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The inconsistent prevalence of abiotic stress in most of the agroecosystems can be
addressed through deployment of plant material with stress adaptive plasticity. The
present study explores water stress induced plasticity for early root-shoot development,
proline induction and cell membrane injury in 57 accessions of Aegilops tauschii (DD-
genome) and 26 accessions of Triticum dicoccoides (AABB-genome) along with durum
and bread wheat cultivars. Thirty three Ae. tauschii accessions and 18 T. dicoccoides
accessions showed an increase in root dry weight (ranging from 1.8 to 294.75%) under
water stress. Shoot parameters- length and biomass, by and large were suppressed
by water stress, but genotypes with stress adaptive plasticity leading to improvement
of shoot traits (e.g., Ae tauschii accession 14191 and T. dicoccoides accession
7130) could be identified. Water stress induced active responses, rather than passive
repartitioning of biomass was indicated by better shoot growth in seedlings of genotypes
with enhanced root growth under stress. Membrane injury seemed to work as a trigger
to activate water stress adaptive cellular machinery and was found positively correlated
with several root-shoot based adaptive responses in seedlings. Stress induced proline
accumulation in leaf tissue showed marked inter- and intra-specific genetic variation
but hardly any association with stress adaptive plasticity. Genotypic variation for early
stage plasticity traits viz., change in root dry weight, shoot length, shoot fresh weight,
shoot dry weight and membrane injury positively correlated with grain weight based
stress tolerance index (r = 0.267, r = 0.404, r = 0.299, r = 0.526, and r = 0.359,
respectively). In another such trend, adaptive seedling plasticity correlated positively with
resistance to early flowering under stress (r = 0.372 with membrane injury, r = 0.286
with change in root length, r = 0.352 with change in shoot length, r = 0.268 with
change in shoot dry weight). Overall, Ae. tauschii accessions 9816, 14109, 14128, and
T. dicoccoides accessions 5259 and 7130 were identified as potential donors of stress
adaptive plasticity. The prospect of the study for molecular marker tagging, cloning of
plasticity genes and creation of elite synthetic hexaploid donors is discussed.
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INTRODUCTION

Alternate morpho-physiological manifestations of genes in
response to specific environmental cues represent a key
adaptation and survival strategy among plants, offsetting their
limited capability to change the growth environment. This
strategic property often referred to as plasticity has been
defined as the ability of a single genotype to produce more
than one phenotype in response to environment (Bradshaw,
1965). Plant phenotypic plasticity can be either a passive
consequence of resource availability, physical conditions etc, or
an active (adaptive) response to these conditions (Des Marais and
Juenger, 2010). The latter generally implies specific development,
physiological and reproductive adjustments that are thought to
optimize plant fitness (Pacheco-Villalobos and Hardtke, 2012).
Extensive above ground architectural changes in response to
biotic and abiotic factors (Tomlinson and O’Connor, 2004),
shifts in patterns of root development in search of nutrients
and moisture (Lloret et al., 1999; Hodge, 2004), exudation of
metabolites by roots for nutrient acquisition (Metlen et al., 2009),
accumulation of osmolytes (Seki et al., 2007), modulation of
stomatal density (Hetherington and Woodward, 2003), changes
in leaf pigmentation (Chalker-Scott, 1999) are some of the
well recognized examples of adaptive plasticity in plants. In
study of natural plant populations, phenotypic plasticity is
no longer seen as a source of noise (Nicotra and Davidson,
2010) in fact, it is receiving increasing recognition as a feature
of ecological and evolutionary significance (de Jong, 2005;
Bradshaw, 2006; Lande, 2009; Nicotra et al., 2010; Des Marais
et al., 2013; Aspinwall et al., 2014; Bloomfield et al., 2014;
Matesanz and Milla, 2018).

Genetic variation in plasticity in response to abiotic stress,
particularly in model plant species like Arabidopsis thaliana
(Mouchel et al., 2004; Kesari et al., 2012) and Brachyipodium
distachyon (Luo et al., 2011; Pacheco-Villalobos and Hardtke,
2012) is well indicated. Genetic variation has been identified
in natural accessions of Arabidopsis for Bravix Radix (BRX)
locus, a transcription factor responsible for controlling root
proliferation and its elongation (Mouchel et al., 2004; Beuchat
et al., 2010). Using Recombinant inbred lines (RILs), two
robust QTLs, EDG1, and EDG2 (elicitors of drought growth)
contributing to plasticity in root system size under mild
osmotic stress were identified in Arabidopsis (Fitz Gerald et al.,
2006). Also, Pajoro et al. (2017) envisaged the contribution of
transposons and alternative splicing toward thermoplasticity in
flower development in natural accessions of Arabidopsis. Crop
scientists are just beginning to embrace the plasticity concept
(Sardas et al., 2009; Melino et al., 2015). With respect to plasticity
in crop species Nicotra et al. (2010) have raised two outstanding
questions. First seeks to understand if crop breeding has led to
reduction in adaptive plasticity. When the impact of breeding
on phenotypic plasticity of oat’s varieties was examined, modern
varieties (as compared to the older ones) showed least plasticity
in stem elongation in response to variation in light conditions
(Semchenko and Zobel, 2005). Information so far is, however,
insufficient for a consensus to be reached on this issue. The
second question seeks to know if we can breed crops for plasticity

in key traits with the ultimate goal of improving yield stability
under climate perturbations. Key functional traits such as leaf
mass per unit area, stomatal size and density, plant height at
maturity, flowering time, seed size, water use efficiency, leaf
morphology, root to shoot ratio, plant chemical defenses etc.
have been recommended for investigation of adaptive phenotypic
plasticity. Several studies are now addressing these and other
related questions. Ehdaie et al. (2012) for instance, evaluated a set
of near isogenic wheat-rye translocation lines for root allocation
and plasticity under well watered and drought conditions and
found adaptive phenotypic plasticity of root system components
to reduce negative impact of drought stress on grain yield.
Integrating these researches into practical cereal breeding is likely
to emerge as a major future requirement.

Wheat, as a crop, epitomizes the effectiveness of the genetic
strategy in food-securing the world in the face of increasing
population and rising per capita consumption. In wheat,
as in other green revolution crops, enhanced productivity
was largely achieved through selection for performance in
a specific environmental situation represented by assured
and high input use. This strategy, however, proved less
effective for the inherently variable drought stress environments
which represent a substantial proportion of wheat growing
regions of the world (Ludlow and Muchow, 1990). Presently,
besides tolerance to natural stress, there is also a need to
develop genotypes adapted to low input use in the view of
environmental and resource depletion concerns. Trait plasticity
may prove useful to buffer productivity in the face of
unmanageable spatial and temporal variations in production
conditions. Trait plasticity is thus an attractive prospect in
the light of sustainable agriculture but donor options in the
cultivated germplasm are likely to be constrained owing to
the selection regimes historically employed. In case of wheat,
severe genetic bottlenecks were imposed by rare interspecific
hybridization and polyploidization events accompanying bread
wheat domestication (Cox, 1997). As a result, lower levels
of polymorphism are observed for many traits in common
wheat in comparison with its progenitor species (Kam-Morgan
et al., 1989). The three wheat genomes (A-, B-, and D-) of
cultivated wheat have their ancestral complements enshrined
in two immediate progenitor species, Aegilops tauschii (DD-
genome donor) and T. dicoccoides (AABB-genome donor).
Since the potential for recombination based gene transfers
from progenitor species is enormous (as compared to non-
progenitor donors), incorporation of adaptive plasticity traits
from these wheat progenitors could greatly expand the available
domesticated gene pool and enrich the possibilities of combining
resilience and productivity of wheat varieties making them
perform better over a range of predictable and unpredictable
environment regimes.

With these points in mind, the primary objective of the
present study was to identify genetic variation for “water
stress adaptive plasticity” in a set of accessions belonging
to two species which are the immediate wild progenitors of
hexaploid wheat. Productivity/yield oriented indices generally
employed as a measure of stress adaptation in cultivated wheats
would not be relevant for this set. Considering the nature of
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target traits as well as the plant material, lab based assays
were seen to be more appropriate. Accordingly seedling traits
(length and biomass of both root and shoot) formed the
core of the experiment for studying stress induced plasticity.
In a second experiment, two characters based on leaf tissue
(proline content and cell membrane injury) were assayed at
vegetative stage from field grown plants. Leaf tissue could be
conveniently sampled, irrespective of species differences and field
stress provided the required induction of tolerance mechanisms.
A third experiment dealt with field observations on flowering
time, plant growth (height) and yield components (spike length
and grain weight). This experiment was aimed at relating stress
adaptive changes in seedling and early/vegetative stage with one
or more productivity based indices of stress tolerance. In all
the experiments, “change in trait value” across well watered and
water stress conditions rather than the absolute values formed
the basis of analysis. This helped us to focus on “stress adaptive
plasticity” and also make comparisons across species. Further,
as the absolute values of these parameters vary greatly across
the three species employed here, comparable observations were
generated in the form of “change in trait value” across well
watered (WW) and water stress (WS) conditions. The study
reports wide variation both within and between the species,
trait interactions and trade-offs, demarcation of potential donors
for use in breeding program and considerations for a wheat
improvement strategy.

