environments; however, this
needs assessment.

In this context, particularly for the winter wheat rain fed
areas of Turkey and Iran, a series of trials were conducted across
several locations with the following objectives: (i) evaluate the
contribution of cycle length to heading and PH to improve
GY in rain fed winter wheat grown in low rainfall regions
of both countries; (ii) explain the drought escape mechanisms
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in the region using environmental variables measured at key
developmental stages; (iii) bridge environmental variables at key
developmental stages with height and GY; (iv) define optimal
phenology and PH and develop new strategies to facilitate the
discovery of germplasm with adaptation and resistance to water
shortage; and (v) test total production of a diverse and a mono-
varietal crop setup.

MATERIALS AND METHODS

Plant Material
One wheat population containing 250 modern wheat varieties
and breeding lines (named here genotypes) from the CIMMYT
International Winter Wheat Improvement Program (IWWIP)
was assembled from international nurseries distributed every year
(released from the early 1990s to 2011).

Experimental Design and Environments
Field experiments were conducted at three locations (Konya,
Turkey; Diyarbakir, Turkey; and Maragheh, Iran) during
four growth cycles (2012–2013, 2013–2014, 2014–2015, and
2015–2016) using an alpha lattice design with two replications.
In Diyarbakir, trials were conducted at the International
Agricultural Research and Training Center (GAPUTAEM), with
Xerosols (Calcic Xerosols) and sown on November 20,, 2012
and January 24,, 2015. In Konya, trials were sown at the
Bahri Dagdas International Agricultural Research Institute with
Xerosols (Calcic Xerosols) on October 31,, 2012, October 24,,
2013, and October 20,, 2014. In Maragheh, trials were established
at the Dryland Agricultural Research Institute (DARI) with
Xerosols (Haplic Xerosols) on October 12,, 2012, October 10,,
2013, and October 12, 2015 for growth cycles in 2012–2013,
2013–2014, and 2015–2016, respectively. Plot size was 1.5 m
long with three rows and approximately 200 seeds per m−2 in
2012–2013 and 4 m long with six rows at the same seed density,
for the remaining years in all locations.

Phenotypic Trait Evaluation
Grain yield was determined by manually harvesting the middle
row of each plot in 2012–2013 and by mechanically harvesting
the entire plot in 2013–2014, 2014–2015, and 2015–2016. For the
manual harvest, each middle row containing straw and grain was
weighed and threshed. Days to heading (DH) were determined
as the number of days from the sowing date until the point
when more than 50% of plants were displaying heads (Zadoks
Stage 59, Zadoks et al., 1974). Days to physiological maturity
(DM) were measured as the time when 50% of the spikes in a
plot showed a total loss of green color, corresponding to Zadoks
stage 89 (Zadoks et al., 1974). PH was determined by measuring
the distance from the base of the stem to the top of the spike,
excluding awns.

Statistical Analysis and Calculations
Analysis of variance was conducted for each year and combined
years using an alpha lattice design, where genotype was
considered as a fixed effect and the effect of block nested within

replicate was considered as a random effect, with the PROC
GLM of SAS statistical package (Sas Institute Inc., 2009). Broad-
sense heritability (H2) was estimated for each trait individually
to determine their reproducibility across years and within
each field trial (by removing the year variance component)
as: H2 = Vg/[Vg + (Vge/e) +(V/re)], where r = number of
replications, e = number of locations/years, V = error variance,
Vg = genotypic variance, and Vge = genotype by locations/years
interaction variance. To better understand the dependence and
tradeoffs among agronomic traits and their mechanisms of
operation in different wheat populations, Pearson correlation
coefficients on the estimated means and associated probabilities
were determined with the PROC CORR from SAS (Sas Institute
Inc., 2009).

To determine the range of DH and PH where GY is
maximized, all genotypes were grouped into seven categories
based on DH grand means across locations and years: for DH
very early (1, with average 192 days), early (2, with average 194
days), early medium (3, with average 195 days), medium (4, with
average 196 days), medium late (5, with average 197 days), and
late (6, with average 198 days), very late (7, with average 200
days); and for PH very short (1, with average 66 cm), short
(2, with average 70 cm), short medium (3, with average 73 cm),
medium (4, with average 75 cm), medium tall (5, with average
77 cm), tall (6, with average 82 cm), and very tall (7, with
average 89 cm). Twenty random sets of 10 genotypes (for each
set, different combinations of genotypes were randomly selected
out from the 250 genotypes) were assembled for each DH and
PH category. Average GY in each one of the seven phenology and
height categories (average of 10 genotypes in each category) was
determined for all the sets and non-linear regression equations
relating GY to DH and PH were fitted using Microsoft Excel
(2013). The DH and PH at which GY was maximum (optima
DH and PH) were calculated as x = −b/2a from the quadratic
functions y = ax2

+bx+c.
To determine the effects of temperature at one of the most

sensitive stages to abiotic stresses (around heading), the average
mean (TA), maximum (TM), and minimum daily temperature
(Tm) were calculated 20 days before (TA20BH, TM20BH, and
Tm20BH) and after heading (TA20AH, TM20AH, and Tm20AH)
for each genotype. Given the stress sensitivity of booting stage,
the effect of temperature and rainfall at this developmental
stage has a considerable impact on final GY. Moreover, booting
stage and meiosis occur at different points in time for wheat
genotypes differing in phenology, and the exact moment of
that stage is difficult to assess in the field, particularly when
several hundred wheat genotypes need to be evaluated. To predict
approximate temperature during this sensitive period, average
temperatures during the 20-day period before and after heading
were calculated for each genotype in each location and year.
To calculate the amount of rainfall before and after heading
instead of the 20-day period, the entire vegetative (between
sowing and heading, RVEG) and grain filling (between heading
and maturity, RGF) stages were used (as shown in Araus et al.,
2002). This calculation was related to the erratic patterns of rain
in all locations and years where rain following just before or
after the 20-day period is still available to the crop, but would
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not be included if calculated based on this short period. The
total amount of rainfall (from sowing to maturity, Rt) was also
calculated.

Finally, the hypothesis that growing several wheat genotypes
may contribute to increase resilience of GY in environments
with erratic weather patterns was tested. To do so, calculation
of grain production of five wheat genotypes was compared
to production of one single genotype or “mega-variety.” For
this exercise, three sets of data were used: 250 modern winter
wheat varieties and breeding lines described above and data
generated from international nurseries distributed worldwide
by CIMMYT, the 23rd ESWYT (Elite Selection Wheat Yield
Trials), and the 21st SAWYT (Semi-Arid Wheat Yield Trial).
The data can be found at: https://www.cimmyt.org/international-
wheat-improvement-network-iwin/. First, environments were
named “training environments” if used for selection of genotypes
based on mean GY and “testing environments” if used to test
performance of genotypes previously selected in the “training
environments.” Then, one or five genotypes with the highest
mean yield over six “training environments” were tested for
their performance in two other random environments or “testing
environments.” In total, 28 combinations of environments were
developed using six random “training environments” and two
“testing environments.” For each combination, total production
of different selections was calculated: (i) total grain production
of one genotype grown in two “testing environments” (total
of 20 ha), and previously showing the highest mean yield,
in six “training environments” (or “mega-variety”); (ii) total
grain production of five genotypes grown in two “testing
environments” (total of 20 ha) previously showing the top
five highest mean yields in six “training environments”; and
(iii) total grain production of the genotype showing the
highest mean yield in all eight environments in a total of
20 ha.

The total grain production resulting from growing one
genotype in e “testing environments” (TiGP) was calculated by
multiplying GY in the ith environment (iGY) in gm−2 to total
production in tonnes in 10 ha by multiplying by 0.1 (100,000 m2

divided by 1,000,000 g) and summing grain production of that
particular genotype in e “testing environments,” as indicated in
the equation below.

TiGP =
e2∑
ı=1

(0.1 ∗ iGY)

The total grain production resulting from growing five genotypes
in “testing environments” (TiiGP) was calculated as the sum grain
production of each of the five genotypes in 2 ha (corresponding to
five genotypes in 10 ha). The grain production of the ith genotype
was calculated by multiplying GY of the ith genotype (iGY) in
gm−2 to total production in tonnes in 2 ha by multiplying by
0.02 (20,000 m2 and divided by 1,000,000 g) and summing grain
production for the five genotypes, as indicated in the equation
below.

TiiGP =
5∑

ı=1

(0.02 ∗ iGY)

Finally, TiiGP resulting from each of the e “testing environments”
were summed together to obtain total production of five
genotypes in 10 ha and in e environments. Analysis of variance
was conducted with all 28 combinations (treating combinations
as replicates) to determine if differences between production of
one genotype or five genotypes were significant.

The same exercise was carried out in two other sets of data
from the 23rd ESWYT (grown in 64 environments, 32 were
used as “training environments” and other 32 used as “testing
environments”) and 21st SAWYT (grown in 66 environments,
33 were used as “training environments” and other 33 used as
“testing environments”). For these two sets of data, a sample of 10
random combinations of “training” and “testing environments”
was used and the number of environments in equation TiGP was
increased to 32 (total of 320 ha) and 33 (total of 330 ha) for the
23rd ESWYT and 21st SAWYT, respectively.

RESULTS

Characterization of Environmental
Conditions of Field Trials
Meteorological data of all trials conducted in Turkey and Iran
are shown in Table 1. Environments where trials were conducted
have shown typical conditions of winter wheat low-moderate
rainfall environments (mega-environment 12, Braun et al.,
2010). Experiments in Diyarbakir showed the highest minimum,
maximum, and average temperatures and total rainfall (Table 1).
These environments were also the most productive. Similar
temperatures were observed in Konya and Maragheh throughout
all seasons, although Konya tended to be warmer with slightly
higher average and maximum temperatures (Table 1). Overall,
Tm and Rainfall significantly explain variations in GY across
locations and years (R2 of 65 and 62%, respectively, when
regressing Tm and Rainfall with GY in all eight environments
using data in Table 1).

In more detail, Supplementary Figures S1A–H show the
window of variation for heading date and maturity in each
location and year tested for this study together with daily rainfall
and temperature. Overall, these environments are characterized
by cold winters, progressively higher temperatures, and a
decrease in rainfall at around heading time continuing to
maturity (Supplementary Figures S1A–H). In all trials (locations
and years), heading of all genotypes occurred when temperatures
were rising (Supplementary Figures S1A–H). On a daily
basis, rainfall patterns were erratic across locations and years
(Supplementary Figures S1A–H). However, overall, the amount
of rainfall at the grain filling stage (RGF) was on average (across
locations and years) around 12% of the amount falling at the
vegetative stage (Table 2).

Contributions of DH and PH to Grain
Yield in Turkey and Iran
Since one of the main objectives of this study is to determine
optimal DH and PH to maximize GY, correlations between
these two traits were calculated per trial (Table 1). Significant
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negative correlations between DH and GY were reported in
Diyarbakir 2013, Konya 2013, Maragheh 2014, Diyarbakir 2015,
and Maragheh 2016 (Table 1). Correlations (linear associations)
between GY and DH in other trials were not significant (Table 1).
PH correlated positively with GY (and statistically significant)
in Konya 2013, Maragheh 2013, Konya 2014, Maragheh 2014,
and Konya 2015, being those also the environments with
lower rainfall (Table 1). Correlations between GY and PH in
other trials were not significant (Table 1). Using the means

of each genotype across locations and years, DH and PH
correlated negatively with GY (r = −0.40 and r = −0.15;
Table 3).

Characterization of Temperature 20 Days
Before and After Heading and Rainfall at
the Vegetative and Grain Filling Stages
Average, maximum, and minimum temperatures during the
20-day period before and after heading (TA20BH, TA20AH,

TABLE 1 | Meteorological data of the field trials conducted in Konya and Diyarbakir (Turkey) and Maragheh (Iran) between 2012 and 2016.

LOC Harvest Year ENV# Tm ◦C TA ◦C TM ◦C TMO Rain mm GY (g m−2) DH (days) CORR GY-DH CORR GY-PH

Diyarbakir 2013 1 8.1 12.5 17.2 41.8 578 384 154 −0.37∗∗∗
−0.09, NS

Konya 2 4.3 10.8 17.0 34.9 254 339 191 −0.34∗∗∗ 0.15∗∗

Maragheh 3 3.5 8.2 12.8 34 282 180 228 0.03, NS 0.14∗

Konya 2014 4 2.3 9.5 16.3 37 225 136 205 0.05, NS 0.50∗∗∗

Maragheh 5 2.3 7.2 12.2 35 209 223 234 −0.37∗∗∗ 0.27∗∗∗

Diyarbakir 2015 6 7.3 13.8 20.3 43.4 556 415 113 −0.47∗∗∗ 0.10, NS

Konya 7 2.5 8.4 14.7 33.3 288 295 214 0.01, NS 0.29∗∗∗

Maragheh 2016 8 3.5 8.3 13.2 35.5 338 287 227 −0.22∗∗∗
−0.03, NS

Average minimum temperature (Tm), average mean temperature (TA), average maximum temperature (TM), maximum temperature observed (TMO), rainfall (Rain) from
sowing to physiological maturity, average grain yield (GY), and cycle length to heading (DH) are presented. Pearson correlation coefficients between GY and DH (CORR
GY-DH) and between GY and PH (CORR GY-PH) are shown for each trial. ∗∗∗, significant at p < 0.0005; ∗∗, significant at p < 0.005; ∗, significant at p < 0.05; NS,
non-significant. Significant correlations are shown in bold values.

TABLE 2 | Basic statistics [heritability (H2), standard error of mean (SEM), standard error of difference (SED), least significant difference (LSD), average (avg), maximum
(max), and minimum (min)] of agronomic and weather traits measured in a winter wheat population (250 varieties and breeding lines) grown in eight trials between 2012
and 2016 in Turkey and Iran.

DH DM GFD GY PH TA20BH TA20AH TM20BH TM20AH Tm20BH Tm20AH RVEG RGF Rt

H2 0.91 0.83 0.47 0.48 0.89 0.80 0.76 0.79 0.65 0.73 0.82 0.70 0.67 0.00

SEM 0.52 0.83 0.78 625 5.5 0.03 0.03 0.05 0.05 0.03 0.02 1.7 2.5 1.2

SED 1.0 1.3 1.2 35 3.3 0.2 0.2 0.3 0.3 0.2 0.2 7.8 2.2 1.5

LSD 2.0 2.6 2.5 71 6.7 0.5 0.5 0.6 0.6 0.5 0.4 3.6 4.5 3.1

avg 196 231 35 261 76 15 18 22 26 7.8 10 251 39 291

max 205 239 38 335 100 16 20 24 27 9.3 12 262 45 293

min 191 226 32 144 58 14 17 20 25 7.1 9.6 246 31 288

G ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ NS

E ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗

GxE ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗

E Avg

1 155 195 40 384 92 14 17 21 26 7.1 9.5 384 105 489

2 191 225 34 339 78 15 17 22 24 5.9 9.3 217 34 251

3 228 268 40 120 76 12 17 16 24 7.6 10 272 6.7 279

4 205 243 37 136 57 16 19 24 26 7.8 9.8 150 38 188

5 234 268 34 221 66 15 18 20 25 9.5 11 206 3.0 209

6 113 145 31 311 99 18 21 26 29 9.9 12 209 42 252

7 214 244 30 295 67 14 17 23 24 6.2 9.1 217 23 240

8 227 263 36 287 72 14 19 20 26 8.4 1.0 355 61 417

Analysis of variance with trial (E), genotype (G), and genotype by trial interaction (G × E) effects are shown. Average per environment is shown (E AVG) for each trait.
Environment (E) 1–8 correspond to locations and years as shown in Table 1; days to heading (DH), days to maturity (DM), grain filling duration (GFD), grain yield (GY),
and plant height (PH) measured in a population containing 250 varieties and breeding lines grown in eight trials between 2012 and 2016 in Turkey and Iran. Exposure
of genotypes to weather conditions is shown: average temperature 20 days before (TA20BH) and after heading (TA20AH); average maximum temperature 20 days before
(TM20BH) and after heading (TM20AH); average minimum temperature 20 days before (Tm20BH) and after heading (Tm20AH); rain from sowing to heading (RVEG); rain
from heading to maturity (RGF); and total rain from sowing to maturity (Rt). ∗∗∗, significant at p < 0.0005; ∗∗, significant at p < 0.005; ∗, significant at p < 0.05; NS,
non-significant.
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TABLE 3 | Correlation matrix with Pearson correlation coefficient and associated probability of overall weather and agronomic traits as means across all tested trials in
Turkey and Iran.