MATERIALS AND METHODS

Choice of Germplasm
The wild progenitor species germplasm used in the present
study consisted of 57 accessions of Aegilops tauschii and
26 accessions of Triticum dicoccoides. The two germplasm
sets are listed in Supplementary Tables S1a,b with respect
to their pau gene bank accession numbers. To refer to a
particular accession in the text, numeral component of
the designation is used. Aegilops tauschii and Triticum
dicoccoides germplasm maintained at Punjab Agricultural
University was received from different sources (University
of Missouri and Kansas State University, United States; IPK,
Gatersleben, Germany; Centre for Plant Breeding Research,
Wageningen, Netherlands and National Bureau of Plant
Genetic Resources, New Delhi, India) over a period of time
(Supplementary Tables S1a,b). Subsets of this material
have been subjected to screening for genetic variation for
acquired thermotolerance with respect to cell membrane
stability and TTC based cell viability (Gupta et al., 2010),
disease resistance and high molecular weight glutenin subunits
(Chhuneja et al., 2010), alleles of vernalization genes at VRN-A1
and VRN-B1 loci (Chhuneja et al., 2015) and detection of
SNPs for grain size variation (Arora et al., 2017) in earlier
studies at our center.

Cultivars of bread wheat- PBW-343, PBW-550, PBW-621,
C-306, and durum wheat- PDW-291, PDW-314, and WHD-
943 were included in present study as reference material
(Supplementary Table S1c), with which attributes of wild

accessions were compared. As the number of cultivated lines
was considerably smaller, their comparison with the progenitor
sets (in relation to spectrum of variation) may not be fully
justified though some reprieve was provided by the deliberate
inclusion of tall, traditional rain-fed cultivar (C-306) along with
modern day high productivity varieties (PBW-343, PBW-550,
and PBW-621) recommended for cultivation under irrigated
conditions. Similarly, inclusion of durums (PDW-291, PDW-
314, and WHD-943) along with bread wheat cultivars added
an element of variation which might have taken a much larger
random set of cultivated wheats to encompass.

Evaluation of Stress Adaptive Plasticity
of Different Accessions
Seedling Assays
For evaluating plasticity in root-shoot development under water
stress conditions, a preliminary experiment was carried out to
optimize the concentration (10, 15, 20, and 25%) of polyethylene
glycol (PEG) solution for the current study. A parallel set up
involving different concentrations of mannitol was also used (2,
3, 4, 5, and 6%). Twenty five per cent PEG was found to cause
about 50% reduction in growth and thereafter, this concentration
was used for the complete study. Responses of 14 day old
seedlings were observed in terms of length and weight of both
roots and shoots under well watered and water stress conditions.
Before deciding on the use of propagation trays, a subset of 23
accessions (twelve Ae. tauschii, seven T. dicoccoides, two bread
wheat and two durum wheat cultivars) were grown in three types
of containers, namely, propagation trays, small cups and root
trainer trays. The genotypic values for root and shoot growth
under both well watered and water stress conditions correlated
well across container systems (Supplementary Table S2). As the
growth studies in propagation tray involved shorter time frame
and required lesser space, further study on complete set was
carried out in this mode. This set up would favor use of seedling
assay, if need be, on a breeding scale.

For the present study, seven seeds (each) of Ae. tauschii and
T. dicoccoides accessions along with check wheat cultivars were
sown in triplicate (a total of 21 seeds per accession in each water
regime) in two sets of propagation trays (with adequate size to
support root-shoot growth for about 2 weeks) where one set
served as control (well-watered) and the other set was subjected
to polyethylene glycol (PEG) based water stress. Three replicates
(where seven seedlings constituted one biological replicate) were
sown in two sets of propagation trays in completely randomized
design (CRD). These trays were placed in a Conviron growth
chamber PGR15 maintained at a temperature of 25 ± 2◦C and
a light intensity of 400 µmol m−2 s−1. Both the sets were
watered with one-fourth strength Murashige and Skoog (MS)
salt solution for first week (normal irrigation). From 8th day
onwards (when seedlings were 5–7 cm long), 25% poly ethylene
glycol (PEG-6000) in 0.25 × MS solution was used as the
moisture stress inducing medium (-0.95 MPa) (modified from
Blum et al., 1980). Thereafter, every alternate day, two sets were
watered with 0.25 × MS medium (well watered) and 25% PEG
solution in 0.25 × MS medium (water stress), respectively, till
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next 7 days when the tissue was harvested and the data was
eventually recorded for root length, root biomass (fresh and
dry weight), shoot length and shoot biomass (fresh and dry
weight) under both well watered and water stress conditions.
One of the T. dicoccoides accessions 14004-2 (Supplementary
Table S1b), however, did not germinate and was excluded from
the seedling based assay.

Field Study
With regard to field based investigation, 30 seeds of Ae. tauschii
accessions were initially sown in propagation trays in first
week of September (10-09-2010 and 08-09-2011) and kept for
vernalization in cold chambers maintained at 4◦C with 8/16 h
light/dark regime for 7 weeks (Suneja et al., 2015b, 2017). After
vernalization treatment, plants were conditioned at 15◦C and
8/16 h light /dark for 1 week. Vernalized seedlings of Ae. tauschii
and germinated seedlings of T. dicoccoides were then transplanted
in the experimental fields of Department of Plant Breeding and
Genetics, P.A.U. Ludhiana (30◦54′N and 75◦48′E) in two sets
(later demarcated as irrigated/well watered and rain-fed/water
stress) in the first week of November (05-11-2010 and 03-11-
2011). The soil type of the experimental area is sandy loam and
soil is non-saline with slightly alkaline pH of 8.0 and organic
carbon content of 0.4%.

Two ridges with 3 m wide buffer zone were maintained
between different irrigation treatments. Further, non-experiment
border rows were planted (at margins) to take care of any
seepage effect that might have arisen. A total of five plants
per accession (in each replicate) were transplanted to constitute
one plot. Therefore, a total of 30 germinated seedlings of
each accession were transplanted (15 irrigated and 15 rain-fed)
in randomized complete block design (RBD). After 45 days
of transplanting, natural day length was supplemented with
arrangement of halogen incandescent lamps and fluoroscent
lights in field at regular spacing. Lights were switched on prior
to sunset till late night to provide about 16 h of continuous
light per day. This extension of light hours during short
day winters of North India allowed wild species to flower
normally. Cultivated wheat lines were incorporated in this
set through seeding as practiced conventionally. Unlike the
wild wheat progenitors, particularly Aegilops tauschii, that are
typically adapted to temperate environment and have “winter”
growth habit, cultivated wheats grown in tropical and sub-
tropical regions of India are “spring” wheats. Therefore, wild and
cultivated spring type accessions were handled differently with
respect to crop raising practice.

Standard agronomic practices as followed for irrigated wheat
in the region formed the basis of irrigation to non-stressed
plots throughout the crop season. Briefly, after one round of
heavy, pre-sowing irrigation (10 cm), four more rounds of
irrigation (7.5 cm each) were given to the crop at 4–5 weeks
interval depending upon the rainfall. The water stressed rain-
fed set, on the other hand, received water only from rain as
all the irrigation (except pre-sowing irrigation) was completely
withheld throughout the season. During each crop season, the
per cent moisture content in soil was determined gravimetrically
at maximum tillering stage (about 60 days after sowing) from

6 different field locations (one from each replicate in each
treatment) at four different depths- 0–30 cm, 30–60 cm, 60–
90 cm, and 90–120 cm (Supplementary Table S3). At maximum
tillering stage, a 36.7% difference in soil moisture content
between well watered and water stress replicates during 2010–
11 and a 66.4% difference in soil moisture content in 2011–
12 was recorded.

Overall, the crop season 2010–11 received a total rainfall
of 128.8 mm, while 108.8 mm rainfall was recorded in 2011–
12. Month-wise distribution of rainfall during two crop seasons
has been indicated in Figure 1. For two leaf tissue based traits
which were sampled at Zadok GS30 stage (about 60 days after
transplanting), there were two rainfall episodes just ahead of
sampling during 2010–11 while in 2011–12, almost a month
long rain-free period was available prior to sampling, as seen
in Figure 1. For these traits, observations from 2011 to 2012
were used for exploring genotypic variation for stress adaptive
plasticity. For all other field based traits, observations from both
years were used for analysis. The crop was harvested in the first
week of May during both the years. As maturity in wild accessions
is staggered and that seeds shatter on maturity, net bags were put
on spikes 20 days prior to harvesting.

(i) Estimation of proline

For determination of proline content, five fully expanded
penultimate leaves (second leaf from the top) were collected
from field during vegetative stage (60 days after transplanting)
corresponding to Zadoks growth stage GS30 (Zadoks et al., 1974).
Briefly, 100 mg of the leaf tissue was weighed, homogenized in
3% aqueous sulfosalicyclic acid and the content of proline was
estimated using Ninhydrin reagent assay (Bates et al., 1973). Leaf
proline content was estimated under well watered and water
stress conditions and degree of proline induction under water
stress was calculated to provide a measure of metabolic plasticity.

(ii) Estimation of Membrane Injury

The assay for percent membrane damage was performed as
mentioned in Suneja et al. (2017). For this, four fully expanded
penultimate leaves (5 cm long) per accession (randomly from
five plants of each plot) from rain-fed replications (Zadok
growth GS30 corresponding to 60 days after transplanting) were
distributed into two sets, i.e., three replicates each of control
(deionised water) and in vitro stress treatment (40% PEG). After
24 h of PEG treatment, conductivity (µ siemens) was recorded,
respectively, for control and stressed samples using a digital
conductivity meter. Membrane injury index, as an indicator of
cell membrane instability was worked out and membrane damage
was expressed in per cent units as:

Membrane injury index = 1−
1−

(T1
T2

)
1−

(C1
C2

) × 100

T1, T2 = Mean conductivity of stressed sample before and after
autoclaving, respectively.
C1, C2 = Mean conductivity of control sample before and after
autoclaving, respectively.
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FIGURE 1 | Rainfall pattern during period of field experimentation.

Hence, stress adaptive plasticity measures of all accessions
belonging to wild and cultivated wheat species were estimated
on the basis of observations recorded under well watered and
water stress conditions (both in case of seedling based lab assays
and field based screening of accessions). The estimate of stress
adaptive plasticity was obtained by expressing the trait value
under stress as percentage of non-stress value for the same
accession. No change due to water stress was given a value of 0.
Reduction in trait value under stress would lead to a plasticity
measure of less than 0 (negative value). A truly stress adaptive
response, say in case of root growth would be indicated by
an increase in root size under water stress and consequently a
plasticity value of greater than 0 (positive change) was assigned
to it. The criteria thus used, favored stress adaptive changes
to be elucidated rather than changes irrespective of direction.
Further, using non-stress (for well-watered conditions) trait
value from the same accession as a benchmark and employing
change in trait value rather than absolute value as a measure for
analysis made comparison across species (which vary in size and
morphology) possible.

Observations on Productivity Associated
Traits and Derivation of Water Stress
Tolerance Indices
Observations were recorded for days to flowering, plant height
and length of the spike in field grown crop under both well
watered and water stress conditions. Days to flowering was
recorded as the number of days taken for 50% ear emergence
from the date of transplanting. After the completion of flowering,
plant height (in cm) was measured from base of the plant to

the tip of the spike excluding awns and recorded as average
height of five plants per accession for each replication. Spike
length (in cm) was measured from neck node to the tip of the
uppermost spikelet excluding awns and recorded for five spikes
of each accession for each replication. For measurement of grain
weight, the seeds were dehulled from spikelets of Ae.tauschii and
T. dicoccoides and threshed out from ears of cultivated wheats to
obtain 100-grain weight. Morphological tolerance indices were
calculated on the basis of change in days to flowering (Tolerance
Index 1), change in spike length (Tolerance index 2), change
in plant height (Tolerance index 3) and change in grain weight
(Tolerance index 4) from trait values under well watered and
water stress conditions.

Statistical Analysis
Analysis of variance (ANOVA) was performed to determine the
role of genotypes (G), water stress regimes (W) and G x W
interactions on variability in the expression of different drought-
adaptive morpho-physiological traits (P ≤ 0.05, DSASTAT
software 1.101). With respect to responsiveness under stress,
boxplots and frequency distribution histograms were developed
(using R statistical package and MS Excel 2007) for each
trait to determine the extent of natural genetic variation
both within and between the three groups of germplasm- Ae.
tauschii, T. dicoccoides and check wheat cultivars. Using R
version 3.5.1, best linear unbiased predictors (BLUPs) were
obtained. When estimating BLUPs using random effect “ranef”
command in lme4 package in R, variance components for
all traits were analyzed using general linear mixed model
to determine the effect of genotype, year and genotype
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× year interaction separately for well watered and water
stress conditions.

The estimated phenotypic BLUP values were further used
to perform correlation analysis and hierarchical cluster analysis
(HCA). Correlation coefficients for the complete set (excluding
three genotypes as data for a few traits was missing) were
computed for associating tolerance behavior with early stage
adaptive plasticity (change in trait expression) under water stress
using SPSS 16.0 (IBM Corp., Armonk, NY, United States). For
multivariate analysis and for overall assessment of accession-
specific response to each water stress adaptive trait, a heat map
was generated (using JMP14) that allowed hierarchical clustering
(following Ward’s Method) of all the wild accessions and check
wheat cultivars.

RESULTS

The germplasm set consisting of diploid (Ae. tauschii) and
tetraploid (T. dicoccoides) progenitor species along with check
wheat cultivars was subjected to evaluation of plastic responses in
relation to water stress. A laboratory based experiment was aimed
at recording adaptive changes in root and shoot growth (length
and biomass) in response to stress. A second set of observations
evaluated membrane injury and degree of proline induction
at vegetative stage (about 60 days after transplanting) under
field conditions. A third set of observations were recorded on
flowering time, plant height, spike length and grain weight under
irrigated and rain-fed conditions to assess variation in genotypic
responses measured as difference in trait value under stress and
non-stress conditions. While the first two sets of traits aimed at
uncovering active adaptive responses, the third including time to
flower, plant height and yield components represented impact of
these responses in terms of tolerance to stress. The overall aim
was to establish genetic variation for stress adaptive plasticity
using low environmental noise, easy to observe traits. A further

premise was that this early stage adaptive plasticity might reflect
in the performance based tolerance indices.

As per the analysis of variance (Supplementary Table S4), the
genotypes (G) constituting the germplasm set varied significantly
for all seedling based growth traits. Trait expression for length
and biomass attributes was significantly affected by water stress
regimes (W) reflecting sufficient contrast maintained across
the two treatments. A significant G X W interaction was
observed for all evaluated traits indicating differential response
of genotypes to the two water regimes. Tables 1, 2 summarizes
information on mean values and range of response of the
two wild species along with check wheat cultivars for lab
based seedling growth assays and field based physio-biochemical
evaluations, respectively.

Stress Adaptive Plasticity in Seedling
and Tissue Based Assays
Root Length (RL)
Across both well-watered and water-stress regimes, root length
tends to increase with an increase in ploidy level, i.e., from
diploid (Ae. tauschii) to tetraploid (T. dicoccoides) accessions
and further on to hexaploid wheats (Figures 2Ai,ii). Under
well-watered conditions, large number of accessions across the
groups clustered in the length range of 4–6 cm when measured
on 14 days old seedlings. Average root length for both wild
species decreased under water stress (3.82 cm to 3.66 cm for
Ae. tauschii and from 5.40 to 5.26 cm for T. dicoccoides)
(Table 1 and Figures 2Ai,ii), yet several accessions showed root
elongation (Figure 2Aiii). Ae. tauschii accessions 9803, 9814,
14191, 14128, 14226, 14109 and T. dicoccoides accessions 5364
and 7130 presented greater than 50% increase in root length
under water stress (Table 3). Diversity was wider for the increase
than the decrease in root length (Figure 3A). Under water
stress conditions, maximum reduction in root length (60%)
was seen in a T. dicoccoides accession (7120, Supplementary

TABLE 1 | Genotypic variation in wheat germplasm set for lab based seedling growth traits recorded under well watered and water stress conditions induced by
25% PEG treatment.

Traits Water stress
regimes

Aegilops tauschii Triticum dicoccoides Check wheat cultivars Full set

Mean Range Mean Range Mean Range Grand mean LSD (0.05)

Root length (cm) WW 3.82 1.13–6.20 5.40 2.23–8.02 5.66 4.97–7.28 4.41 1.12

WS 3.66 1.74–6.17 5.26 2.23–7.03 7.27 5.34–9.63 4.40 1.05

Root fresh weight (mg) WW 329.81 50.00–890.00 221.45 55.00–707.00 1944.76 1110.00–2586.67 426.39 186.23

WS 296.03 128.00–533.33 272.97 49.00–840.60 1157.62 731.67–1493.33 357.32 163.74

Root dry weight (mg) WW 47.77 19.05–112.50 42.44 15.00–109.00 149.76 98.33–221.67 54.30 31.86

WS 56.59 30.00–122.50 56.49 22.33–103.25 135.00 113.33–151.67 62.73 30.41

Shoot length (cm) WW 19.59 9.90–27.72 19.47 12.35–23.57 15.04 10.92–22.97 19.20 3.48

WS 11.12 7.17–16.75 13.90 9.23–16.43 12.38 10.18–15.37 12.00 1.54

Shoot fresh weight (mg) WW 1828.27 460.00–3790.00 1307.31 573.33–2343.07 2482.62 1476.67–3110.00 1733.39 345.80

WS 666.24 235.00–1225.00 830.46 480.00–1836.67 766.19 585.00–1043.33 720.23 169.37

Shoot dry weight (mg) WW 274.10 80.00–920.00 143.21 50.00–287.29 279.52 215.00–355.00 237.76 85.90

WS 185.35 70.00–370.00 144.58 33.33–360.00 175.24 148.33–211.67 173.10 54.48

WW, well watered; WS, water stress.

Frontiers in Plant Science | www.frontiersin.org 6 February 2019 | Volume 10 | Article 211

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


fpls-10-00211 February 21, 2019 Time: 17:44 # 7

Suneja et al. Drought Adaptive Plasticity in Wild Wheats

TABLE 2 | Genotypic variation in wheat germplasm set for leaf tissue based traits (stress developed under field conditions) recorded under well waterd and water
stress conditions.

Traits Water stress
regimes

Aegilops tauschii Triticum dicoccoides Check wheat cultivars Full set

Mean Range Mean Range Mean Range Grand mean LSD (0.05) h2

Proline content
(mg g−1 FW)

WW 0.52 0.12–1.01 0.13 0.04–0.68 0.11 0.06–0.16 0.38 0.38 0.69

WS 1.12 0.25–2.53 0.33 0.16–0.53 0.44 0.40–0.56 0.85 0.85 0.56

Membrane
Injury (%)

In vitro stress 51.74 21.43–66.86 73.00 43.46–87.19 76.25 58.27–89.38 59.94 14.62 0.72

h2, Repeatability calculated over two crop seasons 2010–11 and 2011–12. WW, well watered; WS, water stress.