N = 250 DM GFD GY PH TA20BH TA20AH TM20BH TM20AH Tm20BH Tm20AH RVEG RGF

DH 0.87 −0.49 −0.40 −0.04 0.97 0.95 0.96 0.93 0.96 0.96 0.93 −0.93
∗∗∗ ∗∗∗ ∗∗∗ NS ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗

DM −0.01 −0.29 −0.03 0.85 0.84 0.85 0.82 0.83 0.86 0.79 −0.78

NS ∗∗∗ NS ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗

GFD 0.31 0.02 −0.46 −0.46 −0.45 −0.45 −0.49 −0.43 −0.49 0.50
∗∗∗ NS ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗

GY −0.15 −0.39 −0.42 −0.39 −0.40 −0.40 −0.36 −0.37 0.36
∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗

PH −0.04 −0.02 −0.03 −0.03 −0.06 −0.06 −0.10 0.08

NS NS NS NS NS NS NS NS

TA20BH 0.95 0.94 0.97 0.98 0.94 −0.11 −0.39
∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ NS ∗∗∗

TA20AH 0.93 0.93 0.96 0.93 −0.10 −0.38
∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ NS ∗∗∗

TM20BH 0.93 0.96 0.93 −0.10 −0.38
∗∗∗ ∗∗∗ ∗∗∗ NS ∗∗∗

TM20AH 0.95 0.95 −0.09 −0.40
∗∗∗ ∗∗∗ NS ∗∗∗

Tm20BH 0.93 −0.14 −0.40
∗∗∗ ∗∗ ∗∗∗

Tm20AH −0.12 −0.36

NS ∗∗∗

RVEG −0.94
∗∗∗

All traits were measured in a wheat population containing 250 varieties and breeding lines grown in eight trials between 2012 and 2016 in Turkey and Iran. Days to
heading (DH), days to maturity (DM), grain filling duration (GFD), grain yield (GY), and plant height (PH). Exposure of genotypes to weather conditions is shown: average
temperature 20 days before (TA20BH) and after heading (TA20AH); maximum temperature 20 days before (TM20BH) and after heading (TM20AH); minimum temperature
20 days before (Tm20BH) and after heading (Tm20AH); rainfall between sowing and heading (RVEG); and rainfall between heading and maturity (RGF). ∗∗∗, significant at
p < 0.0005; ∗∗, significant at p < 0.005; ∗, significant at p < 0.05; NS, non-significant. Significant correlations are shown in bold values.

TM20BH, TM20AH, Tm20BH, and Tm20AH, respectively)
were calculated in each trial and across all trials (Table 2).
Different genotypes (varying in DH for more than 10 days,
see maximum and minimum across locations and years in
Table 2) were consistently exposed to different temperatures in
the time period of 20 days before and after heading (Table 2)
as shown by significant “genotype” effects and medium to
high heritability (0.65–0.82) across trials for TA20BH, TA20AH,
TM20BH, TM20AH, Tm20BH, and Tm20AH. Moreover, for
total rainfall at the vegetative and grain filling stages (RVEG
and RGF), significant “genotype” effects were observed across
locations and years and heritability of 0.67–0.70 showing that
different genotypes are exposed to different amount of rainfall
in a consistent manner across locations and years. Moreover, the
“genotype” effect for total rainfall (Rt, corresponding to the sum
of RVEG + RGF) across locations and years was not significant
with 0.00 reproducibility (H2) showing that the total amount of
rainfall received by all genotypes was the same.

After the overall analysis revealed that genotypes with variable
phenology were exposed to different temperatures and rainfall
at specific stages of development, simple correlations were
calculated (Table 3). In the type of environments and wheat

genotypes tested herein, GY correlated negatively with DH
(r = –0.40) and DM (r = –0.29) and positively with grain filling
duration (GFD, r = 0.31; Table 3). Moreover, DH and DM
correlated positively with temperature 20 days before and after
heading (r > 0.90 and r > 0.80, respectively). The amount
of rainfall at the vegetative stage (RVEG) correlated positively
with DH and DM (r = 0.93 and r = 0.79, respectively),
whereas RGF correlated negatively with DH and DM (r = −0.93
and r = −0.78, respectively; Table 3). Temperature 20 days
before and after heading and RVEG correlated negatively with
GY (r > −0.36 and r = −0.37); however, RGF correlated
positively with GY (r = 0.36; Table 3). Correlations between
temperature and GY were not consistent when each environment
was taken individually (Supplementary Table S1). Sometimes
temperature had a positive effect (e.g., Diyarbakir 2013 and
Maragheh 2013); however, in Maragheh 2014, Diyarbakir 2015,
and Maragheh 2016, temperature had a negative effect on GY.
Correlations per locations and years of RVEG and RGF with
GY when significant were consistently negative and positive,
respectively (Supplementary Table S1). To better illustrate the
tradeoffs between DH and GFD as explained by RGF, RVEG, and
temperature, regressions are represented in Figure 1.
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FIGURE 1 | Tradeoff between days to heading (DH) and grain filling duration (GFD) as explained by average temperature 20 days before (TA20BH) and after
(TA20AH) heading (A and B, respectively), and rainfall at the vegetative (RAINVEG) and grain filling (RAINGF) stages (C and D, respectively) in a winter wheat
population grown in Turkey and Iran between 2012 and 2016. Grand means across environments for each genotype are shown. Dark circles represent DH and gray
circles represent GFD (shown in secondary axes). Regression equations and R2 are shown. Correlations are all significant at P < 0.005 as shown in Table 3.

Calculating Optimal DH and PH to
Maximize Grain Yield in a Changing
Environment
With the objective of finding the DH and PH that maximize
GY across locations and years, all genotypes were classified
according to seven DH and PH categories (as described in
Section “Materials and Methods”). After categorization, random
genotypes were selected from each category and used to plot
with GY as shown in Figures 2, 3. Each line in Figures 2A, 3A
corresponds to average GY of 10 genotypes randomly selected
and falling within seven DH and PH categories. This exercise was
repeated 20 times corresponding to 20 lines in Figures 2A, 3A
(each time using different genotypes from the entire population
consisting of 250 winter wheat breeding lines and varieties).
The quadratic function shown in Figure 2B and representing
the relationship DH with GY revealed that maximum yields
were obtained at 194.9 DH. The maximum of the function
in each location was also calculated for DH and is shown
in Supplementary Table S2. For PH, the quadratic function
shown in Figure 3 revealed that maximum yields were obtained
at 76.0 cm average height across all locations and years
(Figure 3B). Moreover, the maximum of the quadratic function
was also calculated for PH, in each location and is shown in
Supplementary Table S2. Finally, one modern wheat breeding
line with optima DH and PH was selected for each location
which can be used in testing blocks for calibration during
selection procedures (Supplementary Table S3). Moreover,

major functional genes are shown for the selected genotypes
(Supplementary Table S3). Since optima DH and PH were
different in each location (Supplementary Tables S2, S3), the
differences in GY obtained by selecting for specific adaptation
to each location or by selecting for adaptation to all locations
together were calculated (Supplementary Table S4). These
calculations have shown, that by selecting wheat breeding
lines with optima DH and PH in each location provided
on average an increase of 18.6% GY compared to selection
based on all locations and years (average of %CHANGE_GY in
Supplementary Table S4).

Testing Resilience and Total Production
of a Diverse and a Mono-Varietal Crop
Setup
Three sets of germplasm and data were used to test if several
wheat varieties grown together would buffer the effects of
erratic weather patterns: (i) wheat population used herein
(grown in eight environments); (ii) 23rd ESWYT (grown in 64
environments most of them irrigated and high yielding); and
(iii) 21st SAWYT (grown in 66 semi-arid environments with
little or no irrigation and low yielding). One of the objectives
of this exercise was to identify the selection methodology that
will permit the identification of the best possible genotype(s)
for a specific type of environment. Therefore, genotypes for
(i)–(iii) were selected based on GY performance in “training
environments” and then the selected genotypes were evaluated
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FIGURE 2 | Grain yield (GY) of seven phenology categories in a winter wheat population of 250 varieties and breeding lines grown in Turkey and Iran (1, very early; 2,
early; 3, early-medium; 4, medium; 5, medium late; 6, late; and 7, very late). Twenty sets of 10 genotypes were randomly selected of each phenology category to
model phenology and associated grain yield (A). Average grain yield associated with each phenology category was calculated as an average of all sets (assembled
with 10 genotypes of each category in B).

in a set of “testing environments,” which correspond to the
GY shown in Figures 4A–C. This scenario would simulate
what generally happens when breeders make a selection of new
promising wheat lines based on their best performance (highest
GY) in international trials, and farmers adopt those selected
lines. Second, this exercise aimed to test whether instead of
using one single wheat genotype, five genotypes would boost
resilience and total grain production across environments and
years. The results revealed that the best genotype in monoculture
always demonstrated higher production than a group of the
five best genotypes provided that the number of environments
was sufficient enough to find the genotype showing the highest

yield (Figure 4A). However, the best selected genotype in “six
training environments” showed similar grain production to five
genotypes. Given the fact that the number of trials conducted
for this population was relatively low, the same hypothesis was
tested in spring wheat where data from international nurseries
are available at CIMMYT. In the two sets of data for the
23rd ESWYT and 21st SAWYT, always the selection of the
best unique genotypes gave the highest GY and the group of
five genotypes showed no benefit comparatively. In the 23rd
ESWYT (Figure 4B), the best-selected genotype in 32 training
environments had lower GY than the best-selected unique
genotype across all 64 environments. However, in the 21st
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FIGURE 3 | Grain yield (GY) of seven plant height categories in a winter wheat population of 250 varieties and breeding lines grown in Turkey and Iran (1, very short;
2, short; 3, short-medium; 4, medium; 5, medium tall; 6, tall; and 7, very tall). Twenty sets of 10 genotypes were randomly selected of each height category to model
height and associated grain yield (A). Average grain yield associated with each height category was calculated as an average of all sets (assembled with 10
genotypes of each category in B).

SAWYT (Figure 4C), the best-selected unique wheat genotype
in 33 training environments had similar GY to the best-selected
genotype in all 66 field trials.

DISCUSSION

Contributions of DH and PH to Improve
Grain Yield in Rain Fed Winter Wheat
Grown in Turkey and Iran
Manipulation of DH and PH in wheat has probably had
the highest impact on wheat GY globally and both are
also responsible for the adoption of wheat in a wide

range of environments (Reynolds and Bourlag, 2006;
Lopes et al., 2014, 2015; Royo et al., 2017). Cycle length to
heading and PH together may explain up to 68% of GY
variation in low yielding environments (Lopes et al., 2014)
although this largely depends on the genetic background of the
wheat genotypes, range of variation of DH and PH, and the
environments being tested. Given the importance of these two
traits and the simplicity of detection in the field during selection
of progenies in breeding programs, the optimal expression
of these traits was evaluated and calculated to maximize GY.
For this study, DH and PH were determined in a series of
experimental field trials in three locations for 4 years. This
wheat population was intentionally designed for expressing
a wide range of variation for phenology to understand more
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FIGURE 4 | Grain production using three sets of international trials including (A) Turkey and Iran for 4 years (eight trials with low yielding environments) in a total of
20 ha, (B) 64 trials across the globe for the international nursery 23rd ESWYT (Elite Selection Wheat Yield Trials- high yielding environments) in a total of 320 ha, and
(C) 66 trials across the globe for the international nursery 21st SAWYT (Semi-Arid Wheat Yield Trial – low yielding environments) in a total of 330 ha. BESTALL is the
actual best wheat genotype in the whole set of environments (based on grand means across all environments), BESTSELECTED corresponds to the best wheat
genotype selected in a subset of training environments (based on grand means across half of the environments), and MIX corresponds to the best five selected
genotypes in a subset of training environments and grown together in 2 ha plots side by side. Different letters indicate significant differences using LSD test at
p < 0.05. Error bars indicate SD across random sets of environments.
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about how different mechanisms of adaptation and stress escape
of early and late genotypes in rain fed winter wheat areas of
Turkey and Iran. Cycle length to heading and GY correlated
negatively and significantly in most trials tested. However, PH
correlated positively and significantly with GY in most field
trials, but overall PH correlated negatively with GY when means
across locations and years for each genotype were used (but with
weak Pearson Correlation coefficient r = −0.15). These results
are in accordance with previous observations because weather
conditions partially contribute to changes in optimal DH and
PH, and PH contributions to GY (Lopes et al., 2012, 2013). For
the type of locations and years studied (winter wheat region of
Turkey and Iran), some level of earliness has been identified
as important to escape periods of water shortage during grain
filling. To better explain the mechanisms related to this response,
the environmental conditions to which different DH and PH
winter wheat genotypes are exposed are analyzed below.

Drought Escape Mechanisms in Winter
Wheat Grown Under Low Rainfall
Regions of Turkey and Iran
Grain yield across trials was primarily and significantly affected
by rainfall and Tm as shown by the significant correlations
between GY and the former weather variables. As described
in Section “Introduction,” Fischer and Wood (1979) and
Mitchell et al. (1996) highlighted the discrimination against
long-duration genotypes in poor-yielding environments, and
the resulting confounding effects hindering the discovery of
genotypes with drought avoidance and resistance. While these
confounding effects have been reported and cited in the
literature, the mechanisms associated with this response are
poorly understood in the context of winter wheat rain fed
regions of Turkey and Iran. When comparing different wheat
genotypes (particularly with variable phenology) in one specific
field trial, it is assumed that all genotypes are exposed to the same
environmental conditions. While this is correct if an average
of all environmental traits is taken from sowing to harvest, it
may not be when temperature and rainfall are determined at
specific developmental stages. Since different genotypes attain a
certain developmental stage at different points in time, weather
data were collected and calculated for each genotype at key
developmental stages. Specifically, temperature and rainfall were
quantified and evaluated for the period 20 days before and after
heading in a series of genotypes. The results presented here
show that genotypes differing in their phenology were exposed
to different temperatures and rainfall 20 days before and after
heading. Primarily, DH positively correlated with temperature
TA, TM, and Tm 20 days before and after heading. On average
across locations and years, the effect of delaying heading by 1 day
resulted in an increase of 0.16 and 0.14◦C in temperature 20 days
before and after heading, respectively (as shown by the regression
line in Figures 1A,B). This means that two genotypes with a
10-day difference in heading may be exposed to a difference in
temperature of up to 1.6 and 1.4◦C (on average across locations
and years) 20 days before or after heading. This increase in
temperature of late genotypes led to shorter grain filling duration

(Figures 1A,B) as shown by a negative correlation of temperature
with GFD and DH with GFD. This is in agreement with
Bruckner and Frohberg (1987) where increasing temperature
during grain filling in different genotypes tended to stop grain
growth prematurely and to hasten physiological maturity.

In the field trials conducted here, even if the total amount of
rainfall from sowing to maturity received by each genotype was
similar, the distribution of this rainfall changed across genotypes
at a specific growth stage. Non-significant “genotype” effects
showed this for Rt (total rainfall from sowing to maturity) in
the analysis of variance across locations and years and significant
“genotype” effects for RVEG (total rainfall during the vegetative
stage for each genotype) and RGF (total rainfall during the
grain filling stage for each genotype) across locations and years.
Moreover, RVEG and RGF correlated positively and negatively
with DH (Table 3), respectively (Rt did not show “genotype”
effects and was not included for correlation analysis). On average
across locations and years, the effect of delaying heading by 1
day resulted in an increase of 0.94 mm in RVEG (as shown by the
regression line in Figure 1C) and a decrease of 1.12 mm in RGF.
This shows that on average across the type of locations and years
tested, late genotypes were exposed to more rainfall during the
vegetative stage, but were also exposed to less rainfall at the grain
filling stage compared to earlier genotypes, and as demonstrated
by the regression lines of both periods (Figures 1C,D). In
conclusion, increased temperature at around heading and less
rainfall during the grain filling period explain the lower success
of late winter wheat genotypes in the type of locations and years
tested.

Bridging Temperature and Rainfall
Exposures of Different Genotypes With
Height and GY
Temperature at around heading and RVEG and RGF across
genotypes were not correlated with PH, although PH had an
effect on GY as shown by positive correlations in several field
trials. This indicated that mechanisms through which PH affected
GY in these environments were not driven by the differences
observed in temperature and rainfall at a specific developmental
stage across genotypes. However, the correlation of PH with GY
across genotypes was a function of total rainfall in each year
and location, with correlations trending negative to null with
high rainfall and correlation trending positive with low rainfall.
This result is in accordance with Lopes et al. (2014) where
the success of taller wheat genotypes was associated with low
yielding low rainfall environments. Other studies have explained
the success of taller wheat varieties in dry environments through
longer coleoptiles and larger roots systems compared with the
semi-dwarfs, where deep sowing ensures contact with available
soil moisture (Rebetzke and Richards, 2000), improved pre-
anthesis radiation interception (Miralles and Slafer, 1997), and
decreased canopy temperature (Lopes et al., 2012a). Mathews
et al. (2006) analyzed 81 trials around the world and concluded
that tall and semi-dwarf lines had similar adaptation to stressed
environments and showed the highest GY. It is also worth noting
that tall varieties may be desirable for reasons other than high
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yield, including high biomass and longer straw lengths (can be
used as animal feed).