FIGURE 2 | Boxplot representation of root traits of accessions of Ae. tauschii, T. dicoccoides and check wheat cultivars under well watered and water stress
conditions. (A) Root length under (Ai) well watered, (Aii) water stress conditions, and (Aiii) change in root length under well watered and water stress conditions.
(B) Root fresh weight under (Bi) well watered, (Bii) water stress conditions, and (Biii) change in root fresh weight under well watered and water stress conditions.
(C) Root dry weight under (Ci) well watered, (Cii) water stress conditions, and (Ciii) change in root dry weight under well watered and water stress conditions.

Table S5), whereas highest water stress-mediated induction
(197.06%) was observed in an Ae. tauschii accession (9803)
(Table 3 and Supplementary Table S5). In case of T. dicoccoides,
the maximum increase in root length (97.47% in accession 5364)
was higher than the greatest increase for this trait observed in
cultivated set (85% in PDW-314) (Figure 3A).

Root Fresh Weight (RFW)
The spectrum of variation for root biomass (fresh and
dry weight) distribution under well-watered and water stress

conditions was much broader than that observed for root
length. Wide genotypic variability could be identified for root
fresh weight both within and between the three groups of
germplasm (Figure 2B). Under both well watered and water
stress conditions, demarcation between cultivated wheats and
wild species was quite distinct as check wheat cultivars (both
bread wheat and durum wheats) developed very high root
biomass (1110–2587 mg) relative to both the species of its
wild progenitors. With regard to wild accessions, Ae. tauschii
dominated the upper limits of root biomass development
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FIGURE 3 | Distribution of accessions of Ae. tauschii, T. dicoccoides and
check wheat cultivars with regard to change in (A) root length, (B) root fresh
weight, and (C) root dry weight under well watered and water stress
conditions.

(50–890 mg) under well watered conditions (Figure 2Bi).
However, under PEG-induced decreased water availability,
T. dicoccoides accessions occupied the higher range of 49–
841 mg (Figure 2Bii).

Although cultivated wheats (as a group) developed better
average fresh root biomass than the wild species under both
well watered and water stress regimes (Figures 2Bi,ii), an
overall reduction (15–75%) in root fresh weight (RFW) was
noticed in them (Figure 2Biii). No cultivated wheat showed
an increase in root fresh weight under water stress. Wild
species, on the other hand, demonstrated wide variation with
respect to this developmental plasticity. Thirty one Ae. tauschii
accessions and 19 T. dicoccoides accessions showed increase
in fresh root biomass (ranging from 3 to 483%) under water
stress (Figure 3B), the highest value for Ae. tauschii and

T. dicoccoides being recorded by accession 14128 and 4667,
respectively (Table 3).

Root Dry Weight (RDW)
As with root fresh weight, bread wheat and durum wheat cultivars
maintained greater root dry mass under both well watered and
water stress conditions. Whereas the upper limit for root dry
matter accumulation was 123 mg for wild accessions (Table 1
and Figure 2Ci), it was almost double for the cultivated set
(222 mg). Better part of the wild accessions (nearly 80% of both
Ae. tauschii and T. dicoccoides) accumulated root dry biomass in
the range of 25–75 mg under both well watered and water stress
conditions (Figures 2Ci,ii). Relative to the changes observed in
root fresh weight where data for check wheat cultivars revealed
an overall reduction under water stress (Figure 2Ciii), root
dry matter exhibited a mixed trend toward induced and/or
retarded dry matter accumulation (Figure 3C). Within the wild
germplasm pool, the range of positive changes in root dry matter
accumulation was wider (up to 300%) than that in which decrease
in root dry mass was observed (up to 60%) (Figure 3C). Some of
the cultivated wheats registered an increase in root dry weight
under stress, but the percentage increase (34%) was lower than
that observed in wild wheats (295%) (Figure 3C). Among the
25 evaluated accessions of T. dicoccoides, only seven witnessed
curtailment in root dry matter under water stress. Rest 18
experienced a net increase in root dry weight. Within Ae. tauschii
group, accessions were more or less uniformly distributed in the
respective lots (25 experiencing net reduction and 33 net gain
in root dry weight under stress). Greater than 200% increase in
root dry weight was found in Ae. tauschii accessions 9809, 9810,
9814, 9816, 14109 and T. dicoccoides accession 7130, 13992, and
14004 (Table 3). For the germplasm set used in the present study,
water stress seemed to induce a wide range of re-partitioning of
resources allocated to different plant parts. The pattern varied
markedly for cultivated and wild wheats.

Shoot Length (SL)
Within the present germplasm set, wider distribution range for
shoot length was observed in the well watered (Figure 4Ai) than
the water stressed set (Figure 4Aii). In well watered set, shoot
length varied from 9.9 to 27.72 cm in Ae. tauschii and 12.35–
23.57 cm for T. dicoccoides (Table 1 and Figure 4Ai). However,
in water stress set, shoot length varied from 7.17 to 16.75 cm in
Ae. tauschii and 9.23 to 16.43 cm for T. dicoccoides (Table 1 and
Figure 4Aii). Where cultivated wheats exhibited root elongation
under water stress, shoot length, by and large was suppressed
in this group (Figures 4Aii,iii). Low water potential developed
due to PEG treatment resulted in up to 60% reduction in shoot
length (Figure 5A). Under water stress, a substantial increase
in shoot length of the order of 20.20% (Ae. tauschii 14191) and
29.55% (T. dicoccoides 7130) was observed in progenitor species
(Figure 5A). These accessions had also shown a 101.50 and
91.53% increase in root length, respectively (Table 3).

Shoot Fresh Weight (SFW)
Among the wilds, Ae. tauschii accessions acquired very high
shoot fresh weight under well watered conditions that ranged
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TABLE 3 | Genotypes showing high levels of plasticity for different morpho-physiological traits across well watered and water stress conditions.

Traits Ae. tauschii T. dicoccoides Cultivars

Root length (cm) 14122∗ (36.82%), 14119∗ (46.32%), 14109
(53.42%), 14226∗ (55.72%), 14128 (57.85%),

14191 (101.50%), 9814 (112.54%), 9803
(197.06%)

4667 (63.43%), 7130 (91.53%), 5364∗

(97.47%)
PDW-314∗ (85%)

Root fresh weight (mg) 9816 (364.42%), 14109∗ (374.85%), 14128
(483.33%)

7056∗ (148.66%), 4657 (163.01%),
5364∗ (198.22%), 5259 (215.25%),

4667 (311.36%)

–

Root dry weight (mg) 9809 (200%), 9810∗ (206.67%), 9816 (246%),
9814∗ (250.40%), 14109∗ (294.75%)

7079∗ (46.02%), 7108∗ (75.58%),
13992 (167%), 7130 (205%), 14004

(254%)

PDW-291 (34%)

Shoot length (cm) 14191 (20.20%) 7130 (29.55%), PDW-291 (0.96%)

Shoot fresh weight (mg) 14191 (18.6%) – –

Shoot dry weight (mg) 9809 (43.75%), 9803 (94.74%) 7108∗ (14.66%), 7056∗ (47.70%), 7054
(59.18%), 7079∗ (64.89%), 7130

(246.67%)

–

Proline content (mg
g−1 FW)

14122 (202.21%), 14128 (205.53%), 14096
(230.66%), 14170∗ (337.79%), 14113∗

(366.61%), 14169∗ (398.31%), 14173∗

(418.09%), 14119∗ (430.70%)

7130 (211.76%), 5259∗ (255.07%),
4654 (329.84%), 4655 (468.06%),
5364 (477.19%), 4656 (835.14%)

C-306∗ (606.25%)

Membrane injury (%)# 14178∗ (21.43%), 9799∗ (24.66%), 14240∗

(29.30%), 3491∗ (30.32%), 3769∗ (34.73%),
3761 (37.31%), 14170 (37.33%)

7079∗ (43.46%), 4655∗ (49.49%),
14004-2∗ (54.13%)

C-306∗ (58.27%)

#Recorded only under water stress conditions. ∗Combines high plasticity and high absolute value (present in top non-significant group with respect to absolute values
under water stress conditions, please see details in Supplementary Table S5).

between 460 and 3790 mg (Figure 4Bi). In water stressed set,
this upper limit of shoot biomass, however, came down for
all the three groups of germplasm (Figure 4Bii), to almost
50% of that observed under well-watered conditions (3790 mg).
Maximum number of accessions lay in the range of 500–750 mg
shoot biomass within the water stress set (Figure 4Bii). Where
Ae. tauschii and check wheat cultivars exhibited maximum
shoot fresh weight up to 1250 mg, a T. dicoccoides accession
stood as an outlier as it developed shoot fresh weight of
1837 mg under water stress. Bread wheat and durum wheat
cultivars experienced 45–90% reduction in shoot fresh weight
(Figure 4Biii). Interestingly, 25 wild accessions showed less than
45% fresh weight reduction under water stress (Figure 5B).
An Ae. tauschii accession 14191 was the only accession in the
present set to have exhibited an increase in shoot fresh weight
(18.6%). It had also shown an increase in shoot and root length
under water stress.