Fitting DH and PH to the Environment as
a Major Goal to Increase Adaptation and
Maximize Grain Yield
One challenge for future wheat breeding is to modify the
reproductive stage timing to suit local climatic conditions while
maintaining or even increasing yield potential (Langer et al.,
2014). In most instances, wheat breeders have been guided
by a set of highly productive wheat check lines or genotypes
that in principle have optimal DH and PH. However, optimal
synchronization has not always been achieved in rain fed winter
wheat. In this study, a major objective was to define optimal
DH and PH for winter wheat grown under low rainfall cold
temperature (ME12, Braun et al., 2010) and fit the most sensitive
stages of crop development to the most favorable time and
weather conditions of the wheat cycle. A method of calculation
was used to categorize genotypes into different DH and PH
groups, and random genotypes were selected from each category
to determine how these influenced GY. Optima DH and PH
were calculated across all locations and years together and GY
was maximized at 194.9 DH and at 76.0 cm PH. However,
optima DH and PH varied with location. Specifically, Diyarbakir
is warmer and wetter (higher temperatures and total amount of
rainfall) than Konya and Maragheh and earlier genotypes are
better adapted to Diyarbakir. Konya and Maragheh are cooler
and winter wheat (later genotypes) is better adapted to these
regions. These specificities and requirements in each location
studied herein showed that to improve GY, selection must target
various optima DH and PH. This was shown by a 18.6% increase
in GY when selection targeted optima DH and PH obtained
from Diyarbakir, Konya, and Maragheh separately compared
to targeting one overall (across all locations and years) optima
DH and PH. A wheat breeding line with optima DH and
PH for each location was selected and these can be used as
checks in the field in demonstration plots for calibration during
selection procedures (Supplementary Table S2). Moreover,
in international breeding programs targeting many different
regions, multiple optimal DH and PH ranges must be identified
according to the target regions to avoid the risks of limiting the
amount of progress in those regions.

Testing Resilience and Total Production
of a Diverse and a Mono-Varietal Crop
Setup
Crop biodiversity has been proposed as a possible solution to
the vulnerability of monoculture crops to disease (Zhu et al.,
2000) and climate variability (Lin, 2011). Crop diversity and the
coexistence of multiple species have been used as an example for
improved resilience (Lin, 2011). However, limited information
is available on the resilience within species diversity to increase
resilience of wheat systems to climate change. In theory, it
would be beneficial for wheat production to have a set of a
few highly productive wheat genotypes grown in one particular
farm over a period of years to increase wheat resilience through

compensation and adaptation mechanisms of different traits.
This hypothesis was tested for this study by selecting the best
wheat genotypes in sets of environments, and comparing the
best selected genotype in monoculture (hypothetical defined in
10 ha) and in groups of five genotypes grown in 2 ha per
genotype (in a total of 10 ha). The results revealed that the best-
selected genotype in monoculture always demonstrated higher
production than a group of the five best genotypes. The results
were unexpected given that different phenology, PH, and other
traits in the diverse set (five genotypes) would help minimize
the losses caused by one “bad year” for one specific genotype.
Probably, crop variety mixtures are not the solution for water
and heat stresses in the tested environments, given the fact these
stresses may occur too late in the crop cycle, when crop plasticity
(in terms of tillering, for example) is already accomplished.
It may have more sense for environments when water stress
occurs during the first stages of crop cycle and this needs further
testing. Moreover, this hypothesis was tested for this study by
also using data from international nurseries released each year by
CIMMYT. This data were used to select the five best genotypes in
32 and 33 training environments (used for genotype selection)
for the ESWYT and SAWYT, respectively, and then by testing
those selected genotypes in other 32 and 33 testing environments
(not used for genotype selection). Using a diverse setup of
five genotypes always resulted in lower yields compared to a
monoculture with the highest yielding genotype and this was
mainly due to the fact that the total crop area also contained lower
yielding genotypes. Moreover, the best-selected genotype in a set
of 33 training environments was at least for the 21st SAWYT the
best genotype in 33 testing environments. However, for the 23rd
ESWYT, the best-selected genotype in the training environments
was not always the best genotype in the testing environments.
This indicated a gap between highest potential GY attainable, i.e.,
if the highest GY genotype can be identified and adopted and
genotypes actually obtained by selection and eventually adopted
by farmers. To close this gap, more than 30 training environments
must be used to ensure that the best-selected variety will actually
perform well in a wide range of environments. For this reason,
international nurseries at CIMMYT are planted in at least 60
environments to ensure the best possible selection.

CONCLUSION

For many years, researchers have realized the slow yield progress
of less productive wheat areas in the world where irrigation is
not an option or where water resources are becoming scarce.
To date, research efforts to tackle this bottleneck have not been
sufficient to reverse the slow progress. The results presented from
this study helped to define the aspects of wheat breeding that
need attention, and are preventing our progress in environments
with low rainfall and cold temperature in Turkey and Iran. To
increase genetic gains in rain fed winter, wheat the adoption
of phenology that synchronizes with rainfall distribution typical
from a specific region at the vegetative and grain filling stages is
necessary. It was shown that genotypes with different phenologies
received different rainfall and temperatures at a specific key
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developmental stage. Late-duration genotypes received more
rainfall during the vegetative stage and less rainfall at the grain
filling stage compared to short-duration genotypes. Moreover,
the late-duration genotypes were exposed to higher temperature
at around heading, and both rainfall and temperature shortened
the grain filling duration and penalized yields. Optimal DH
and PH that maximize GY in rain fed winter wheat areas of
Turkey and Iran have now been defined. After that, parental
lines with similar synchronization with rainfall and temperature
(similar optimal heading dates) but differing for other traits
should be crossed. Alternatively, even if parental lines are very
different, early generation selection must be conducted toward
optimal DH and PH so that in subsequent generations, the
difference is minimized. By keeping progenies within the same
optimal phenology, environmental selection will naturally follow
toward drought and heat avoidance and resistance strategies (and
drought escape will be ruled out). In this case, breeders will
not be misleading selection toward escaping stress exclusively
and will open and explore a new window of genetic variation.
Similarly, any marker discovery efforts toward drought resistance
and avoidance must use phenology controlled populations for
adequate gene discovery.

Overall, to avoid the risk of limiting wheat yield progress
in specific regions while exploring more than just drought
escape in many parts of the world, the following strategy is
suggested: (i) first define optimal heading and height ranges for
the different target regions; (ii) select new progenies based on
optimal heading and height defined in (i); (iii) compose yield
trials compartmentalized in groups of wheat lines having optimal
heading and height for the target regions defined in (i); and
(iv) within each optimal heading and height group, identify the
highest yielding lines which correspond to most resistant and
avoidant lines.

Finally, this research revealed that the use of groups of
genotypes (e.g., five genotypes) did not increase wheat resilience
through compensation and adaptation mechanisms of different
traits associated with different genotypes. In all tested sets of field
trials, it was concluded that monoculture of the best selected
genotype always demonstrated higher production.
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FIGURE S1 | Heading and maturity date of a collection of 250 winter wheat
varieties and breeding lines grown in eight trials conducted between 2012 and
2016 in Turkey (Diyarbakir and Konya) and Iran (Maragheh) (location and year
indicated in the lower right corner of each diagram) during the wheat cycle (xx
axes date). Daily maximum temperature (dark solid line), daily average temperature
(dashed dark line), and daily minimum temperature (gray solid line) are all indicated
in the primary yy axes and daily rain (light gray bars) are indicated in the secondary
yy axes. Sowing time is indicated by the symbol “S,” days to heading of the entire
population “H,” and days to maturity “M.”

TABLE S1 | Pearson correlation coefficients and probability between grain yield
(GY) and average temperature 20 days before and after heading (TA20AH and
TA20BH), maximum temperature 20 days before and after heading (TM20AH and
TM20BH), and minimum temperature 20 days before and after heading (Tm20BH
and Tm20AH). Eight trials were conducted as indicated in Table 1. ∗∗∗, significant
at p < 0.0005; ∗∗, significant at p < 0.005; ∗, significant at p < 0.05, NS,
non-significant. Significant correlations are shown in bold values.

TABLE S2 | Range of variation of optima (where grain yield is maximized) days to
heading (DH OPTIM) and plant height (PH OPTIM) determined in each location at
Diyarbakir for two growth seasons (DIY), Konya for three growth seasons (KON),
Maragheh for three growth seasons (MAR), and across all (ALL) environments
(from Figures 3, 4).

TABLE S3 | Selection of wheat breeding lines showing optima combination of
days to heading and plant height in Diyarbakir (DIY SEL) for 2 years
(“U1275-1-4-2-2/KS85W663-7-4-2//JAGGER” accession number, ACCN#
30961), in Konya (KON SEL) for 3 years (“MADSEN/TAM-202//TX89V4138,”
ACCN# 40662), and in Maragheh (MAR SEL) for 3 years
(“WO405D/HGF112//W7469C/HCF012,” ACCN# 70546) and across all
environments (ALL SEL) and years (“TAM
105/3/NE70654/BBY//BOW“S”/4/Century∗3/TA2450”ACC# 70554). Functional
genes present (1) and absent (0) are shown. DHAVG, PHAVG, GYAVG: days to
heading (DHAVG), plant height (PHAVG), and grain yield (GYAVG) average across
all environments and years.

TABLE S4 | Grain yield (GY) of genotypes selected based on optima days to
heading (DH) and plant height (PH) in each location (Diyarbakir-DIY SEL for two
seasons, Konya-KON SEL with for three seasons, and Maragheh-MAR SEL for
three seasons) and across all locations and years (ALL). As a reference, the
highest yielding genotype in each location is shown (HGY_ENV). Changes in GY
between the two types of selection (selected in each location versus selected
across all locations and years) are also shown in absolute values and in
percentage (CHANGE_GY and % GY CHANGE, respectively).
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Breeding science has immensely contributed to the global food security. Several

varieties and hybrids in different food crops including maize have been released through

conventional breeding. The ever growing population, decreasing agricultural land,

lowering water table, changing climate, and other variables pose tremendous challenge

to the researchers to improve the production and productivity of food crops. Drought is

one of the major problems to sustain and improve the productivity of food crops including

maize in tropical and subtropical production systems. With advent of novel genomics

and breeding tools, the way of doing breeding has been tremendously changed in

the last two decades. Drought tolerance is a combination of several component traits

with a quantitative mode of inheritance. Rapid DNA and RNA sequencing tools and

high-throughput SNP genotyping techniques, trait mapping, functional characterization,

genomic selection, rapid generation advancement, and other tools are now available

to understand the genetics of drought tolerance and to accelerate the breeding cycle.

Informatics play complementary role by managing the big-data generated from the

large-scale genomics and breeding experiments. Genome editing is the latest technique

to alter specific genes to improve the trait expression. Integration of novel genomics,

next-generation breeding, and informatics tools will accelerate the stress breeding

process and increase the genetic gain under different production systems.

Keywords: accelerated line breeding, big data, breeding informatics, drought, genomics, maize, next-generation

breeding, rainfed

INTRODUCTION

Increasing the food production is a challenge to feed the global population that is expected to
reach about 9 billion by 2050. Maize (Zea mays L.) is one of the important crops and its acreage
is increasing considerably especially in Asia and Africa. The world productivity of maize was
5.5 ton/ha whereas in developing economies it is about 2.5 ton/ha (https://apps.fas.usda.gov/
psdonline/circulars/production.pdf). The Intergovernmental Panel on Climate Change (IPCC)
prediction says that the mean temperatures around the planet may rise between 2 and 5◦C
or more by 2050 (www.ipcc.ch). Among other hurdles, the changes in the climate followed by
its consequences are the major threats to different crop production systems. The tropical and
subtropical climates occupying 160 million hectares are most vulnerable, since climate changes,
adversely affect the dynamics of temperature and water availability. And it is also important to
note that most of the thickly populated and developing countries are located in these climates,
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any adversity in agriculture production will cause greater damage
to the food security of millions of people. The common
production system in tropical and subtropical climates is rain-
fed (Edmeades, 2008) and the global yield loss is nearly 25% in
the rain-fed system. About 19 million hectares of the tropical
Asia is rain-fed of which 80% is drought-prone. More losses
are expected in the tropical system owing to the unpredictable
rainfall condition (Mhike et al., 2012).

From the “Mendelian era” of nineteenth century we have now
reached the stage of “Genomics era” in twenty-first century where
several new tools and techniques are available to understand
the genetics of traits and accelerate the breeding process. The
growth of “genomics” has become rapid in the last two decades.
Sequencing of DNA and RNA are no longer the constraints
and millions of SNPs can be generated in no time with the
help of modern sequencers. Identification and understanding
the function of genes are possible with the help of omics which
include genome, transcriptome, and proteome and so on. The
large-scale data from such genome-scale studies also ushered in
new branches in bio-informatics called big-data management.

At the same time, new “breeding techniques” have rapidly
emerged to reduce the breeding cycles and improve the genetic
gain. Linkage and linkage-disequilibrium based QTL mapping
approaches were revolutionized the way of understanding the
genetics of traits. Introgressing QTLs into the target genotypes
through marker-assisted breeding has improved several traits.
New line breeding andwhole-genome based selection approaches
such as genomic selection (GS) has come up to further accelerate
the breeding cycle and improve the genetic gain in the breeding
programme. Currently genome editing techniques are available
to develop customized genotypes.

Results from various genomics and novel breeding
experiments on drought tolerance in maize have started
coming up in the public domain. The review has compiled those
experiments as well as explained the strategies and opportunities
to breed drought tolerant hybrids for different maize production
systems.

PRODUCTION SYSTEM-BASED STRESS
BREEDING

Breeding for drought tolerance specific to the target production
systems would provide more dividends since the systems
decide the type of traits to be phenotyped to breed effective
maize hybrids and to maximize the genetic gain. Drought
stress is predominant in the low input rain-fed system which
occupies more than 70% of the maize production systems in
the developing world. Several component traits that belong
to morpho-physiological categories include seedling vigor,
root traits (volume, deepness, spread, primary, and secondary
structures, hairs), leaf traits (hair, rolling, chlorophyll, delayed
senescence), synchronized male-female flowering, stomatal
regulation, evapo-transpiration, relative-water content, canopy
temperature, hormones, osmotic adjustment, anti-oxidants,
enzymes, etc. have been proposed to understand and improve the
drought tolerance in maize. In the rain-fed system of sub-tropical

regions, the seeds are sown after the first shower of the rain.
Early emergence and seedling vigor are the important traits
so the plants could emerge fast and reach to the vegetative
stage. The next critical stage is flowering where male and female
flowering should be synchronized for the effective pollination.
Hence, breeding for reducing anthesis and silking interval (ASI)
assumes great significance under rain-fed system (Araus et al.,
2012). Positive correlation between ASI and grain yield in maize
has been reported previously (Monneveux et al., 2006). During
the seed setting stage, the plant survives with the existing soil
moisture and maximizes its grain filling efficiency. Green leaves
with delayed senescence (stay green) retain the moisture and
help better in photosynthesis during grain filling stage (Lee and
Tollenaar, 2007). Breeding genotypes with the ability to convert
the source to the sink rapidly is another preferable approach, so
effective grain filling is possible in shorter duration. Since efficient
mining of moisture is vital for survival and reproduction, a better
deep root system will be supportive throughout the plant life
cycle in rain-fed condition. Breeding medium maturity hybrids
by considering the above-mentioned traits is necessary to sustain
the productivity.

Maize is also cultivated in high-input irrigated system with
assured resources and clear-cut management. The use-efficiency
of irrigation water is often low and around 50% of the increase in
demand for water could be saved by increasing the effectiveness
of irrigation (Seckler et al., 1998). What is necessary in the
irrigated system is to reduce the quantity of water per irrigation
or to reduce the number of irrigations per crop cycle with
optimized water-use-efficiency. The aerial parts of the plant play
an important role in deciding water-requirement of the plant.
Plant types with better osmotic adjustments (OA) and less evapo-
transpiration rate are the efficient ones under this condition.
Genotypes that can save the water at least to the tune of 10–
20% will greatly reflect in the environmental sustainability. The
efforts in reducing the water consumption and improving the
environmental sustainability in the irrigated system will also lead
to the reduction of carbon foot prints.

On the other hand, it is very difficult to differentiate micro
traits such as hormone levels, enzymes, signaling molecules,
ROS scavenging mechanisms, etc. and their possible interactions
unique to the production systems. Since many drought-
associated traits are interrelated across systems, selecting system-
specific macro traits by keeping other micro traits in common
would be a plausible strategy. Additionally, it is imperative
to understand the correlation between drought tolerant genes
with grain yield components. While breeding for drought
tolerance, caution should be taken since the tolerant genes
operating in different pathways may lead to yield penalty.
Breaking the negative association between tolerant genes and
yield components, if any, is an important strategy to sustain the
grain yield in any production system.

UTILIZATION OF MAIZE GERMPLASM

Over 50,000 global maize accessions conserved at several gene
banks (Hoisington et al., 1999) including 28,000 accessions in
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CIMMYT (http://www.cimmyt.org/germplasm-bank/) explain
the quantum of genetic variability available in maize germplasm.
The artificial selection over the period of time caused genetic
drift and reduced the allelic diversity in the elite gene pool
(Xu et al., 2009). It has to be increased by incorporating exotic
wild germplasm and landraces into the elite germplasm pool
to tape-out the new genes including the stress tolerant genes.
Mining novel alleles for drought tolerance from the unutilized
germplasm is possible since only 5% of the germplasm is globally
used in commercial breeding (Hoisington et al., 1999). Core sets
in maize have been developed from different kinds of germplasm
to capture the maximum allelic diversity with minimum number
of genotypes (Wang et al., 2008; Wen et al., 2012).

Trait-specific core set such as “drought-core” is necessary to
exploit the genetic variability that exists in the wild and cultivated
germplasm. Phenotyping a large set of genetically diverse maize
germplasm under drought stress would be helpful to understand
the variability as well as to develop a core set. The “drought-
core” could provide an opportunity to identify novel genes using
genomic approaches. Additionally, drought tolerant populations
in maize have been developed using drought tolerance with
good combining ability. Similarly, drought-specific pools have
been developed using ASI, leaf senescence, and leaf rolling traits
(Edmeades et al., 1999; Monneveux et al., 2006). Such pools are
useful for enriching the drought tolerant alleles and genotypes
extracted from the pool could be for further used in stress
breeding programmes.

ACCELERATED LINE BREEDING

Development of potential parental lines, which is a vital
component of a maize breeding programme, is challenging
and time consuming process. Through conventional pedigree
and bulk methods, 7–8 generations are required to get
complete homozygous lines from heterozygous founder stocks.
Development of homozygous lines through accelerated line
breeding (ALB) approaches is expected to save resources as well
as speed-up the product delivery.

Doubled-haploid (DH) production has become a routine
technology in maize genetics and breeding (Rober et al., 2005;
Geiger and Gordillo, 2009). It is credited with significantly
shortening of the breeding cycle by development of completely
homozygous lines in two generations as well as simplifying
logistics (Geiger and Gordillo, 2009), including requirement
of less time, labor, and financial resources; the time and
resources thus saved could be potentially channelized for
implementing more effective selections and for accelerated
release of elite cultivars. Tested genetic stocks are now used for
rapid development of homozygous lines. Using Haploid inducers
(HI) in maize, only two generations are required to generate
homozygous lines (De La Fuente et al., 2013). Earlier, genetic
stock 6 was used to produce haploids in maize (Coe, 1959).
New generation inducer lines derived from genetic stock 6 with
higher induction rates are now available. RWS is one of such
inducing lines (Rober et al., 2005) and its sister line RWS-76
(Geiger and Gordillo, 2009) has a haploid induction rate of

8–10% in tropical maize (Prigge et al., 2012). DH technology
in maize has become a huge success both in public and private
sectors (De La Fuente et al., 2013). The haploid inducers are
useful in developing homozygous inbreds from heterozygous
and heterogeneous populations, converting male fertile lines
into cytoplasmic sterile lines, development of homozygous QTL
mapping populations, development of trait mapping panels
from landraces, marker-assisted backcross breeding (MABC)
and, development of genetic stocks such as isogenic lines and
segmental substitution lines.

Rapid generation advancement (RGA) is a new technique
to reduce the life cycle of the plant so that inbreds can be
rapidly obtained. Unlike DH where lethal alleles also fixed in
the population, the population developed from RGS has less
likely to contain recessive alleles due to natural and artificial
selection. Similar to recombinant inbred line (RIL) development
procedure, more recombinant events are allowed in RGA
technique. The principle behind the technique is that many
generations per year could be obtained by following different
strategies. For example, by reducing the life cycle of a full season
maize that matures in 100 to 110 days by 30–50%, may enable
the breeders to take many crops per year thereby accelerating the
line breeding process. In RGA, strategies such as seed treatment,
nutrient management, application of hormones, accelerated-
flowering, temperature control, breaking seed dormancy, embryo
rescue, and combinations thereof are involved in reducing the life
cycle. RGA has been attempted in several crops to shorten the
breeding cycle (Chickpea-Gaur et al., 2007; Sorghum-Rizal et al.,
2014; Rice-Tanaka et al., 2016). Once the RGA technique inmaize
is standardized, it could play a major role in hybrid breeding
programme as well as in rapid generation of genetic stocks for
genomics studies.

PRECISION PHENOTYPING

Phenotyping is an integral part of the drought breeding that
contributes in understanding the genetics of drought tolerance
and product development. The target traits need to be measured
rapidly and precisely. Since many component traits of drought
tolerance are controlled quantitatively, therefore improving
the accuracy of phenotyping has acquired much attention to
improve the heritability of the traits. Selection of primary
and secondary traits (Monneveux et al., 2008) is the way to
achieve drought tolerance in maize. Agronomically important
traits such as grain yield and yield contributing traits are
the primary traits considered for direct selection. ASI, root
architecture and stay green are the important secondary traits
to impart drought tolerance and contribute indirectly to yield
(Nepolean et al., 2013). Hormones, free-radical scavengers,
signaling molecules, enzymes, osmotic adjustment, leaf water
potential (Thirunavukkarasu et al., 2014) are the molecular
and physiological traits to be included in the selection process.
Though the traits are classified in different categories, the agro-
morpho-physiological traits should complement to each other for
better productivity. Since the yield traits are the manifestation
of several secondary traits, identification and selection of traits
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that are highly heritable, amenable for HTP phenotyping and
positively correlated with yield traits is the key issue to achieve
target level of drought tolerance (Maazou et al., 2016).

Precision phenotyping of direct and indirect traits is
a challenging task in drought breeding programmes. Plant
architecture including primary and secondary traits under
drought stress could precisely be phenotyped in controlled
conditions through newly emerged high-throughput and non-
destructive techniques. Imaging techniques are widely used to
phenotype the traits of maize. These have been used to phenotype
the whole or specific part/s of the plant. Visible light imaging
for whole part of the plant (Grift et al., 2011; Nagel et al.,
2012), thermal imaging for whole shoot or leaf tissues (Araus
et al., 2012), near infrared imaging for whole part of the plant
(Spielbauer et al., 2009; Cook et al., 2012) and 3D imaging
for shoot (Klose et al., 2009) have been reported in maize.
The “phenotyping under controlled conditions” is helpful in
large-scale phenotyping including trait mapping experiments.
However, caution needs to be taken while deciphering the
solution for drought tolerance since the controlled environment
might not mimic the actual field condition as well as be less
useful to study the genotype × environment interactions which
are very crucial to understand the drought tolerancemechanisms.
Alternatively, dynamic phenotyping in the controlled condition
could be developed to reflect the actual field conditions. In
the dynamic phenotyping the weather parameters are not static
but variable all-through the plant life cycle akin to the target
production systems.

Remotely-controlled unmanned aerial vehicles (UAVs) with
appropriate instruments are also used to phenotype under open-
field conditions. UAVs fly on the field and measure the target
traits throughout the cropping period. Aerial phenotyping in
maize using thermal images provide the normalized difference
vegetation index (NDVI) and RGB data which can be further
useful to measure a series of traits (Frank et al., 2015; Zaman-
Allah et al., 2015).

MAIZE GENOMIC RESOURCES

With the advent of next-generation sequencing (NGS)
technologies, genotyping is moving from amplicon-based
low-throughput (LTP) to SNP-based high-throughput (HTP)
systems (Figure 1). The abundance and cost-effective assays
made SNP as the preferred marker choice for the genomic
studies. The throughput of the SNPs can be modulated based
on the purpose of genotyping. High-density SNPs are needed
for high resolution fingerprinting, genome-wide association
mapping (GWAS) and genomic selection (GS). Low to medium
density SNPs are needed for genetic diversity analysis, QTL/trait
mapping, marker-assisted selection (MAS), marker-assisted
recurrent selection (MARS) and candidate gene-based selections.

Till recent past, NGS-based sequencing technologies were
used to capture the SNPs at whole genome level. Now, third-
generation sequencing technologies (Jiao and Schneeberger,
2017; Lee et al., in review) have emerged with a capability of
generating long-read sequences. Pacific Biosciences (PacBio)

FIGURE 1 | The trends in flow of information in genomics and molecular

breeding in the last two decades.

Single Molecule Real Time (SMRT) sequencing, the Illumina
Tru-seq Synthetic Long-Read technology and the Oxford
Nanopore Technologies sequencing platform offer third-
generation chemistries to capture the SNPs. The draft genome of
the elite maize inbred line “Ph207” has been recently developed
through Illumina Tru-seq Synthetic Long-Read technology
(Hirsch et al., 2016).

Whole-genome sequencing will comprehensively reveal the
structural architecture of a genome. Genome assemblies of 10
maize lines are available including reference lines B73, W22
and Mo17 (www.maizegdb.org). Close to 40,000 protein coding
genes have been identified using B73 genome. The whole-genome
sequencing also provides functional information on genes and
SNPs. A total of 6,385,011 SNPs from 15 maize inbreds was
identified by aligning the respective sequences against the maize
reference B73 genome (Xu et al., 2014). Genome-wide SNPs will
be eventually used in identification of haplotypes and in genetic
mapping. The first generation haplotype map in maize called
Hapmap1 was developed in 2009 (Gore et al., 2009) followed by
second generation HapMap2 in 2012 (Chia et al., 2012). About
55 million SNPs have been identified in the HapMap2 set which
comprises 103 lines from pre-domesticated and domesticated
maize varieties. Now, the third generation Hapmap3 is available
with the size of 3.83 million SNPs and InDels identified based on
1,218 maize germplasms (Bukowski et al., 2015).

Among restriction enzyme (RE)-based SNP identification,
genotype-by-sequencing (GBS) (Elshire et al., 2011) has evolved
as a cost-effective HTP method. Identification and utilization of
SNPs through GBS have been performed in maize for various
purposes. More than 100 SNPs were identified for root traits
under drought stress condition from 955,690 SNPs generated
though GBS (Zaidi et al., 2016). Genomic prediction of SNPs
developed through GBS was studied from a diverse panel of
296 maize inbreds and 504 DH lines (Crossa et al., 2013) by
phenotyping in controlled water-stress condition. GBS data has
been used in identification of QTLs and SNPs in the maize
nested association mapping (NAM) population for ASI and other
drought-related traits under water-stress condition (Li et al.,
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2016). Through GBS, a total 383,145 putative SNPs have been
identified from 21 diverse inbreds (7 flints and 14 dents) to
assess the biomass production in maize (Muraya et al., 2015)
and 261,055 SNPs were detected in an association mapping panel
consisting of 282 genotypes to map tar leaf spot in maize (Cao
et al., 2017). Another RE-based low cost rapid SNP discovery
is restriction site-associated DNA sequencing (RADseq) (Baird
et al., 2008). Using this technique, a total of 14,384 polymorphic
SNPs was identified based on 34 maize inbreds (Tamaki et al.,
2016).

In 2009, Illumina developed a golden gate assay Illumina R©

1536 SNP chip and later it developed a high-density Illumina R©

MaizeSNP50 Beadchip (Lu et al., 2009; Wu et al., 2014). Using
Affymetrix R© Axiom R© platform, a very high density Maize
Genotyping Array has been developed to a level of 600K SNPs
(MaizeSNP600K) (Unterseer et al., 2014). A lesser density array
was also recently developed from the same platform with a
density of 55,229 SNPs which covers variants from both tropical
and temperate germplasms (Xu et al., 2017). These SNP chips
have been used in genetic characterization of maize inbreds
(Lorenz and Hoegemeyer, 2013; Thirunavukkarasu et al., 2013;
Tian et al., 2015) and in GWAS (Cook et al., 2012; Li et al., 2013;
Thirunavukkarasu et al., 2014).

Pre-selected and validated SNPs are necessary in tracking
genotypes in MAS, MARS and GS. KASPTM offers customisable
genotyping assay to run selected SNPs in applied breeding
programmes (Thompson et al., 2014). A set of 275 SNPs through
KASP assay was used to improve the drought tolerance of maize
population through MARS (Abdulmalik et al., 2017). Testcross
genotypes were selected based on the GEBVs of 1,214 SNPs
using KASP assay (Vivek et al., 2017). Array TapeTM by Douglas
Scientific, the OpenArray system from Life Technologies and
Dynamic ArraysTM from Fluidigm are the other flexible systems
available for HTP genotyping of selected SNPs (Thompson et al.,
2014).

TRAIT MAPPING

Bi-parental populations such as F2-derived, RILs, near-isogenic
lines (NILs), etc. which follow the principle of linkage are used
for coarse and fine mapping of QTLs. QTLs for grain yield and its
component traits, ASI, abscisic acid (ABA) were identified under
water-stressed conditions using F2-derived and RIL populations
(Lebreton et al., 1995; Agrama and Moussa, 1996; Ribaut et al.,
1997; Tuberosa et al., 1998a,b; Frova et al., 1999; Guo et al.,
2008; Messmer et al., 2009; Almeida et al., 2013). A meta-QTL
approach was used to identify QTLs for grain yield under drought
condition from the data of 18 bi-parental mapping populations
(Semagn et al., 2013).

Multi-parents population such as GWAS panel are developed
by exploiting the principle of linkage disequilibrium (LD)
(Thirunavukkarasu et al., 2013). They help in reducing the
time taken for population development and provide an
opportunity to test more alleles. GWAS is similar to that
of fine mapping approach since it has the ability to identify
genes when genome-wide SNPs are used in genetically diverse

genotypes. GWAS has been employed in maize to understand
the inheritance of complex traits. Using a GWAS panel,
gene ZmVPP1, encoding a vacuolar-type H+ pyrophosphatase,
identified as the most significantly contributing gene to the
drought tolerance along with 42 candidate genes by exposing
the seedlings to drought stress (Wang et al., 2016). The GWAS
results were validated through linkage mapping, expression
assays and candidate gene-basedmapping experiments to employ
the results in the selection programmes. The QTLs identified on
chromosome 2, 7, and 8 for tar leaf spot using an association
mapping approach were validated through linkage mapping
using DH populations (Cao et al., 2017). A combined linkage
and association mapping were performed to validate the QTLs
for plant height and ear height in maize (Li et al., 2016).

Unequal allele frequencies in the members of GWAS panel
produce false-positives which is considered as a major limitation
of GWAS approach. The NAM population (Yu et al., 2008) was
proposed to overcome the limitations of linkage mapping and
association mapping. A large population created by systematic
crossing of a common line with many founder lines provides an
opportunity to exploit both linkage and linkage-disequilibrium
models to map QTLs. NAM population has been used to identify
QTLs for flowering time (Buckler et al., 2009), southern leaf
blight (Kump et al., 2011), northern leaf blight (Poland et al.,
2011) and drought tolerance (Li et al., 2016). MAGIC population
(Kover et al., 2009), a balancedmulti-parent cross design has been
proposed in maize with higher resolution, power and elevated
minor allele frequency (Dell’Acqua et al., 2015) against NAM
population. The current statistical models based on multi-parent
population approaches still have the limitation of including
minor alleles in the analysis. New models are needed to include
minor alleles present among the genotypes to understand their
role in trait expression.

FUNCTIONAL CHARACTERIZATION OF
DROUGHT TOLERANCE

Characterizing downstream events of QTLs is important to
understand the functional mechanisms of the QTLs. Post
transcriptional and post-translational changes have to be looked
upon to understand the gene regulation process. mRNAs can
be captured by exposing the genotypes under specific drought
stress condition and by comparing with the control and/or
sensitive genotypes. The differentially expressed genes (DEGs)
will be functionally classified and annotated to realize their role
in drought tolerance.