Shoot Dry Weight (SDW)
Ae. tauschii exhibited greatest variability in shoot dry matter
accumulation within well watered set, evident from the
extremely high value of shoot dry weight of a few outlier
Ae. tauschii accessions (Figure 4Ci). Within the water stressed
set, majority of the germplasm lines had shoot dry weight
in the range of 100–200 mg (Figure 4Cii). Several wild
accessions (Ae. tauschii and T. dicoccoides) accumulated shoot
dry matter more than the maximum shoot dry matter
accumulated by wheat cultivars under water stress. Further,
though an overall reduction in shoot dry matter was evident,
abundant genotypic variation existed among the wild species
with respect to change in shoot dry weight under stress

(Figure 4Ciii). An average reduction in shoot dry weight
within the cultivated pool spanned a range of 15–60%
(Figure 5C). Wide genotypic variation existed between wild
species accessions with respect to change in shoot dry weight
under water stress. An increase in shoot dry weight was
observed in two accessions of Ae. tauschii 9803, 9809 and
in 14 of the 25 accessions of T. dicoccoides (up to 240%)
(Figure 5C and Table 3). These and other genotypes where stress
induced increase in root length or biomass helped minimize
reduction in (even if not improve) shoot growth represent true
adaptive plasticity.

Proline Accumulation in Leaf Tissues
Inter- and intra-specific variation in the extent of proline
accumulation, a well known water stress responsive metabolite
was analyzed under field conditions. Under well-watered
conditions, all the cultivated wheats and majority of the
T. dicoccoides accessions maintained a relatively lower basal
levels of proline (less than 0.25 mg g−1 FW) in their leaf tissue
(Figure 6A). Ae. tauschii accessions seem to go far beyond
this range, as is evident from their higher values of proline
accumulation that varied from 0.25 to 1.25 mg g−1 FW under
well watered conditions (Table 2). Effect of differential water
regimes was quite dramatic as an increase in proline content
under water stress conditions emerged as a common feature
across all the three groups of germplasm (Figure 6B). The mean
proline content in the T. dicoccoides rose from 0.13 to 0.33 mg
g−1 FW under water stress (Table 2). The average value of
proline accumulated by Ae. tauschii accessions under water stress
conditions (1.12 mg g−1 FW) almost doubled as compared to
its content under well-watered conditions (0.5 mg g−1 FW).
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FIGURE 4 | Boxplot representation of shoot traits of accessions of Ae. tauschii, T. dicoccoides and check wheat cultivars under well watered and water stress
conditions. (A) Shoot length under (Ai) well watered, (Aii) water stress, and (Aiii) change in shoot length under well watered and water stress conditions. (B) Shoot
fresh weight under (Bi) well watered, (Bii) water stress, and (Biii) change in shoot fresh weight under well watered and water stress conditions. (C) Shoot dry weight
under (Ci) well watered, (Cii) water stress, and (Ciii) change in shoot dry weight under well watered and water stress conditions.

More than 50% of the Ae. tauschii accessions accumulated
amount of proline more than the highest levels of proline
accumulated by T. dicoccoides and check wheat cultivars under
stress (Figure 6B).

With respect to degree of proline induction under water stress,
wide genotypic variability could be identified both within and
between the three species of wheat (Figure 6C). C-306, a rain-fed
bread wheat cultivar of pre-green revolution era demonstrated
a 606.25% rise in proline content under stress (Table 3). Higher
levels of proline inducibility were observed in the accessions of
T. dicoccoides that varied from 50 to 850% (Figure 6C). The
highest level of proline induction was found in T. dicoccoides
accession 4656 which exhibited an increase of 835.14% under
water stress (Supplementary Table S6). While both constitutive
(un-induced) and elevated (induced) levels of proline were higher
in Ae. tauschii, comparatively lower degree of proline induction
(up to 450%) was observed in them. Nine of the 26 T. dicoccoides
accessions and seven of the 57 Ae. tauschii accessions registered
greater than 250% increase in proline content under water stress
(Supplementary Table S6).

Membrane Injury in Leaf Cells
The screening of field grown wild accessions for membrane
injury using PEG-6000 revealed ample genetic variability both
within and between the three groups of germplasm- Ae. tauschii,

T. dicoccoides, and cultivated wheats. Per cent membrane injury
ranged from 21.43 to 89.38% (Table 2). Among cultivated wheats,
drought adapted variety C-306 showed minimum membrane
injury of 58.27% (Table 3) as against WHD-943, which suffered
a damage of 89.38% (Supplementary Table S6). Among the
accessions of Ae. tauschii, membrane injury levels ranged from
21.43 to 66.86% (Figure 7). Ae. tauschii accessions 9799, 14178,
14240 experienced membrane damage between 20 and 30%
(Table 3), thus qualifying as accessions maintaining maximum
cell membrane stability under water stress. Eight additional lines
revealed membrane injury up to 40%. It could be seen that
within a set of 57 Ae. tauschii accessions, 20 suffered membrane
damage lower than the minimum injury seen in a check wheat
cultivar, i.e., C-306 (58.27%). As could be seen from the boxplot
representation (Figure 7), the lower membrane injury spectrum
was primarily occupied by Ae. tauschii, whereas higher injury
range was populated by T. dicoccoides and checks. Compared to
Ae. tauschii, T. dicoccoides displayed relatively higher membrane
injury levels, as all accessions lay in the range of 43.46–87.19%.
T. dicoccoides suffered an average membrane damage of 73%
(Table 2), which was higher than the maximum membrane injury
noted in Ae. tauschii (66.86% in 14211). Nevertheless, membrane
injury levels lower than C-306, i.e., 49.49% (accession 4655) and
43.46% (accession 7079) could be identified in T. dicoccoides.
Later analysis revealed that higher cell membrane injury may be
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FIGURE 5 | Distribution of accessions of Ae. tauschii, T. dicoccoides and
check wheat cultivars with regard to change in (A) shoot length, (B) shoot
fresh weight, and (C) shoot dry weight under well watered and water stress
conditions.

desirable for inducing stress adaptive plasticity in other morpho-
physiological traits.

Change in Agronomic and Productivity
Related Traits Due to Water Stress: Use
as Tolerance Indices
Plasticity assays presented above were confined to easily
quantifiable, vegetative stage traits. The possibility of early-
stage stress adaptive plasticity translating into improved stress
tolerance needed to be probed. In other words, if a genotype
records less or no reduction under water stress in a seedling

assay (i.e., high adaptive plasticity) do we expect greater resilience
or lesser reduction in an advanced stage productivity related
trait? Four prospective tolerance indices based on changes in
trait value for days to flowering (tolerance index 1), plant height
(tolerance index 2), spike length (tolerance index 3), and grain
weight (tolerance index 4) have been employed in the present
study (Supplementary Table S7). Variation in these traits is
presented and subsequently used to determine correlation with
stress adaptive plasticity for seedling and leaf tissue based traits.

Analysis of variance carried out for phenotypic traits evaluated
over two crop seasons 2010–11 and 2011–12 on the present
wheat germplasm set revealed significant effect of genotype,
water stress regime, year and their respective interactions
(Table 4). BLUP values for these traits were estimated across
the years and used to conduct further analysis in the form of
correlations and hierarchical clustering. Different accessions of
Ae. tauschii took 107–127 days to flower under well watered
conditions, which reduced to a period between 99 and 124
days under water stress conditions. T. dicoccoides accessions,
on the other hand, took 105–124 days for heading under
well-watered and 103–122 days to flower under water stress
conditions. Cultivated wheats flowered earlier, i.e., between 88
and 109 days under well watered and 85–104 days under water
stress conditions. Plant height, in case of Aegilops tauschii,
ranged from 65.00 to 106.00 cm under well-watered and
44.33–85.00 cm under water stress conditions (Figures 8Ai–
iii). Several Ae. tauschii accessions suffered minimum decline
and maintained their plant height even under water stress
conditions. Compared to Ae. tauschii and check wheat cultivars
used, the present set of T. dicoccoides seemed to encompass an
upward shifted spectrum of genetic variation for plant height-
89.33–170 cm under well watered and 76.33–147.33 cm under
water stress conditions (Figures 8Ai,ii). Triticum dicoccoides
faced an overall reduction in average plant height under water
stress conditions (average height of 128.20 and 115.45 cm,
respectively, in well watered and water stress set), i.e., maximum
41% reduction in plant height was observed in wild species
as compared to 8% reduction observed in check wheat
cultivars (Figure 8Aiii).

With respect to spike length, range varied from 10 to
18 cm in Ae. tauschii and 15.6–25 cm in T. dicoccoides under
well watered conditions (Figure 8Bi). The spike length range
shifted to 9.6–14.8 cm in Ae. tauschii and 11.33–21 cm in
T. dicoccoides under water stress conditions (Figure 8Bii). As
far as grain weight is concerned, with increase in ploidy levels,
grain weight was found to increase for three groups of species
under both water regimes (Figure 8C). The grain weight varied
from 1140 to 2145 mg (well watered) to 1155–2248 mg (water
stress) for diploid progenitor Ae. tauschii. In case of tetraploid
T. dicoccoides, this range lay between 1134 and 4315 mg (well
watered) to 1785–4248 mg (water stress). The variation in present
day check wheat cultivars extended beyond this limit as they
developed heavier grains to the extent of 3925–6068 mg under
well-watered and 4413–5805 mg under water stress conditions.
However, with regard to change in grain weight under water
stress, an increase in grain weight was observed in several
accessions (Figure 8Ciii).
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FIGURE 6 | Boxplot representation of proline content in accessions of Ae. tauschii, T. dicoccoides and check wheat cultivars (A) under well watered, (B) water
stress and (C) change in proline content under well watered and water stress conditions.
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FIGURE 7 | Boxplots representation of per cent membrane injury in
accessions of Ae. tauschii, T. dicoccoides and check wheat cultivars under
water stress conditions.

Associations Within and Between Early
Stage Adaptive Plasticity and Tolerance
Indices
Correlations between length and biomass observations recorded
on the same morphological trait (e.g., root length) were
observed as per expectation. However, remarkably strong positive
correlations emerged between root and shoot trait based
plasticities (Table 5). For instance, positive associations could be
seen between changes in root and shoot length (r = 0.447, n = 87),
change in root length and change in shoot dry weight (r = 0.470).
Change in root dry weight revealed slight good correspondence
with both change in shoot fresh weight (r = 0.251) as well as
change in shoot dry weight (r = 0.369). This was unexpected
with respect to balanced growth hypothesis where root adaptive
responses to stress are often at cost of shoot growth. These
positive correlations indicated that root responses were truly
adaptive in nature. In genotypes which responded to water stress
by increasing root growth, the reduction in shoot length was less
severe, compared to genotypes which could not respond by an
increase in their root growth.

Membrane injury seems to work as an excellent stress adaptive
plasticity induction mechanism as indicated by significant
positive association with all the three shoot characters i.e.,
change in shoot length (r = 0.332), change in shoot fresh weight
(r = 0.296) and change in shoot dry weight (r = 0.276). Growth
induction for shoot based characters reflected their better stress
adaptive plasticity of shoots than roots. Further, membrane
injury was positively correlated with change in the content of

proline (r = 0.227) and change in grain weight under water
stress (r = 0.359). Genotypes showing higher membrane injury
under water stress suffered lower reduction in root and shoot
parameters as well as grain weight. This may not be plausible
if we regard membrane injury as a stress induced damage, but
can be explained to some extent if membrane injury serves as
a stress signal for activating adaptive responses. Out of the four
tolerance indices, tolerance index based on plant height and
spike length correlated weakly with plasticity indices (Table 5).
Tolerance based on days to flowering correlated well with several
plasticity indices (r = 0.372 with membrane injury, r = 0.286
with change in root length, r = 0.352 with change in shoot
length, r = 0.268 with change in shoot dry weight). Strongest
impact of early stage plasticity indices was, however, observed
on grain weight based tolerance index which was positively
associated with change in root dry weight under water stress
(r = 0.267), change in shoot fresh weight (r = 0.299), change
in shoot length (r = 0.404) and change in shoot dry weight
(r = 0.526). These correlations furnish a link between field and
seedling based plasticities.

Based on Best linear unbiased predictor (BLUP) values of
plasticity scores and tolerance indices, HCA, employing Ward’s
Method was performed using squared euclidean distance matrix
to elucidate genotypic variation within the present germplasm
for responsiveness to water stress. The overall stress adaptive
response of three groups of species with respect to various water
stress plastic traits is presented as a heat map (Figure 9). The
heat map is based on change in trait values observed across well
watered and water-stress conditions. Stress adaptive plasticity
seemed to have a strong genotypic basis rather than an exclusive
property of a species or a group. Nevertheless, strong species
based trends were also visible. The genotypic clustering formed
two major groups- the smaller group (cluster B) represented by
resilient genotypes which showed either less of the unfavorable
change or in some cases positive change under water stress
conditions. This group consisted of nine Ae. tauschii and 13
T. dicoccoides accessions. Together, these constitute the group
of genotypes possessing greater stress adaptive plasticity. Among
these, three Ae. tauschii accessions 9816, 14109, 14128 and two
T. dicoccoides accessions 5259 and 7130 emerged as the five most
stress adaptive genotypes considering all the traits. Out of these,
accessions 14109 and 7130 have been marked for showing higher
stress adaptive plasticity for root elongation and dry matter
accumulation and accession 5259 for greater root fresh weight

TABLE 4 | Genotypic variation in wheat germplasm set for field based traits recorded under well watered and water stress conditions.

Traits/Sources of variation df Mean square values

Days to flowering (DTF) Plant height (PLT) Spike length (SPK) Grain weight (GW)

Genotype (G) 88 497.85∗ 6859.76∗ 90.28∗ 288076.65∗

Water stress regime (W) 1 3270.75∗ 29847.46∗ 654.3∗ 43056.58∗

Year (Y) 1 530.91∗ 64569.69∗ 2553.26∗ 670422.48∗

G X W 88 48.61∗ 488.08∗ 11.61∗ 22011.78∗

G X Y 88 32.12∗ 91.74∗ 2.51∗ 1884.63∗

∗Significant at 0.05 level.
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FIGURE 8 | Boxplots representation of phenotypic traits of accessions of Ae. tauschii, T. dicoccoides and check wheat cultivars under well watered and water stress
conditions. (A) Plant height under (Ai) well watered, (Aii) water stress, and (Aiii) change in plant height under well watered and water stress conditions. (B) Spike
length under (Bi) well watered, (Bii) water stress, and (Biii) change in spike length under well watered and water stress conditions. (C) Grain weight under (Ci) well
watered, (Cii) water stress, and (Ciii) change in grain weight under well watered and water stress conditions.

TABLE 5 | Correlations between changes in trait values used for the study of stress adaptive plasticity and BLUP values based tolerance indices under water
stress conditions.

1Proline 1RL 1RFW 1RDW 1SL 1SFW 1SDW 1DTF 1PLT 1SPK 1GW

MI 0.227∗ 0.135 0.149 0.123 0.332∗∗ 0.296∗∗ 0.276∗∗ 0.372∗∗ 0.093 0.004 0.359∗∗

1Proline 0.108 0.053 0.03 0.033 −0.058 0.007 0.065 0.225∗ 0.016 −0.06

1RL 0.351∗∗ 0.440∗∗ 0.447∗∗ 0.301∗∗ 0.470∗∗ 0.286∗∗ 0.089 0.006 0.134

1RFW 0.546∗∗ 0.09 0.172 0.101 −0.008 −0.006 0.214∗ 0.02

1RDW 0.187 0.251∗ 0.369∗∗ 0.202 0.09 0.092 0.267∗

1SL 0.586∗∗ 0.478∗∗ 0.352∗∗ −0.057 −0.07 0.404∗∗

1SFW 0.603∗∗ 0.174 −0.074 −0.11 0.299∗∗

1SDW 0.268∗ 0.057 −0.058 0.526∗∗

1DTF 0.053 −0.023 0.279∗∗

1PLT 0.219∗ −0.1

1SPK −0.202

∗Correlation significant at the 0.05 level; ∗∗Correlation significant at the 0.01 level. 1 Change under water stress. MI, Membrane injury; RL, root length; RFW, root fresh
weight; RDW, root dry weight; SL, shoot length; SFW, shoot fresh weight; SDW, shoot dry weight; DTF, days to flowering; PLT, plant height; SPK, spike length; GW,
grain weight.

acquisition and higher proline induction under water stress
conditions. These progenitor accessions have been used in wheat
breeding programme at our center to develop synthetic wheats.
Cultivated wheats, on the heat map, were placed in the larger
group (cluster A) representing moderate to low stress adaptive
behavior. Notably, the cultivated types formed a close cluster and
represented moderate levels of plasticity. Apparently, the wild
species had a larger spectrum of variation and some of them
constituted the group representing the least adaptive behavior.

DISCUSSION

Wild progenitors have been widely used as donors of resistance to
biotic stresses such as powdery mildew (Rong et al., 2000), yellow
rust (Gill and Raupp, 1987; Goodman et al., 1987; Cox et al.,
1990), and karnal bunt (Villareal et al., 1995). Similarly, genes
for productivity traits from Ae. tauschii (Gororo et al., 2002) and
for higher grain weight and protein content from T. turgidum
var dicoccoides have also been transferred to T. aestivum
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(Kushnir and Halloran, 1984; Mesfin et al., 2000). Our center
has successfully used marker based strategy to tag and transfer
several disease resistance genes (e.g., Lr57/Yr40, Lr76/Yr70, Lr58)
from wild species to the wheat breeding pipeline. The wild
progenitors have been used less extensively as donors of abiotic
stress tolerance though T. dicoccoides (Peleg et al., 2005) and Ae.
tauschii (Kurahashi et al., 2009) have been targeted for drought
(Peleg et al., 2005), high temperature (Pradhan et al., 2012), or
salinity stress (Siasho et al., 2016). Trait plasticity as a component
of productivity and stress tolerance remains a future goal, even
though wild species are known to grow and thrive in alternatively
harsh and favorable conditions.