RNA sequencing (RNA-Seq) is the HTP NGS technique
to sequence and quantify the abundance of mRNAs at
whole genome level. RNA-Seq has been performed in various
tissues and at different growth stages in maize under water
stress condition. DEGs involved in cell wall biosynthesis,
transmembrane, ROS scavenging, and ABA have been identified
by subjecting the maize seedlings of the RIL population to
drought stress (Min et al., 2016). By treating the leaf, stem and
root of maize under well-watered and drought-stress conditions,
5,866 DEGs including eight MAPKKK genes responsive to

Frontiers in Plant Science | www.frontiersin.org April 2018 | Volume 9 | Article 361204

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Nepolean et al. The Drought Genomics and Breeding of Maize

drought stress have been identified (Liu et al., 2015). They
also found that DEGs involved in oxidation, photosynthesis,
starch, proline, ethylene, and salicylic acid metabolisms were co-
expressed with the MAPKKK genes. Drought treatment to Zea
mays ssp. mexicana L. (a member of teosinte, a wild relative of
the Zea mays spp. mays L.) generated 614 DEGs through RNA-
Seq analysis. Functional enrichment analyses showed that these
DEGs were related to ABA, trehalose synthesis and ICE1-CBF
pathways (Lu et al., 2017). Affymterix GenChip maize genome
array, a hybridisation-based technique, comprising 17,555 probes
has been used for identification of DEGs under drought stress
(Zhang et al., 2010; Thirunavukkarasu et al., 2017). Customized
oligo arrays having 1000 genes were used to identify the
DEGs under drought stress in maize (Marino et al., 2009).
HTP methods opened-up new possibilities to understand the
expression of DEGs involved in various pathways under stress
condition at genome-scale. The selected drought-responsive
DEGs will be systematically validated in an independent set
of genotypes, or in candidate-gene mapping experiments to
further exploit them in breeding programmes. A set 52 drought–
responsive candidate genes collected from the public data
base and from the GWAS (Shikha et al., 2017) was validated
in five maize hybrids and seven parental lines. Differential
regulation and interactions of genes in various biological
functions explained the basis of drought tolerance in subtropical
maize hybrids (Van Gioi et al., 2017). A set of genes and
their characteristics identified for drought tolerance through
genomics and functional genomics approaches is presented in
Table 1.

Small RNAs called micro RNAs are the class of regulatory
RNAs and their role in drought stress response through
regulating the target mRNAs has been reported in maize.
Genome-wide survey of miRNAs provided 150 high-confidence
genes within 26 miRNA families (Zhang et al., 2009). A
total of 192 mature miRNAs including 68 potential novel
miRNA candidates was identified by constructing small RNA
libraries at genome-scale from a set of contrasting maize
genotypes to drought response. Five of these were differentially
expressed under drought stress and played an important role
in photosynthesis under drought stress (Sheng et al., 2015).
A set of 13 drought-associated miRNA families regulating 42
unique target mRNAs were identified from drought-exposed
seedlings of maize. The expression analysis revealed that miRNAs
had both positive and negative regulations with their respective
target mRNAs under stress (Aravind et al., 2017). RNA-Seq
coupled with transcriptome re-assembly, a total of 13,387 long
non-coding RNAs (lncRNAs) was identified under water-stress
condition using maize seedlings. The identification of non-
coding RNAs also revealed the role of epigenetic mechanism
responsible for stress tolerance (Forestan et al., 2016).

Information on proteins and post translational modification
under drought stress provide better knowledge on trait
expression and selection of QTLs/genes for tolerance. Rapid
quantification of proteins at genome-level is possible with
the help of modern proteomics techniques such as shotgun
proteomics [multidimensional protein identification technology
(MudPIT)], isotope-code affinity tags (ICATs), targeted mass
tags (TMTs), isobaric tags for relative and absolute quantitation

(iTRAQ) (Ghatak et al., 2017). A set of 61 drought-associated
proteins were identified at eight-leaf stage after exposing
the maize plant to drought stress through iTRAQ approach.
Functional characterization of these proteins revealed that
chaperone proteins, proteases, ethylene responsive proteins
and ripening-related proteins played a major role in drought
tolerance (Zhao et al., 2016a). Using the same technique,
150 ABA-dependent proteins were identified from a set of
ABA-deficient maize mutant Vp5 and its wild-type under
drought stress (Zhao et al., 2016b). Using multiplex iTRAQ-
based quantitative proteomic and LC-MS/MS methods, 149
differentially phosphorylated peptides were identified at five-
leaf stage of maize under drought stress (Hu et al., 2015). Leaf
proteome of maize under moderate drought were analyzed by
two independent approaches, 2D gel electrophoresis and iTRAQ,
revealed the importance of detoxification proteins in drought
tolerance (Benešová et al., 2012).

The role of specific proteins have been identified and
characterized under drought stress conditions in maize.
Up-regulation of RAB 17, phosphoribulokinase, caffeate
O-methyltransferase, COMT, glutamate semialdehyde
aminotransferase (GSAAT), β-glucosidase, chloroplastic
fructose bisphosphate aldolase, and ferritin proteins under
drought stress condition were identified from the maize leaf
tissue (Riccardi et al., 1998). Changes in the expression of oxygen
evolving enhancer (OEE) protein 1, malate dehydrogenase and
ABA stress ripening (ASR) proteins were identified from the
leaf proteome under drought stress (Riccardi et al., 2004). Non
accumulation of two isoforms (acidic protein COMT 1 and
less acidic protein COMT 2) of caffeic acid/5-hydroxyferulic
3-Omethyltransferase in the drought-stressed maize leaves was
identified as the cause for reduced leaf elongation under stress
(Vincent et al., 2005).

Metabolites react with environmental changes and are
the better candidates to study the drought response. Recent
studies indicated that metabolites have a positive correlation
with drought tolerance. Metabolic traits could be used as an
additional selection tool along with other genomic tools to
improve drought tolerance in maize. Gas chromatography-
mass spectroscopy (GC-MS)-based metabolite profiling revealed
41 metabolites under drought stress of which glysine and
myoinositol were significantly correlated with grain yield in
maize (Obata et al., 2015). Tryptophan, proline, histidine, and
several intermediates from the TCA cycle analyzed through GC–
TOF–MS method showed significant difference in the maize
hybrids under drought stress condition. These metabolites also
had a strong relationship with phenotypic traits (Witt et al.,
2012). A mass spectrometer analysis detected different levels of
abscisic acid, jasmonate, salicylic acid, and other hormones in
herbicide tolerant maize varieties under control and drought-
stress conditions (Benevenuto et al., 2017).

The functional genomics approaches play important role
to understand the identification of genes operating in stress
tolerant pathways, interaction of key genes in various pathways
and contribution of genes to final trait expression under
stress condition. Together with genomics, functional genomics
approaches are useful in selection of better genotypes in stress
breeding programmes.
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TABLE 1 | List of drought stress-responsive genes and their characteristics controlling various important traits in maize.

Trait Gene ID Gene name Chr Gene start Gene end Functional mechanism References

Stomatal

regulation

GRMZM2G407181 nced2 1 174550907 174553815 ABA-dependent pathway Iuchi et al., 2001;

Thompson et al., 2007

GRMZM2G089619 zhd 15 2 50140925 50142374 ABA-dependent pathway Davletova et al., 2005

GRMZM2G053384 PRC protein 2 227347436 227349815 RNA binding Thirunavukkarasu et al.,

2014; Van Gioi et al., 2017

GRMZM2G102429 u-box 2 226617615 226619360 Catalytic activity Thompson et al., 2007;

Thirunavukkarasu et al.,

2014

GRMZM5G858784 nced3 3 87358369 87360132 ABA-dependent pathway Iuchi et al., 2001;

Thompson et al., 2007

GRMZM2G159724 me6 3 201756751 201761835 Nucleotide binding, protein

binding

Thirunavukkarasu et al.,

2014; Van Gioi et al., 2017

GRMZM2G069365 zhd 17 4 160153804 160155930 ABA-dependent pathway Davletova et al., 2005

GRMZM2G122479 me2 6 139464390 139470075 Ion homeostasis-dependent

pathway

Laporte et al., 2002

GRMZM2G161680 ca5p3 6 93659875 93665056 Stomatal conductance Song et al., 2017

GRMZM2G071112 zhd 13 7 112658777 112661470 ABA-dependent pathway Davletova et al., 2005

Root

developoment

GRMZM2G003466 ereb101 1 20094963 20096296 Dessication tolerance Liu et al., 2013

GRMZM2G124037 dbf3 2 194479918 194481002 Dessication tolerance Liu et al., 2013

GRMZM2G060465 ereb155 4 185036196 185037019 DNA binding Thirunavukkarasu et al.,

2014

GRMZM2G090576 nac3 5 20815035 20817354 Auxin transport Hund et al., 2009

GRMZM2G432571 NBS-IRR partial 5 20914992 20918282 Nucleotide binding Thirunavukkarasu et al.,

2014; Van Gioi et al., 2017

GRMZM2G028648 nac2 6 115935425 115937455 Auxin transport Hund et al., 2009

GRMZM2G104400 nactf38 8 102056994 102060989 Auxin transport Hund et al., 2009

GRMZM2G134073 nac68 8 160424732 160426914 DNA binding Thirunavukkarasu et al.,

2014; Van Gioi et al., 2017

GRMZM2G015605 nac1 10 87283919 87284844 Auxin transport Hund et al., 2009

GRMZM2G091819 Flavin monoxygenase 10 16522572 16525775 Auxin biosynthesis Overvoorde et al., 2010

GRMZM2G371345 V-type PPase H+ pump 10 46790874 46793155 Auxin transport Overvoorde et al., 2010

ROS GRMZM2G066120 mkkk11 1 37470728 37476121 Reactive oxygen species

homeostasis

Zhu, 2002

GRMZM2G172322 gsr1 1 12985602 12991971 H2O2 metabolism Galle et al., 2013

GRMZM2G140667 apx2 2 219258176 219261097 Reactive oxygen species

homeostasis

Badawi et al., 2004

GRMZM2G054559 pld1 3 12195404 12200349 Phospholipid hydrolysis Zhu, 2002

GRMZM2G071021 aldh3 3 221771183 221775333 Reactive oxygen species

homeostasis

Miao et al., 2006; Chen

et al., 2012

GRMZM2G367411 mkk6 5 12679871 12707265 Kinase activity, nucleotide

binding

Thirunavukkarasu et al.,

2014; Van Gioi et al., 2017

GRMZM2G059991 sod3 6 136070517 136074741 Oxygen radical

detoxification

McKersie et al., 1996;

Castillejo et al., 2008

GRMZM2G025992 sod2 7 171775019 171778224 Oxygen radical

detoxification

McKersie et al., 1996;

Castillejo et al., 2008

GRMZM5G884600 GPx 10 138607002 138608876 Catalytic activity Thirunavukkarasu et al.,

2014; Van Gioi et al., 2017

GRMZM5G822829 BHLH 10 138462252 138463015 DNA binding Thirunavukkarasu et al.,

2014; Van Gioi et al., 2017

Hormone

Signaling

GRMZM2G083717 wrky14 1 299282977 299288556 Sequence-specific DNA

binding

Thirunavukkarasu et al.,

2014; Van Gioi et al., 2017

GRMZM2G008250 NFY-A 1 174845979 174849344 Sequence-specific DNA

binding

Thirunavukkarasu et al.,

2014; Van Gioi et al., 2017

GRMZM2G117851 bzip1 3 212179339 212194812 Sequence-specific DNA

binding

Thirunavukkarasu et al.,

2014; Van Gioi et al., 2017

(Continued)
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TABLE 1 | Continued

Trait Gene ID Gene name Chr Gene start Gene end Functional mechanism References

GRMZM2G056120 artf11 3 196638145 196644110 ABA-inducible TFs

triggering stomatal closure

Furihata et al., 2006; Kim

et al., 2012

GRMZM2G172327 myb14 7 150087003 150088438 DNA binding,chromatin

binding

Thirunavukkarasu et al.,

2014; Van Gioi et al., 2017

GRMZM2G152661 camta5 10 109572710 109580177 DNA binding, protein

binding

Thirunavukkarasu et al.,

2014; Van Gioi et al., 2017

Photosynthesis GRMZM2G414192 umc1383 1 247786615 247788296 Chlorophyll A-B binding

protein

Song et al., 2017

GRMZM2G078409 ploc2 2 24166809 24167435 Electron transfer Efeoglu et al., 2009

GRMZM2G162200 rca1 4 693736 696087 Role in photosynthesis Rollins et al., 2013

GRMZM2G162282 rca3 4 691410 693139 Role in photosynthesis Rollins et al., 2013

GRMZM2G568636 ferredoxin–nitrite

reductase

4 56335735 56340792 photosynthetic electron

transport

Min et al., 2016

GRMZM2G122337 Ferredoxin 1 6 1340417 1341388 Oxidation reduction process Kimata and Hase, 1989

GRMZM2G033885 light harvesting complex

photosystem II

7 157314547 157315990 Photosynthesis antenna2 Min et al., 2016

GRMZM2G012397 psa6 7 5134217 5135120 Photosystem I reaction

center 6

Li et al., 2011

GRMZM2G033208 Transketolase 9 22790749 22795294 Carbon fixation in

photosynthetic organisms

Min et al., 2016

Sucrose

metabolism

GRMZM2G175423 sodh1 1 197301249 197304338 Cellulose hydrolysis Mei et al., 2009

GRMZM2G391936 ADP glucose

pyrophosphorylase large

subunit 1

1 273514151 273518985 Starch synthesis Min et al., 2016

GRMZM2G028353 cellulose synthase 6 2 170393027 170398878 Cellulose synthase Min et al., 2016

GRMZM2G018241 Cellulose synthase 9 2 161757546 161763704 Cellulose synthase Min et al., 2016

GRMZM2G130043 ss5 4 172635729 172706662 Hydrolysis of sucrose Ruan et al., 2010

GRMZM2G122277 cellulose-synthase like D2 4 31271742 31278123 Cellulose synthase Min et al., 2016

GRMZM2G046587 pyrophosphorylase 1 5 200881599 200885907 starch synthesis Min et al., 2016

GRMZM2G089836 invertase2 5 67537393 67540691 Response to drought stress Zhang et al., 2017

GRMZM2G058310 amyb5 7 155396510 155399710 Starch degradation Rizhsky et al., 2004

GRMZM2G152908 sus1 9 122479052 122485725 Sucrose metabolism Gonzalez et al., 1995

GRMZM2G016890 Sbe2A 10 34240659 34246077 Starch biosynthesis Hurkman et al., 2003

ABA-mediated

ignaling

GRMZM2G057935 phyC1 1 277059620 277064623 Signaling network Sheehan et al., 2004

AC198979.4_FG009 ereb95 1 10988032 10988424 ABA-dependent signaling

pathway

Zhang et al., 2017

GRMZM2G082487 ZmPP2C-A5 2 176186305 176187719 ABA signaling Xiang et al., 2017

GRMZM2G019819 ZmPP2C-A8 2 103675901 103679774 ABA signaling Xiang et al., 2017

GRMZM2G059453 ZmPP2C-A1 3 180096139 180098099 ABA signaling Xiang et al., 2017

GRMZM5G867568 MAPKK3 3 111079872 111080021 ABA signaling Zhang et al., 2012

GRMZM2G122228 ZmPP2C-A6 3 212913668 212919667 ABA signaling Xiang et al., 2017

GRMZM2G134628 ZmPP2C-A11 3 220928320 220934085 ABA signaling Xiang et al., 2017

GRMZM2G112240 prh1 4 170944444 170947965 ABA signaling network Zheng et al., 2010

GRMZM2G137046 bzip61 5 112670143 112675317 ABA signaling Song et al., 2017

GRMZM2G066867 snrkII10 5 18469442 18472522 ABA signaling network Schafleitner et al., 2007;

Mao et al., 2010

GRMZM2G177386 ZmPP2C-A10 6 161744096 161747484 ABA signaling Xiang et al., 2017

GRMZM2G102255 ZmPP2C-A12 6 167604993 167607983 ABA signaling Xiang et al., 2017

GRMZM2G308615 ZmPP2C-A4 7 89059718 89061311 ABA signaling Xiang et al., 2017

GRMZM2G069146 ereb115 7 141174421 141175245 ABA-dependent signaling

pathway

Song et al., 2017

(Continued)
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TABLE 1 | Continued

Trait Gene ID Gene name Chr Gene start Gene end Functional mechanism References

GRMZM2G305066 MKKK18 8 152510200 152511639 Signaling network Shou et al., 2004

GRMZM2G166297 ZmPP2C-A2 8 168030486 168032471 ABA signaling Xiang et al., 2017

GRMZM5G818101 ZmPP2C-A7 8 72141439 72143820 ABA signaling Xiang et al., 2017

GRMZM2G383807 ZmPP2CA-13 8 77501631 77504702 ABA signaling Xiang et al., 2017

GRMZM2G180555 MKKK10 9 141628047 141638073 Signaling network Shou et al., 2004

GRMZM2G159811 ZmPP2C-A9 10 101377174 101382475 ABA signaling Xiang et al., 2017

GRMZM2G142718 dof41 10 147844469 147845926 ABA-dependent signaling

pathway

Song et al., 2017

Aquaporins GRMZM2G081843 PIP1;4 4 170004633 170006133 Aquarins Min et al., 2016

GRMZM2G154628 PIP2.1 5 195239679 195242694 Aquarins Min et al., 2016

GRMZM2G137108 NOD26-like intrinsic

protein 4

6 113136258 113140405 Aquarins Min et al., 2016

Delayed

flowering time

GRMZM2G021777 col3 5 183418226 183419769 Delay flowering time Song et al., 2017

GRMZM2G004483 cct2 9 115786897 115789787 Delay flowering time Song et al., 2017

Plant

development

GRMZM2G336533 nactf60 5 2887335 2889124 DNA- binding Zhang et al., 2017

GRMZM2G024973 d9 5 11793473 11795945 Modulator of plant

development

Zhang et al., 2017

GRMZM2G126566 myb159 7 108815110 108818213 DNA binding,chromatin

binding

Zhang et al., 2017

GRMZM2G042666 C2H2 7 146276397 146281153 Plant development Zhang et al., 2017

GRMZM2G140355 bzip80 9 85130086 85132905 Sequence-specific DNA

binding

Song et al., 2017

Signal

transduction

GRMZM2G466563 – 1 220901789 220904352 Signal transduction Alam et al., 2010

GRMZM2G428554 – 1 210641732 210645615 Signal transduction Perruc et al., 2004

MARKER-BASED SELECTION
APPROACHES

QTLs and genes are identified and validated by various trait
mapping and functional studies. For the validated QTLs and
genes, QTL-flanking and gene-specific markers can be designed.
The markers are further used in applied breeding through MAS,
MARS and GS to improve the trait expression.

MAS
QTL-based selection techniques largely follow marker-assisted
backcrossing (MABC) orMARS. Although several QTLmapping
experiments are reported inmaize little has been published on the
successful introgression of QTLs especially for drought tolerance.
A successful MABC programme by introgressing five QTLs for
ASI inmaize for drought tolerance has been reported (Ribaut and
Ragot, 2007).

The success of MAS programmes for drought tolerance
depends upon two components: 1. Identification of true QTLs
for the component traits, 2. Introgression of the identified QTLs
in MAS. Drought is a combination of several quantitative traits
with a high level of epistatic and environmental interactions.
Quantifying the phenotypic variation explained by the QTLs
and their possible interactions are important issues since the
effects are confounded with study design, selection of component

traits, challenges involved in phenotyping, marker coverage,
genotyping, QTL mapping models and so on. Any fluctuation on
the above-mentioned factors would significantly alter the QTL
numbers and their phenotypic contribution. Apart from this,
though true QTLs are identified, practically, chasing too many
QTLs through MABC remains a daunting task. So during the
introgression programme, transferring one or two major QTLs
do not provide the expected level of trait expression since a
QTL identified with epistatic interaction lose the effect in the
absence of its counterparts. All above-mentioned factors are to
be considered while performing QTLmapping experiments since
a successful MAS programme depends upon the QTL mapping
results.

MARS
MARS allows simultaneous identification and improvement of
polygenic traits by stacking favorable alleles at a large number
of the loci. MARS can be either used by inter-mating the
marker genotypes in random (Hospital et al., 1997; Moreau
et al., 1998) or directed recombination of the selected genotypes
of a segregating population (Charmet et al., 1999). MARS
was successfully employed in maize to improve the complex
quantitative traits such as yield and stover quality (Massman
et al., 2013) and drought tolerance (Beyene et al., 2015). Through
MARS, the number of favorable alleles for the drought tolerance
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has been increased from 114 in C0 to 124 in C3 (Abdulmalik et al.,
2017). The frequency of favorable alleles of drought tolerance was
increased from 0.510 at C0 to 0.515 at C2 with a genetic gain of
3% by practicing MARS in maize (Bankole et al., 2017).

GS
In the recent past, the genetics of traits was studied with the
help of QTLs based on bi-parental mapping populations. This
approach provides information on two alleles per locus. Later
association mapping approach came up with a possibility of
studying several alleles to the range of 30-40 depends upon
the genetic variability present in the GWAS panel. Now, we
have reached an era from studying a few loci to all loci of the
genome (Figure 1). The GS models assume that all marker loci
of the genome contribute to the trait-expression (Meuwissen
et al., 2001) either positively or negatively, so small-effect marker
loci will also be effectively included in the model (Heffner
et al., 2009; Guo et al., 2012). This approach is quite useful
to develop lines with best SNP combinations by combining
SNPs from genetically diverse population. The cumulative effect
of SNPs called as genomic estimated breeding value (GEBV)
decides the expression of the trait. GS has two components:
1. Prediction of GEBVs and 2. Utilization of GEBVs in the
selection programme. GEBVs can be predicted with the help
of GS models using genome-wide SNPs and comprehensive
phenotypic data. The best model was predicted using seven GS
models in drought-phenotyped genotypes and compared the GS
results with GWAS results (Shikha et al., 2017). Improvement of
populations for drought tolerance through GS approach has been
already reported inmaize. About 7.3% higher grain yield inmaize
was obtained through GS over conventional selection under

drought stress (Beyene et al., 2015). From 10 to 20% of GS was
achieved over conventional phenotypic selection under drought
conditions in the testcrosses from bi-parental populations using
1,214 SNP markers (Vivek et al., 2017).

The combination of ALB with GS selection approaches is
expected to reduce the breeding cycles and deliver the products
rapidly in maize (Figure 2). The lines developed from ALB
approach would feed back to the GS selection cycle to generate
GEBVs. The GEBVs in turn would help in selection of better lines
with drought tolerance developed through ALB. The selected
elite lines would be used in hybrid breeding programme to
develop drought-tolerant high-yielding hybrids.

GENOME EDITING

Targeted genome editing is the latest approach to manipulate
the gene function. Of several approaches, clustered regularly
interspaced short palindromic repeats (CRISPR) and CRISPR-
associated protein9 nuclease (Cas9) are the effective genome
editing technologies used in plant system (Gasiunas et al., 2012;
Cong et al., 2013). Several modifications to the CRISPR/Cas9
system are now available for site-directed modifications such as
truncated-gRNAs (tru-gRNAs) with no off-target effect (Osakabe
et al., 2016). Zinc-finger nuclease (Kim et al., 1996) and
transcription activator-like effector nucleases (TALENS) (Boch
et al., 2009; Moscou and Bogdanove, 2009) are the other
techniques used in editing the genes.

Through genome editing approaches, point mutation
(deletion or insertion), gene knockouts, activation or repression
of genes and epigenetic changes are possible (Kamburova et al.,
2017). Many gene editing experiments are successful since the

FIGURE 2 | Accelerated development of drought tolerant hybrids by combining DH, RGA and GS approaches.
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target traits are governed by a single gene. In maize upstream of
the liguleless1 (LIG1) gene, male fertility genes (Ms26 andMs45),
and acetolactate synthase (ALS) genes (ALS1 and ALS2) have
been successfully altered through targeted mutagenesis, precise
gene editing, and site-specific gene insertion using Cas9 and
guide RNA (Svitashev et al., 2015). A CRISPR/Cas9 binary vector
set was developed as a toolkit to perform multiplex genome
editing in a variety of plant species including maize (Xing
et al., 2014). Biolistic delivery of pre-assembled Cas9–gRNA
ribonucleoproteins into embryo cells, and DNA- and selectable
marker-free recovery of plants with mutated alleles at high
frequencies was demonstrated in maize (Svitashev et al., 2016).
Recently, RNA editing using programmable single-effector
RNA-guided RNases Cas13 has been reported (Cox et al., 2017).
Through RNA editing the structure of the DNA remains intact
whereas the function of genes is altered. The utility of RNA
editing is yet to be explored in maize for drought tolerance.

Genome editing is currently akin to MAS where one or few
genes are beingmodified for a given trait. Since drought tolerance
is a complex trait, many genes need to be targeted to achieve the
desired level of tolerance. Mutant lines can be created for various
drought-responsive genes and through pyramiding approaches
those genes can be introgressed into a single genotype. However,
pyramiding approach is laborious and resource intensive. Hence,
up-gradation or modification in the existing genome editing
approaches is needed to alter several genes operating in various
pathways in a genome at one go. Such an advanced approach
will be useful to manipulate several target genes of individual and
component traits to develop drought tolerant genotypes rapidly.

Combining genomics and gene editing techniques would
accelerate the trait improvement at desired level. Through
genomics one can understand the structure and function of
the genes that are controlling simple and complex traits. The
number, location, phenotypic contribution of genes to the trait
expression should be elucidated in advance in order to use them
in genome editing approaches. Since drought is controlled by
several genes with variable level of phenotypic expression the
epistatic interactions of genes should be thoroughly studied. This
would help in selecting combination of genes to be targeted for
editing experiment. Selection of genes that are working in tandem
would be a good option for trait improvement program rather
working on individual genes to realize improved genetic gain.
Identification of candidate genes for drought through genomics
followed by editing of those target genes is necessary to improve
the genetic gain rapidly.

GENOME AND BREEDING INFORMATICS,
AND BIG-DATA

The cost-effective ever-growing genomics approaches generated
data in the form of DNA and RNA sequences, proteins,
metabolites and etc. to the scale of 100’s of terabytes. The
large scale data produced from such genomic techniques is
called as “Big data.” The large-scale genomics data will pose
computational challenges thus new techniques need to be
developed (Stephens et al., 2015). The management of big data

includes storage, compilation, curation, processing, complex
data analyses, visualization, retrieval and sharing. High-power
local server- or cloud-based computing systems are necessary to
manage the big data.

The genome-level big data developed from omics techniques
are complementary to each other to understand the structural
architecture of genome and functional complexities of gene
regulation at intra and inter species level. Customised informatics
platforms are needed to integrate the big data to get meaningful
information and decisions. Genomics Open-source Breeding
Informatics Initiative (GOBII) is one of such open-source
platforms to develop and implement genomics data management
tools (http://cbsugobii05.tc.cornell.edu/wordpress/).

The decisions from the big data will be exploited in
the applied breeding programmes such as MAS, MARS,
and GS. These selection programmes have several activities
including phenotyping, genotyping, backcross breeding, testing
the product and etc. Breeding informatics tools play handy to
streamline the activities of the selection programmes and help in
effective management of the breeding processes.

Integration of big data management tools, decision making
tools and down-stream molecular breeding activities are
become necessary to practice the next-generation breeding
efficiently and to accelerate the product delivery. Various
commercial and open-source platforms are available to combine
genomics, data management and breeding activities. Integrated
Breeding Platform (www.integratedbreeding.net) has provided
various informatics tools to manage genomics and breeding
data. Complex trait breeding such as drought tolerance will
be benefitted when various genomics, novel breeding, and
informatics tools are combined effectively (Figure 3).

CONCLUSIONS

Breeding for climate-resilient drought tolerant maize is
important owing to changing climatic conditions. Though it is
an important trait, but its complex inheritance poses a major
challenge to the researchers. Several morpho-physiological
traits have been reported for drought tolerance in maize. Since
maize growing in different agro-climatic conditions, system-
specific approach would be relevant to choose target traits for
improvement. Genomics and breeding tools have come-up in
the last two decades for better understanding of the inheritance
of traits. Cost-effective third-generation sequencing technologies
are now available to capture the SNPs as well as customize the
genotyping. The identification and functional characterization
of genes involved in various drought tolerance mechanisms can
be performed with the help of expression and protein assays.
Combining approaches such as DH technology with GS would be
useful to accelerate the drought breeding in maize. The genomics
and breeding approaches should be sufficiently complemented
and supported with sophisticated informatics tools. Big data
management and informatics tools have become necessary in
applied breeding programmes. Genome editing approaches
are going to play a big role in future in developing customized
genotypes for the target environment. Identification of key genes
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FIGURE 3 | The next generation drought breeding involves utilization of various genome-level techniques, decision from different informatics pipelines to deliver

products for system-specific hybrids.

operating in different pathways through QTL/gene mapping and
gene expression assays remains important to exploit them in
genome editing experiments. The editing of target genes could
provide desired level of drought tolerance and sustain the grain
yield in hybrids for different production systems. Although
several advancements have happened in the field of genomics,
knowledge on inter- and intra -allelic interactions need to be
focussed to improve the heritability. In order to maximise the
genetic gain in the selection programmes for drought tolerance,
focus has to be given to elucidate the inter-trait interaction at
molecular level. Precision breeding of drought tolerant maize
hybrids is possible by strategic integration of modern genomics
approaches with advanced breeding methods.
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Drought stress is a major global issue limiting agricultural productivity. Plants respond
to drought stress through a series of physiological, cellular, and molecular changes
for survival. The regulation of water transport and photosynthesis play crucial roles in
improving plants’ drought tolerance. Nitrogen (N, ammonium and nitrate) is an essential
macronutrient for plants, and it can affect many aspects of plant growth and metabolic
pathways, including water relations and photosynthesis. This review focuses on how
drought stress affects water transport and photosynthesis, including the regulation of
hydraulic conductance, aquaporin expression, and photosynthesis. It also discusses
the cross talk between N, water transport, and drought stress in higher plants.

Keywords: drought stress, water transport, photosynthesis, nitrogen, aquaporin

INTRODUCTION

Crop production is facing threats from both biotic and abiotic stresses. Drought stress is considered
to be one of the most devastating abiotic stresses, and it decreases crop yield, particularly in arid and
semiarid areas (Chaves et al., 2003; Parry et al., 2007; Lambers et al., 2008). The decrease in yield
varies from 13 to 94% in the investigated crops that were under drought stress (Farooq et al., 2009).
Rice is traditionally cultivated in waterlogged conditions, and in China, 80% of the freshwater used
in agriculture is for rice production, indicating that rice production would suffer more drought
stress due to water shortages (Guo et al., 2007a). It is expected that drought stress would be more
severe because of global warming (Chang, 2007).

In higher plants, drought stress induces an array of physiological and biochemical adaptations
of metabolism for survival by increasing the drought resistance through three strategies, namely,
“drought escape,” “drought avoidance,” and “drought tolerance” (Morgan, 1984; Xu et al., 2010;
Vilagrosa et al., 2012). Strategies of drought escape include reducing life span and inducing
vegetative dormancy to escape severe drought stress (Geber and Dawson, 1990; Vilagrosa et al.,
2012). Strategies of drought avoidance include increasing water uptake ability and water use
efficiency, for example, stomatal closure, extensive root systems, high capacity for water transport
from roots to leaves, and high leaf mass to leaf area ratio (Schulze, 1986; Jackson et al., 2000).
Strategies of drought tolerance mainly include improving osmotic adjustment ability, increasing
cell wall elasticity to maintain tissue turgidity, increasing antioxidant metabolism, increasing
compatible solutes, and enhancing the resistance to xylem cavitation (Morgan, 1984).
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In this review, we present an overview on how drought stress
affects water uptake, transport, and photosynthesis in higher
plants. In particular, we summarize that nitrogen (N) supply
may regulate drought tolerance in higher plants with different
N forms and/or N levels. Nitrogen is an essential macronutrient
for plants, and it can affect many aspects of plant growth and
metabolic pathways (Guo et al., 2007b; Xu et al., 2012; Wang
et al., 2014). Ammonium and nitrate are two major N sources in
higher plants. It is well-documented that these N forms regulate
drought tolerance through root water uptake and photosynthesis
in rice (Li et al., 2009a, 2012; Yang et al., 2012; Ding et al., 2016b),
French beans (Guo et al., 2002, 2007b), and maize (Mihailović
et al., 1992).