The set of wild accessions on which this study is based have
also been a part of other reports in literature. For instance,
Shah et al. (2000) found Ae. tauschii accessions 3733 and 3734
to be totally immune to leaf rust. A new source of greenbug
resistance has been derived from Ae. tauschii accession 9783
(Weng et al., 2005). Likewise, T. dicoccoides accessions 4657
and 4675 exhibited an intermediate fusarium head blight (FHB)
reaction, whereas accession 5259 was found susceptible to FHB
reaction (Oliver et al., 2007). Besides these reports, entire set of
lines used in the study has also been characterized for various
traits of economic interest at our center (Chhuneja et al., 2010,
2015; Gupta et al., 2010; Suneja, 2014; Suneja et al., 2015a,b,
2017; Arora et al., 2017). A direct hybridization approach to gene
transfer from Ae. tauschii Coss. to Triticum aestivum has also
been developed (Seghal et al., 2011). This cross referencing of Ae.
tauschii and T. dicoccoides accessions to other studies indicates all
round worth of the lines and is likely to promote their judicious
use in future wheat breeding programmes.

With accessions of diploid (Ae. tauschii) and tetraploid
(T. dicoccoides) progenitor species as the core genetic material,
the present study was aimed to decipher how plasticity indices
based on seedling and vegetative traits are able to correlate with
agronomic and productivity related tolerance indices. Between
these two sets of traits, there are several developmental steps
which are likely to dimnish the influence of early stage stress
adaptive behavior. There is a possibility that these simple early
stage stress adaptive plasticity indices may represent a broader
based plasticity mechanisms operating in these genotypes. The
strategy of using changes in trait values as we shift from non-
stress to stress conditions rather than per se trait values under
stress allowed a delineation of stress adaptive plasticity. The
association of early stage and more likely to be adaptive responses
with later stage productivity based tolerance indices emerged
as an important finding. Having established a strong genetic
basis for the plasticity phenomenon, in this (by design) broad
spectrum germplasm set, the identification of donors open up
several follow up avenues.

Genotypic Variation for Stress Adaptive
Plasticity in Root-Shoot Traits
In this study, marked induction behavior in terms of root
development (increase in root length and dry weight) came to
light in some of the wild species accessions. Kadam et al. (2015)
found root length of wheat increased in response to water deficit

FIGURE 9 | Hierarchical cluster analysis (HCA) of early stage adaptive
plasticity traits and BLUP derived tolerance indices in wheat germplasm set.
AT, TD, and C correspond to accessions of Aegilops tauschii, Triticum
dicoccoides and check wheat cultivars, respectively. Each accession is
visualized in a single row and each trait value is represented by a single
column. Red indicates unfavorable change or reduction in trait value, whereas
less of the unfavorable change or increase in trait value is depicted in blue.

stress and reported plasticity in root length, thickness, root weight
density, xylem diameter and vessel number along the length of
the root. An increase in root: shoot ratio and absolute root mass
in response to moisture stress has been previously reported in
wheat by Blum et al. (1983) and Reynolds et al. (2007). Balanced
growth hypothesis (Bloom et al., 1985) suggests that some plants
respond to drought by stimulating or maintaining root growth
while reducing shoot growth. Using Lockhart’s equation, Hsiao
and Xu (2000) elucidated that the underlying mechanism behind
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shift in allometry are the differences in the sensitivity of root and
shoot growth to water stress.

At the level of stress administered in the present study, the
responses went beyond redistribution of resources between root
and shoot to stress adaptive plasticity as revealed by positive
correlation between root and shoot based plasticity. This resulted
from genotypes which responded to water stress by increasing
root growth and consequently maintained better shoot length,
compared to genotypes which could not respond by an increase in
their root growth. While this phenomenon has been mentioned
in results, genotypes going even one step further in their
responses need to be mentioned. Greater adaptation to water
stress than well-watered conditions was observed in Ae. tauschii
accession 14191 and T. dicoccoides accession 7130, where in
addition to increase in the relative size of root (adaptive plasticity
of 101.50 and 91.53%, respectively), shoot growth displayed
a stress adaptive plasticity of 20.20 and 29.55%, respectively.
Similarly, Ae. tauschii accession 9803 expressed stress adaptive
plasticity of the order of 94.74% in shoot dry weight and 34%
in root dry weight. These lines proved to be notable exceptions
to the norm as an increase in both root- and shoot length
was evident under water stress. Greater adaptation to water
stress could be found in some wild accessions where root
length/weight is relatively low under well watered conditions.
These accessions seem to have greater adaptation to water stress
than well watered conditions. Such remarkable responses warrant
a strong genetic basis.

Proline: High Inducibility but Complex
Role
Lower basal levels of proline in T. dicoccoides (in comparison
to Ae. tauschii) under well watered conditions may hint toward
their local adaptation to arid climates of Israel and regions
of North Crescent where T. dicoccoides originated. Abundant
genetic variation in water stress induced proline accumulation
was identified in accessions of Arabidopsis thaliana (Verslues
and Juenger, 2011; Kesari et al., 2012; Verslues et al., 2014).
Accessions from generally drier regions have lower proline
accumulation. Accessions that habitually face drought may have
other metabolic adjustments such that higher levels of proline
may not be needed as long as a particular threshold level
of osmotic potential is maintained in the cell (Kesari et al.,
2012). T. dicoccoides evolved in a relatively restricted geographic
region, i.e., eastern Mediterranean region, characterized by a
long, hot dry summer and a short, mild wet winter with
fluctuating amounts and distribution of rainfall (Loss and
Siddique, 1994; Peleg et al., 2005). Stress responsive higher
proline induction in T. dicoccoides may be aligned to dynamic up-
regulation of P5CS1 (proline biosynthesis) or down-regulation
of ProDH (proline degradation). Ae. tauschii that showed higher
constitutive but lower levels of proline induction, is known to be
adapted to a more continental climate of Central Asia. However,
further investigations are necessary to reveal the background
of high proline content in Ae. tauschii accessions. AABB-
genome through its metabolic plasticity and DD-genome through
heightened basal expression together might have contributed in
enhancing the fitness of natural hexaploid wheat across diverse

eco-geographical environments. A similar observation has also
been reported in a study where the expression pattern of HKT1;5
was studied in 2x (diploid), 4x (tetraploid), nat-6x (natural
hexaploid) and neo-6x (synthetic hexaploid) genomes of wheat
in response to salt stress (Yang et al., 2014).

Inter-Trait Associations: Uncovering
Network of Plasticities
Three remarkable observations with respect to network of
plasticities emerged and may serve as lead for further studies.
First is the positive correlation between root and shoot based
stress adaptive plasticities which deviated from the generally
observed resource allocation to roots at the cost of shoots under
water stress (Hsiao and Xu, 2000; Weiner, 2004; Gargallo-Garriga
et al., 2014). Second is concerning membrane injury serving
as a signal or trigger for stress adaptive plasticity and thus
showing positive association with various morpho-physiological
attributes. Third important observation related to the marked
inducibility in proline accumulation in leaf tissue, but its largely
negative connotations for stress adaptive plasticity. Finally, the
association of early stage and more likely to be adaptive responses
with later stage productivity based tolerance indices emerged as
an important finding. The associations observed in this study
point toward the larger perspective that wild species are able to
capitalize on plasticity to ensure fitness in variable environments
(Vilela and Gonzalez-Paleo, 2015).

Opportunities for Genetic Analysis and
Molecular Marker Tagging
Identifying genes responsible for drought response has been
challenging because of polygenic nature as well as issues
concerning easy evaluation of these abiotic stress responsive
traits. Inducible traits would be even harder to pursue in breeding
programmes, but molecular marker assisted selection may prove
to be a powerful tool as demonstrated by the success in transfer
of submergence tolerance gene in rice (Bailey-Serres et al., 2010).
Root growth angle as a trait was not targeted in the present study,
however, this trait is receiving increased attention due to cloning
of DRO1 (Deep Rooting) locus in rice (Uga et al., 2013). Recent
reviews foresee optimization of root system architecture (RSA)
as the basis of second green revolution (Meister et al., 2014).
Attempts to identify a gene or a set of genes that control the
switch for shift in root-shoot allometry under water stress are at
present largely lacking. Genetic and molecular marker analysis
for induction of root growth under water stress at the diploid level
using contrasting Ae. tauschii parents (accessions 9803, 9814,
14109, and 3769) offers itself as a feasible prospect. Inducible
traits represent the best option in the face of expected variations
in stress over space and time.

Identification of Potential Donors
On the whole, many wild accessions could be identified as
suitable donors for a suite of water stress responsive traits.
Aegilops tauschii accessions 9816 and 14109 revealed higher
stress adaptive plasticity in terms of increased root biomass
(fresh and dry weight) under stress. Aegilops tauschii accession
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14128 exhibited root elongation and higher proline induction
under water stress. Aegilops tauschii accession 9809 increased
root and shoot dry weight under stress. This accession also
displayed physiological plastic responses in terms of increased
activity of ROS scavenging enzymes under drought stress
(Suneja et al., 2017). Within T. dicoccoides group, accession
7130 displayed root and shoot elongation, increased root and
shoot dry matter accumulation and higher proline induction
under stress. T. dicoccoides accession 5259 too accumulated
more proline and acquired higher root fresh weight under
conditions of decreased water availability. These genotypes
represent a situation where well watered condition seems to
be more stressful than the water stress (at the level of stress
administered in this study). This accession-specific behavior
invites opportunities for molecular genetic analysis of inducibility
under stress as a trait, associated pleiotropic effects, if any,
for eventual introgression into elite wheat cultivars. Crosses
have been conducted between T. dicoccoides accession 5259,
7130 and Ae. tauschii accessions 9816, 14109, and 14128 to
develop synthetic hexaploid wheats that might combine favorable
drought responsive traits from AABB- and DD-genome of wild
progenitors of wheat, leading to enhanced trait expression due
to gene interaction. Subsequent crosses with high yielding wheat
cultivars may help tailor their genetic makeup that enables them
to thrive and perform well under conditions of unanticipated or
variable environmental stress. Ideally, a winning combination of
root and shoot traits along with appropriate metabolic switches
may be successfully met to enhance water stress resilience of
present day wheat cultivars.