DROUGHT STRESS AFFECTS WATER
UPTAKE AND TRANSPORT

In soil-plant-atmosphere continuum system, water travels from
soil to the atmosphere. Two water flow pathways are included
in this process: axial movement (water flow from root xylem
to leaf vessels) and radial movement (water flow from soil to
root xylem and from leaf xylem vessels to mesophyll cells) (Sade
and Moshelion, 2017). The whole plant hydraulic conductance
is determined by radial conductance, that is, root hydraulic
conductivity (Lpr) and leaf hydraulic conductance (Kleaf), since
water must pass through apoplastic barriers, which resist the
water flow (Steudle and Peterson, 1998; Sack and Holbrook,
2006). During drought stress, both Lpr and Kleaf are affected
in higher plants (Aroca and Ruiz-Lozano, 2012; Sade and
Moshelion, 2017).

Drought Stress Affects Lpr and Kleaf
Root hydraulic conductivity tends to decrease during drought
stress (North et al., 2004; Aroca et al., 2012; Grondin et al.,
2016; Meng and Fricke, 2017). The decrease in Lpr (1) causes a
decrease in transpiration and an increase in water use efficiency
(Iuchi et al., 2001) and (2) evades water leakage from root back
into soil while soil water content decreases progressively (Jackson
et al., 2000). Nonetheless, an increase in Lpr was observed after
short-term water stress treatment with polyethylene glycol (PEG)
6000 in rice (Ding et al., 2016b) and maize (Hose et al., 2000).
In other studies, decrease in Lpr was detected after short-term
water stress treatment (with PEG) in cucumber (Qian et al.,
2015) and tobacco (Mahdieh et al., 2008). The response of Lpr
to drought stress varies among species, indicating that there are
different strategies for water uptake regulation. It can be seen
that water distribution is non-uniform when the soil becomes
dry. McLean et al. (2011) demonstrated that one half of the roots
increased the capacity of water uptake in a wet zone, whereas
the other half of the roots decreased water uptake in a dry
zone.

Vandeleur et al. (2009) showed that, in grapevine under
drought stress, Lpr decreased while cell hydraulic conductivity
(Lpc) increased. Similar result was obtained by Hachez et al.
(2012) in maize, and it was demonstrated that Lpc increased after
2 h of PEG treatment, without any further change in Lpr. Such an

increase of Lpc might be helpful for osmotic adjustment. It was
postulated that Lpr was controlled by the conductivity of exo-
and endodermis cells, while not cortical cells (Lpc) under water
stress, since large resistance was expected for water flow passing
exo- and endodermis due to the deposition of lignin and suberine
in these cells (Hachez et al., 2012).

In leaves, drought stress induced the decrease of both leaf
water potential (9 leaf) and Kleaf in many plants, including woody
species (Johnson et al., 2009; Scoffoni et al., 2011a), grapevine
(Pou et al., 2013), Arabidopsis (Shatil-Cohen et al., 2011), and
sunflower (Nardini and Salleo, 2005). Water movement inside
leaves includes two pathways (1) water movement through leaf
xylem (i.e., petiole and venation) and (2) water movement
outside the xylem (i.e., bundle sheath and mesophyll) (Sack
and Holbrook, 2006). When plants suffer from drought stress,
both water flow pathways are affected (Scoffoni et al., 2011b)
and aquaporins play an important role in regulating water
movement outside the xylem (Buckley, 2015). Decrease in Kleaf
was associated with the downregulation of aquaporin expression
and/or activity in bundle sheath cells under drought stress
(Shatil-Cohen et al., 2011). Additionally, it was demonstrated
that abscisic acid (ABA) accumulation inside leaves induced
the downregulation of aquaporin activity in bundle sheath cells,
which further induced the decrease of Kleaf under drought stress.
Indeed, overexpressing the aquaporin gene (NtAQP1) in bundle
sheath cells reduced the effect of ABA on Kleaf (Sade et al.,
2015). On the other hand, leaf xylem embolism by cavitation
formation decreased Kleaf under drought stress (Johnson et al.,
2009; Scoffoni et al., 2011b; Vilagrosa et al., 2012).

Drought Stress Affects Lpr Through the
Regulation of Aquaporin
In the “composite transport model” (Steudle and Peterson,
1998; Steudle, 2000a), water flows from soil to root xylem in
two parallel pathways, namely, apoplastic pathway and cell-to-
cell pathway. Apoplastic water flow is blocked by apoplastic
barriers in exodermis and endodermis, and the flow must proceed
through the cell-to-cell pathway, which has large resistance
for water movement (Maurel, 1997). Yet, aquaporins located
on the membrane reduce the resistance. Aquaporins play an
important role in regulating Lpr (Javot and Maurel, 2002;
Gambetta et al., 2017). Vandeleur et al. (2014) showed that shoot
topping decreased Lpr by 50–60%, through the downregulation
of aquaporin gene expression (five to tenfold decrease). Gambetta
et al. (2017) reviewed that the contribution of aquaporin to Lpr
is highly variable across species, ranging from 0∼90%, and the
variability depends on the type of aquaporin inhibitor and the
method used to measure Lpr. Genetically modified aquaporin
expression is used to change Lpr, which was decreased by 42%
in NtAQP1 knockouts, antisense tobacco plants deficient in
the tobacco aquaporin NtAQP1, and by 20∼30% in AtPIP1;2
knockouts, Arabidopsis thaliana plants deficient in the aquaporin
AtPIP1;2 (Postaire et al., 2010).

Under drought stress, the change in Lpr is associated with
the regulation of aquaporin expression (Steudle, 2000b; Aroca
and Ruiz-Lozano, 2012; Aroca et al., 2012; Henry et al., 2012).
The contribution of aquaporins to Lpr was up to 85% under
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drought stress in rice (Grondin et al., 2016). Four rice genotypes
showed increased contribution, whereas two showed decreased
contribution after long-term drought treatment in comparison
with well-watered treatment. Our results demonstrated that
ammonium nutrition enhanced drought tolerance in rice
seedlings when compared with nitrate nutrition (Guo et al.,
2007a; Li et al., 2009a), which is associated with the regulation
of aquaporin expression (see Figure 1; Gao et al., 2010; Yang
et al., 2012; Ding et al., 2015, 2016b). After 24 h of water
stress treatment with PEG 6000, the expression and activity of
aquaporins were enhanced in plants supplied with ammonium
when compared with normal water treatment, whereas no
increase was observed in plants supplied with nitrate (Ding
et al., 2015, 2016b). Furthermore, it was observed that ABA
accumulation was much faster in roots supplied with ammonium
than with nitrate during 24 h drought treatment, which
supported the increase in aquaporin expression (Ding et al.,
2016b). Abscisic acid had a positive effect on Lpr and aquaporin
expression (Aroca et al., 2006; Mahdieh and Mostajeran, 2009;
Parent et al., 2009). Parent et al. (2009) demonstrated that a
higher aquaporin expression and Lpr was observed in the maize
line producing more ABA than in the line producing less ABA.

Drought Stress Affects Lpr Through the
Regulation of Root Anatomy and
Morphology
The decrease in Lpr could be explained by increased or
accelerated deposition of root suberin under drought stress
(Gambetta et al., 2017), and the accumulation of suberin leads
to the formation of apoplastic barriers. Vandeleur et al. (2009)
demonstrated that the diminution of Lpr was caused by suberin
and lignin depositions, which restricts the apoplastic water
flow under drought stress. In rice plants, suberization of the
endodermis increased under drought stress (Henry et al., 2012).
On the other hand, more aerenchyma formation could restrict the
passage of water through cortical cells in rice roots (Ranathunge
et al., 2003, 2004; Yang et al., 2012; Ren et al., 2015). Yang et al.
(2012) observed that drought induced more root aerenchyma
formation and restricted root water uptake in rice plants supplied
with nitrate.

Additionally, Lpr is regulated by the change in root
morphology under drought stress. Plants tend to develop a deeper
root system to obtain more water, since the drying rate is more
pronounced in superficial soil layers than in the deeper ones
(Pinheiro et al., 2005; Alsina et al., 2010). In rice plants, lateral
root growth was enhanced by water stress treatment with PEG
6000 in plants supplied with ammonium (Ding et al., 2015).

DROUGHT STRESS AFFECTS
PHOTOSYNTHESIS

Drought stress decreases photosynthetic rate (A), restricts plant
growth, and reduces crop yield (Farooq et al., 2009). The decrease
in A is associated with stomatal closure (Flexas and Medrano,
2002; Flexas et al., 2006a) and metabolic impairment (Tezara

et al., 1999; Tang et al., 2002). In most studies, the decrease in
A was due to stomatal closure and increase in resistance to CO2
diffusion (Xu et al., 2010; Flexas et al., 2012; Perez-Martin et al.,
2014). Under drought stress, ABA accumulated in leaf apoplast
and induced stomatal closure (Seki et al., 2007; Skirycz and Inzé,
2010; Rodrigues et al., 2017). Photosynthesis was restored after
elevating CO2 concentration in leaves (Kaiser, 1987; Gallé et al.,
2007) or stripping the epidermis (Schwab et al., 1989), indicating
that stomatal closure is the main factor causing the decline
in A. The ways to evaluate photosynthesis limitation under
drought stress are discussed by Flexas et al. (2012). Drought
stress intensity was divided into three levels based on stomatal
conductance (gs): (1) mild drought stress (gs > 0.15 mol H2O
m−2 s−1), (2) moderate drought stress (0.05 mol H2O m−2

s−1 < gs < 0.15 mol H2O m−2 s−1), and (3) severe drought stress
(gs < 0.05 mol H2O m−2 s−1) (Medrano et al., 2002; Cano et al.,
2014). During mild drought stress, decrease in gs was the only
cause for the decline in photosynthetic rate. During moderate
drought stress, the decrease in gs and meshophyll conductance
(gm) caused the decline in A. After severe drought stress
photosynthetic capacity is impaired, inhibiting photosynthetic
enzymes and decreasing chlorophyll and protein content. The
plants also suffer oxidative stress under severe drought stress
(Zhou et al., 2007; Farooq et al., 2009). However, the decrease in
gs and gm accounts for more than 90% of total A reduction from
mild to severe drought stress in tobacco (Galle et al., 2009) and
eucalyptus (Cano et al., 2014).

In C3 plants, light-saturated photosynthetic rate is restricted
by chloroplastic CO2 concentration (Cc) under present ambient
CO2 level, and Cc is unsaturated (Li et al., 2009b; Ding et al.,
2016a). The Cc depends on the regulation of gs and gm (Flexas
et al., 2008; Evans et al., 2009; Kaldenhoff, 2012). Under drought
stress, even less Cc is predicted owing to stomatal closure, the
increase in diffusion resistance, and the activity of Rubisco (key
enzyme for carboxylation), which decreases due to insufficient
CO2 (Flexas et al., 2006a). In comparison with stomatal closure,
which is regulated by ABA and/or hydrogen peroxide (H2O2)
(Zhang et al., 2001; Rodrigues et al., 2017), the regulation of
gm is more complex under drought stress. It was demonstrated
that the decrease in 9 leaf resulted in chloroplast downsizing and
subsequently decreased gm in plants supplied with nitrate under
water stress treatment with PEG 6000 (Li et al., 2012). Chloroplast
shrinking induced the decrease in total chloroplast surface area
and the surface area of chloroplasts exposed to intercellular
airspace per unit leaf area (Sc), which are positively correlated to
gm (Evans et al., 2009; Li et al., 2009b; Xiong et al., 2017).

In other studies, the decrease in gs and gm has been associated
with the regulation of aquaporin expression (Flexas et al., 2006b;
Miyazawa et al., 2008; Pou et al., 2013; Perez-Martin et al., 2014).
In olive, the downregulation of two aquaporin gene expression,
OePIP1;1 and OePIP2;1, explained the decrease in both gs and gm
under drought stress (Perez-Martin et al., 2014). Pou et al. (2013)
observed that the expression of VvTIP2;1, a grapevine tonoplast
aquaporin, was highly correlated with gs, and the downregulated
expression might partially cause gs decline under drought stress.
However, they also found that there was no decrease in the
expression of the other aquaporin genes under drought stress,
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FIGURE 1 | The mechanism of nitrogen form affecting drought tolerance in rice plants. NH4
+, Ammonium; NO3

−, Nitrate; AQP, Aquaporin; ABA, Abscisic acid; Lpr,
Root hydraulic conductivity; Tr, Transpiration rate; 9 leaf, Leaf water potential; Tleaf, Leaf temperature; Kleaf, Leaf hydraulic conductance; A, Photosynthetic rate; gs,
Stomatal conductance; gm, Mesophyll conductance. Up arrows, increase; down arrows, decrease.

for example, VvPIP2;1 (a grapevine root-specific aquaporin) and
VvTIP1;1 (an isoform of the grapevine tonoplast aquaporin). This
result suggests that the aquaporin members play different roles
in regulating leaf water relations and photosynthesis. Indeed,
some aquaporin genes are located in stomatal complexes [guard
cells, Hachez et al. (2017)], and they are involved in controlling
the stomatal movement. Rodrigues et al. (2017) showed that
AtPIP2;1, an aquaporin in Arabidopsis, facilitated H2O2 entry
into guard cells and induced stomatal closure under ABA
treatment. Evidence elucidates that the inhibition of aquaporin
expression in bundle sheath cells was due to ABA accumulation
in leaf under drought stress (Shatil-Cohen et al., 2011). Mizokami
et al. (2015) observed that gm decreased with the increase in leaf
ABA content in wild type plants under drought stress, whereas
both ABA and gm were unchanged in aba1, an ABA-deficient
mutant, indicating that ABA plays a major role in the regulation
of gm under drought stress by affecting aquaporin expression.

Full recovery of A after rewatering was observed in many
studies (Izanloo et al., 2008; Xu et al., 2009; Cano et al., 2014).
However, the recovery speed varied among these studies, which
depended on the degree and velocity of decline in A during stress
imposition (Flexas et al., 2012). In severe drought stress plants,
the recovery of A was only 40–60% on the first day of rewatering,
but the recovery continued in the next few days. When A was
36% in control plants before rewatering, the total recovery of
A occurred in 4 days. When A was 23% in control plants, full
recovery took up to 6 days, and when A was 3% in control
plants, full recovery required 18 days (Flexas et al., 2012). Besides,

the recovery of A depends on the change in gs and gm after
rewatering. Cano et al. (2014) observed that full recovery of A was
associated with quick recovery of gm in eucalyptus, whereas gs
recovery was slower than gm. Stomatal conductance might not be
fully recovered after rewatering, which aims to increase intrinsic
water use efficiency (Gallé et al., 2007; Galmés et al., 2007; Xu
et al., 2009).

THE COORDINATED DECLINE IN Kleaf
WITH A UNDER DROUGHT STRESS

The coordination between Kleaf and A played an important role in
the evolution of leaves (Sack and Holbrook, 2006; Scoffoni et al.,
2016). Many studies have demonstrated that positive correlations
exist among species between hydraulic conductance of stem; leaf;
the whole plant; and gs, gm, and A (Sack and Holbrook, 2006;
Brodribb et al., 2007; Flexas et al., 2013; Scoffoni et al., 2016;
Xiong et al., 2017).

Under drought stress, coordinated decline of Kleaf and A was
observed in maize (Gleason et al., 2017), rice (Tabassum et al.,
2016), and woodland species (Skelton et al., 2017). In rice plants,
the decrease in major venation thickness induced the decline
of both A and Kleaf (Tabassum et al., 2016). In other studies,
it has been shown that ABA plays an important role in the
coordinated decline of Kleaf and A under drought stress (Shatil-
Cohen et al., 2011; Mizokami et al., 2015; Coupel-Ledru et al.,
2017), through the regulation of aquaporins (Shatil-Cohen et al.,
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2011; Pou et al., 2013). Abscisic acid induced the deactivation of
aquaporins in bundle sheath cells under drought stress, which
caused the decrease in 9 leaf and Kleaf (Shatil-Cohen et al., 2011).
The deactivation of aquaporins could directly downregulate gm
by affecting CO2 transport (Flexas et al., 2006b; Evans et al., 2009;
Kaldenhoff, 2012).

CROSS TALK OF N, WATER
TRANSPORT, AND DROUGHT STRESS

Nitrogen Supply Affects Root Water
Uptake
Nitrogen is an essential macronutrient for plants, and it affects
many aspects of plant growth and metabolic pathways (Guo et al.,
2007c; Xu et al., 2012; Wang et al., 2014). Ammonium and nitrate
are two major sources of N uptake by higher plants. The N form
and the levels of N available affect root water uptake (Tyerman
et al., 2017). Gorska et al. (2008a) found that the increase in root
water uptake was associated with high nitrate supply (5 mM) in
cucumber and tomato. Further analysis demonstrated that the
increase in root hydraulic conductivity resulted from the change
in Lpc, which was measured with a cell pressure probe. The
Lpc decreased after inhibition of nitrate uptake by cucumber
roots with nitrate reductase inhibitor tungstate, whereas Lpc was
able to recover after direct injection of nitrate into the cells
(Gorska et al., 2008a). Additionally, it was demonstrated that
the capacity for nitrate regulation of Lpr correlated with the
species’ nitrate uptake rates (Górska et al., 2010). High nitrate
supply significantly increased the nitrate uptake rate, as well as
root water uptake rate in maize plants, whereas the increase was
not found in Populus trichocarpa, which is insensitive to high
nitrate supply. Similar result was obtained by Li G. et al. (2016),
although they showed a strong positive relationship between
Lpr and nitrate accumulation in shoots rather than in roots.
In NRT2.1, mutant of a high-affinity nitrate transporter, there
was 30% reduction in Lpr. The results revealed that synergetic
transport exists between nitrate and water uptake in roots. In
plants supplied with N in both ammonium and nitrate forms,
the high N supply also increased Lpr in rice (Ishikawa-Sakurai
et al., 2014; Ren et al., 2015). Nitrogen deprivation decreased Lpr,
resulting from the downregulation of aquaporin genes in roots,
as well as the increased aerenchyma formation. On the contrary,
high ammonium (3 mM) supply induced more apoplastic
barrier formation and decreased Lpr when compared with low
ammonium supply (0.03 mM) in rice seedlings (Ranathunge
et al., 2016). Nonetheless, when we compared root water uptake
in plants supplied with ammonium or nitrate, a higher expression
of aquaporin genes (PIPs and TIPs) was observed in rice plants
supplied with ammonium than with nitrate (2.86 mM) (Ding
et al., 2016b; Wang et al., 2016), indicating a higher water uptake
ability (symplastic pathway flux) in rice plants under similar
conditions. But, this was not observed in other species, such as
maize (Gorska et al., 2008b) and French bean (Guo et al., 2007b).
Instead, they observed higher root water uptake or aquaporin
expression in plants supplied with nitrate than with ammonium.

With different forms of N supply, the regulation of root
hydraulics/aquaporins could be through (1) local and systemic
signaling induced by nitrate (Cramer et al., 2009; Li G. et al.,
2016), (2) root anatomy development, i.e., the depositions
of lignin and suberin, regulated by ammonium and nitrate
(Ren et al., 2015; Barberon et al., 2016; Ranathunge et al.,
2016; Gao et al., 2017), or (3) the transport of N-containing
molecules (Wang et al., 2016). Firstly, there is a strong correlation
between soil N mobility and water mass flow. More nitrate
could reach the root surface with increasing total water flow
through the plant when nitrate is sensed (Gorska et al.,
2008a,b; Cramer et al., 2009). Both high and low affinity
nitrate transporters were involved in this sensing and signaling
(Tyerman et al., 2017). In NRT2.1 knock out plants, Lpr was
reduced and under different N concentration treatments, Lpr
was positively correlated with the nitrate content in leaves (Li
G. et al., 2016). However, when the nitrate concentration was
above 2 mM inside xylem, stomatal conductance decreased
in an ABA-dependent manner in maize (Wilkinson et al.,
2007). It could be expected that less water and nitrate were
acquired. Secondly, it’s well known that two parallel pathways,
namely, apoplastic and cell-to-cell pathway, exist for radial
water movement in root. Basically, water flow in apoplastic
pathway is blocked by apoplastic barriers, and water flow
continues through the cell-to-cell pathway. The deposition
of lignin and suberin may affect Lpr and the expression of
aquaporins. Ranathunge et al. (2016) demonstrated that high
ammonium supply increased the deposition of lignin and
suberin; furthermore, Lpr decreased in comparison with low
ammonium supply in rice. Unfortunately, they didn’t examine
the difference between ammonium and nitrate supply. In a
previous study, we observed that the expression of PIPs and TIPs
was higher in rice plants supplied with ammonium than with
nitrate (Ding et al., 2016b). We could expect a higher deposition
of lignin and/suberin in roots supplied with ammonium than
with nitrate, since no difference in Lpr was observed between
ammonium and nitrate treatments (Yang et al., 2012; Ding
et al., 2015). Moreover, the production of ethylene and ABA
was regulated by the different N forms available in rice (Ding
et al., 2015, 2016b; Gao et al., 2017). Ethylene may reduce the
suberisation, whereas ABA increases the suberisation (Barberon
et al., 2016). Thirdly, some aquaporin genes are involved in
NH4

+/NH3 transport but not in nitrate transport in plants
(Wang et al., 2016). The correlation between nitrogen fixation
and aquaporins is discussed in the next section. From this
correlation, it becomes clear that the expression of aquaporins
is regulated by ammonium/nitrate supply. Aquaporins could
be regulated at many levels, including transcription, protein
amount, localization, and by gating (Chaumont and Tyerman,
2014), and it remains unclear how N supply affects these
regulations.

The Correlation Between N Metabolism
and Aquaporins
Nitrogen is acquired by plants through either nitrogen fixation
from atmosphere, carried out by the Leguminosae family
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plants, or by utilization of N sources present in soil, including
ammonium, nitrate, urea, and other organic N forms. During
N absorption, assimilation, and remobilization, aquaporins play
important roles, and the two main subfamilies involved are
nodulin 26-like intrinsic proteins (NIPs) and tonoplast intrinsic
proteins (TIPs).

Nodulin 26-Like Intrinsic Protein (NIPs) and Nitrogen
Fixation
Nitrogen is fixed by Leguminosae family plants, through
nodulin. Symbiosomes are established between nitrogen fixing
bacteria and root by exchange of carbon and nitrogen
through symbiosome membrane in the nodulin (Roth and
Stacey, 1989; Mylona et al., 1995; Udvardi and Poole, 2013).
Nodulin 26-like intrinsic protein is a superfamily of aquaporins
(aquaglyceroporin), and it was named based on nodulin 26,
which is the major protein component of the mature soybean
symbiosome membrane (Fortin et al., 1987; Weaver et al.,
1991; Kaldenhoff and Fischer, 2006). It was observed that,
nodulin 26 was able to facilitate the transport of water and
glycerol (Rivers et al., 1997; Dean et al., 1999) and the
efflux of NH3/NH4

+ from the symbiosome membrane based
on stopped flow measurement with symbiosome membrane
vesicles (Niemietz and Tyerman, 2000) and proteoliposomes
by reconstituting nodulin 26 protein (Hwang et al., 2010).
Nodulin 26 showed a fivefold preference in the transport rate
of ammonia when compared with water (Hwang et al., 2010).
Moreover, Masalkar et al. (2010) observed that nodulin 26
formed a complex with soybean nodule cytosolic glutamine
synthetase (GS), which catalyzes the assimilation of ammonia.
GS interacts with the carboxyl terminal domain of nodulin
26, by regulating the activity, trafficking, and stability of
nodulin 26. The results suggested that nodulin 26 plays
a major role in nitrogen fixation by Leguminosae plants.
Phosphorylation of nodulin 26 was induced by osmotic drought
stress (Guenther et al., 2003) and flooding/hypoxia stress
(Hwang, 2013), by affecting the activity of water and/or ammonia
transport.

Additionally, the expression of NIPs was induced by
arbuscular mycorrhizal (AM) fungi infection in Lotus japonicas
(Giovannetti et al., 2012) and Medicago truncatula (Uehlein et al.,
2007), which benefits the utilization of phosphate and nitrogen
(Smith and Smith, 2011). It could be assumed that NIPs are
involved in both rhizobial and AM symbiosis for nutrient delivery
and water transport.

During the evolution of plants, NIPs were present in all land
plants (Roberts and Routray, 2017), such as maize (Chaumont
et al., 2001), Arabidopsis (Johanson et al., 2001), rice (Sakurai
et al., 2005), grapevine (Fouquet et al., 2008), cotton (Park
et al., 2010), and soybean (Zhang et al., 2013). Apart from their
function as ammonia channels, NIPs are also characterized as
channels for metalloids (Bienert and Bienert, 2017), including
boron (Takano et al., 2008), silicon (Ma and Yamaji, 2015), arsenic
(Ma et al., 2008), aluminum (Wang Y. et al., 2017), antimony,
and germanium (Bienert and Bienert, 2017). For more details, the
function and classification of NIPs were reviewed by Roberts and
Routray (2017).

Aquaporin Facilitates the Transport of Ammonium,
Ammonia, and Urea
Urea is the most widely used nitrogen fertilizer in agricultural
crop production and also an important N metabolite in plants.
Urea is degraded to ammonium by urease in soil and then
utilized by plants. However, urea can be taken up by roots
directly, mediated by two types transporters, namely, aquaporins
(Liu et al., 2003b; Yang et al., 2015) and DUR3 orthologs
(Liu et al., 2003a; Witte, 2011). Wang et al. (2016), in a
review, showed that two main subfamilies of aquaporins were
involved in the transport of urea, including NIPs and TIPs.
Nodulin 26-like proteins facilitate the entry of urea into cells
via the plasma membrane, followed by vacuolar loading through
TIPs. Vacuolar loading is beneficial for the storage of excess
urea, and vacuolar unloading can remobilize the urea under
nitrogen starvation (Kojima et al., 2006). Zhang et al. (2016)
demonstrated that CsNIP2;1, a plasma membrane transporter
from Cucumis sativus, was able to transport urea through the
plasma membrane when expressed in yeast. The expression
of CsNIP2;1 was induced by nitrogen deficiency. Additionally,
they found that ectopic expression of CsNIP2;1 improved the
growth of Arabidopsis and rescued the growth of atdur3-3
mutant on medium with urea as the sole N source. These
results suggested that urea was transported by aquaporins of
NIPs, which were localized in the plasma membrane. On
the contrary, a lower expression of AtNIP5;1 and AtNIP6;1,
two urea transporters, was observed in Arabidopsis supplied
with urea than with ammonium nitrate, although a higher
expression of DUR3 was observed in the plants under similar
conditions (Yang et al., 2015). It was postulated that the
downregulation of AtNIP5;1 and AtNIP6;1 was involved in the
detoxicification of urea/ammonia under excessive urea level.
Besides, it was demonstrated that urea uptake decreased in
nip5;1 when compared with the wild type under boron deficient
conditions. The remobilization of urea from vacuoles is regulated
by TIPs. ZmTIP4;4, a maize aquaporin gene, was shown to
facilitate the transport of urea, and the expression of the gene
was upregulated under N deficiency in expanded leaves (Gu
et al., 2012), suggesting that ZmTIP4;4 played an important
role in unloading vacuolar urea across tonoplast under N
deficient conditions. Soto et al. (2010) demonstrated that two
urea transporters were involved in N recycling in pollen tubes in
Arabidopsis.

Urea is degraded to ammonium by the enzyme urease present
in soil. Ammonia (NH4

+/NH3) is taken up by roots mainly
through ammonium transporters (Xu et al., 2012). Transport of
NH4

+/NH3 into vacuole would allow N storage and eliminate
toxicity, and the stored N could be remobilized by passive and
low-affinity transport pathways. Both the influx and efflux of
NH4

+/NH3 into vacuole are regulated by TIPs (Wang et al.,
2016).

Nitrogen Supply Affects Drought
Tolerance in Plants
Despite the high nitrate supply, increased root water uptake
was observed under normal water condition, and the high
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TABLE 1 | Drought tolerance was affected by the deregulation of a single aquaporin gene.

Deregulation Drought tolerance Species Genes Reference

Over-expression Drought tolerant Arabidopsis JcPIP2;7/JcTIP1;3 Khan et al., 2015

Arabidopsis AvNIP5;1 Yu et al., 2015

Arabidopsis FaPIP2;1 Zhuang et al., 2015

Arabidopsis MaPIP1;1 Xu et al., 2014

Arabidopsis PgTIP1 Peng et al., 2007

Tobacco BjPIP1 Zhang et al., 2008

Tobacco BnPIP1 Yu et al., 2005

Banana MusaPIP1;2 Sreedharan et al., 2013

Tomato MdPIP1;3 Wang L. et al., 2017

Tomato SlPIP2;1/SlPIP2;5 /SlPIP2;7 Li R. et al., 2016

Tomato SlTIP2;2 Sade et al., 2009

Rice RWC3 Lian et al., 2004

Soybean GmTIP2;1 Zhang et al., 2017

Down-regulation Drought sensitive Arabidopsis PIP1/PIP2 Martre et al., 2002

Tobacco NtAQP1 Siefritz et al., 2002

Tobacco BnPIP1 Yu et al., 2005

Poplar PIP1 Secchi and Zwieniecki, 2014

nitrate supply may decrease drought tolerance in plants under
drought stress. Wilkinson et al. (2007) observed that the
decrease in stomatal closure and leaf elongation rates were
more sensitive to drought stress in maize plants supplied
with high nitrate. Stomatal conductance decreased by 30%
in plants supplied with high nitrate after 3 days of drought
stress, whereas only 10% decrease in gs was found in control
plants (supplied with water). Further evidence showed that
the effect of nitrate on growth inhibition under drought stress
was associated with pH based ABA redistribution. Drought
stress may induce the alkalinization of leaf apoplast, in tomato
(Jia and Davies, 2007) and hop (Korovetska et al., 2014), and
especially in plants supplied with high nitrate (Wilkinson et al.,
2007). While pH increases under drought stress, more ABA is
activated in leaf apoplast, which further induces stomatal closure
(Zhang et al., 2006) and decrease in Kleaf (Shatil-Cohen et al.,
2011).

On the other hand, nitrogen supply might affect plant
drought tolerance through regulation of root water uptake
(Figure 1). In plants supplied with ammonium nutrition,
drought stress induced a rapid decrease in aquaporin expression
(including PIPs and TIPs), meanwhile ABA started to accumulate
in the roots (Ding et al., 2016b). After 24 h water stress
treatment with PEG 6000, an increase in aquaporin expression
was observed, and ABA accumulation reached a peak. Both
increase in aquaporin expression and Lpr were regulated
by ABA accumulation (Ding et al., 2015, 2016b). In plants
supplied with nitrate, root water uptake and transport were
restricted by lower aquaporin expression and/or activity, more
aerenchyma formation was observed when compared with
plants supplied with ammonium under water stress treatment
with PEG 6000. Yang et al. (2012) investigated that more
aerenchyma formation would restrict radial water transport
in roots supplied with nitrate than with ammonium, and
aerenchyma formation was regulated by ethylene production

(Gao et al., 2017). Additionally, ethylene may inhibit ABA
production (Sharp, 2002), which could further affect aquaporin
expression.

Interestingly, increased root ABA content and higher stomatal
conductance were found in rice plants supplied with ammonium
than with nitrate under water stress treatment with PEG 6000
(Ding et al., 2016b). It’s well known that drought stress induces
stomatal closure, regulated by ABA; yet, this ABA may be not
from roots. Christmann et al. (2007) showed that this ABA was
biosynthesized in shoots and it further induced stomatal closure.

IMPLICATIONS

Many efforts have been made to increase crop drought resistance
through identification of genetic, transcriptomic, metabolomic,
and epigenetic aspects. Water uptake and photosynthesis are
the two key traits that enhance crop drought tolerance. In this
review, two approaches have been highlighted for enhancing crop
drought tolerance:

(1) Deregulation of aquaporin expression. Many researchers
have demonstrated that over-expressing a single aquaporin
gene could enhance plant drought tolerance and silence
the genes that result in drought sensitivity in plants
(Table 1). There are plenty of aquaporin members in
plant species (Fox et al., 2017), and they play important
roles in controlling water relations (Chaumont and
Tyerman, 2014), nutrient uptake (Wang et al., 2016), and
photosynthesis (Groszmann et al., 2017; Uehlein et al.,
2017). In the future, more aquaporin genes should be
characterized and their expression should be genetically
modified in specific tissues and/or organs to enhance plant
drought tolerance.

(2) Ammonium fertilizer application for rice water saving
culture. Rice is traditionally cultivated in waterlogged
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conditions, and 80% of the freshwater used in agriculture
is for rice production in China (Guo et al., 2007a).
With increase in the severity of water shortage, water
saving culture (non-flooded mulching cultivation) has
become popular now. The main nutritional change that
occurs when rice is cultivated in aerobic soil is the N
form, i.e., from ammonium in waterlogged condition, to
nitrate and/or the mixture of ammonium and nitrate in
aerobic condition. It was well documented that ammonium
nutrition could enhance rice seedling drought tolerance
(Guo et al., 2007a; Li et al., 2009a). In non-flooded mulching
cultivation of rice, we recommend using ammonium
fertilizer to enhance drought tolerance in rice seedlings.
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