AUTHOR CONTRIBUTIONS

YS conducted the experiments, generated data, carried out the
analysis, and prepared the draft of the manuscript. AG and
NB conceived the idea, designed and supervised the study,
interpreted results, revised, and finalized the manuscript.

FUNDING

This work was supported by the financial grant received
from Innovation in Science Pursuit for Inspired Research
(INSPIRE) Programme, Department of Science and
Technology, Government of India (Grant No. DST/INSPIRE
Fellowship/2010 (162)).

ACKNOWLEDGMENTS

We thank School of Agricultural Biotechnology, Punjab
Agricultural University, Ludhiana for sharing the seed of Aegilops
tauschii and Triticum dicoccoides accessions.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2019.00211/
full#supplementary-material

REFERENCES
Arora, S., Singh, N., Kaur, S., Bains, N. S., Uauy, C., Poland, J., et al. (2017). Genome

wide association study of grain architecture in wild wheat Aegilops tauschii.
Front. Plant Sci. 8:886. doi: 10.3389/fpls.2017.00886

Aspinwall, M. J., Loik, M. E., de Dios, V. R., Tjoelker, M. G., Payton, P. R., and
Tissue, D. T. (2014). Utilizing intraspecific variation in phenotypic plasticity
to bolster agricultural and forest productivity under climate change. Plant Cell
Environ. 38, 1752–1764. doi: 10.1111/pce.12424

Bailey-Serres, J., Fukao, T., Ronald, P., Ismail, A., Heuer, S., and Mackill, D. (2010).
Submergence tolerant rice: SUB1’s journey from landrace to modern cultivar.
Rice 3, 138–147. doi: 10.1007/s12284-010-9048-5

Bates, L. S., Waldren, R. P., and Teare, I. D. (1973). Rapid determination of free
proline content for water-stress studies. Plants Soil 39, 205–207. doi: 10.1016/j.
dental.2010.07.006

Beuchat, J., Li, S., Ragni, L., Shindo, C., Kohn, M. H., and Hardkte, C. S. (2010).
A hyperactive quantitative trait locus allele of Arabidopsis BRX contributes
to natural variation in root growth vigor. Proc. Nat. Acad. Sci. U.S.A. 107,
8475–8480. doi: 10.1073/pnas.0913207107

Bloom, A. J., Chapin, S., and Mooney, H. A. (1985). Resource limitation in plants-
an economic analogy. Ann. Rev. Ecol. Sysl. 16, 363–392. doi: 10.1146/annurev.
es.16.110185.002051

Bloomfield, J. A., Rose, T. J., and King, G. J. (2014). Sustainable harvest: managing
plasticity for resilient crops. Plant Biotech. J. 12, 517–533. doi: 10.1111/pbi.
12198

Blum, A., Mayer, J., and Gozlan, G. (1983). Association between plant production
and some physiological components of drought resistance in wheat. Plant Cell
Environ. 6, 219–225.

Blum, A., Sinmena, B., and Ziv, O. (1980). An evaluation of seed and seedling
drought tolerance screening tests in wheat. Euphytica 29, 727–736. doi: 10.1007/
BF00023219

Bradshaw, A. D. (1965). Evolutionary significance of phenotypic plasticity
in plants. Adv. Genet. 13, 115–155. doi: 10.1016/S0065-2660(08)
60048-6

Bradshaw, A. D. (2006). Unraveling phenotypic plasticity- why should we bother?
New Phytol. 170, 644–648.

Chalker-Scott, L. (1999). Environmental significance of anthocyanins in plant
stress responses. Phytochem. Photobiol. 70, 1–9. doi: 10.1111/j.1751-1097.1999.
tb01944.x

Chhuneja, P., Arora, J. K., Kaur, P., Kaur, S., and Singh, K. (2015). Characterization
of wild emmer wheat Triticum dicoccoides germplasm for vernalization
alleles. J. Plant Biochem. Biotechnol. 24, 249–253. doi: 10.1007/s13562-014-
0281-7

Chhuneja, P., Garg, T., Kumar, R., Kaur, S., Sharma, A., Bains, N. S., et al. (2010).
Evaluation of Aegilops tauschii coss. germplasm for agromorphological traits
and genetic diversity using SSR loci. Indian J. Genet. Plant Breed. 70, 328–338.

Cox, T. S. (1997). Deepening the wheat gene pool. J. Crop Product. 1, 1–25. doi:
10.1300/J144v01n01_01

Cox, T. S., Hatchett, J. H., Gill, B. S., Raupp, W. J., and Sears, R. G. (1990).
Agronomic performance of hexaploid wheat lines derived from direct crosses
between wheat and Aegilops squarrosa. Plant Breed. 105, 271–277. doi: 10.1111/
j.1439-0523.1990.tb01285.x

de Jong, G. (2005). Evolution of phenotypic plasticity: patterns of plasticity and
the emergence of ecotypes. New Phytol. 166, 101–118. doi: 10.1111/j.1469-8137.
2005.01322.x

Des Marais, D. L., Hernandez, K. M., and Juenger, T. E. (2013). Genotype-by-
environment interaction and plasticity: exploring genomic responses of plants
to the abiotic environment. Ann. Rev. Ecol. Evol. Syst. 44, 5–29. doi: 10.1146/
annurev-ecolsys-110512-135806

Des Marais, D. L., and Juenger, T. E. (2010). Pleiotropy, plasticity and the evolution
of plant abiotic stress tolerance. Ann. N. Y. Acad. Sci. 1206, 56–79. doi: 10.1111/
j.1749-6632.2010.05703.x

Frontiers in Plant Science | www.frontiersin.org 17 February 2019 | Volume 10 | Article 211

https://www.frontiersin.org/articles/10.3389/fpls.2019.00211/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2019.00211/full#supplementary-material
https://doi.org/10.3389/fpls.2017.00886
https://doi.org/10.1111/pce.12424
https://doi.org/10.1007/s12284-010-9048-5
https://doi.org/10.1016/j.dental.2010.07.006
https://doi.org/10.1016/j.dental.2010.07.006
https://doi.org/10.1073/pnas.0913207107
https://doi.org/10.1146/annurev.es.16.110185.002051
https://doi.org/10.1146/annurev.es.16.110185.002051
https://doi.org/10.1111/pbi.12198
https://doi.org/10.1111/pbi.12198
https://doi.org/10.1007/BF00023219
https://doi.org/10.1007/BF00023219
https://doi.org/10.1016/S0065-2660(08)60048-6
https://doi.org/10.1016/S0065-2660(08)60048-6
https://doi.org/10.1111/j.1751-1097.1999.tb01944.x
https://doi.org/10.1111/j.1751-1097.1999.tb01944.x
https://doi.org/10.1007/s13562-014-0281-7
https://doi.org/10.1007/s13562-014-0281-7
https://doi.org/10.1300/J144v01n01_01
https://doi.org/10.1300/J144v01n01_01
https://doi.org/10.1111/j.1439-0523.1990.tb01285.x
https://doi.org/10.1111/j.1439-0523.1990.tb01285.x
https://doi.org/10.1111/j.1469-8137.2005.01322.x
https://doi.org/10.1111/j.1469-8137.2005.01322.x
https://doi.org/10.1146/annurev-ecolsys-110512-135806
https://doi.org/10.1146/annurev-ecolsys-110512-135806
https://doi.org/10.1111/j.1749-6632.2010.05703.x
https://doi.org/10.1111/j.1749-6632.2010.05703.x
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-10-00211 February 21, 2019 Time: 17:44 # 18

Suneja et al. Drought Adaptive Plasticity in Wild Wheats

Ehdaie, B., Layne, A. P., and Waines, J. G. (2012). Root system plasticity to drought
influences grain yield in bread wheat. Euphytica 186, 219–232. doi: 10.1007/
s10681-011-0585-9

Fitz Gerald, J. N., Lehti-Shiu, M. D., Ingram, P. A., Deak, K. I., Biesiada, T.,
and Malamy, J. E. (2006). Identification of quantitative trait loci that regulate
Arabidopsis root system size and plasticity. Genetics 172, 485–498. doi: 10.1534/
genetics.105.047555

Gargallo-Garriga, A., Sardans, J., Perez-Trujillo, M., Rivas-Ubach, A., Oravec, M.,
Vecerova, K., et al. (2014). Opposite metabolic responses of shoots and roots to
drought. Sci. Rep. 4:6829. doi: 10.1038/srep06829

Gill, B. S., and Raupp, W. J. (1987). Direct gene transfers from Aegilops squarrosa
L. to hexaploid wheat. Crop Sci. 27, 445–450. doi: 10.2135/cropsci1987.
0011183X002700030004x

Goodman, R. M., Hauptli, H., Crossway, A., and Knauf, V. C. (1987). Gene transfer
in crop improvement. Science 236, 48–54. doi: 10.1126/science.236.4797.48

Gororo, N. N., Eagles, H. A., Eastwood, R. F., Nicolas, M. E., and Flood, R. G.
(2002). Use of Triticum tauschii to improve yield of wheat in low-yielding
environments. Euphytica 123, 241–254. doi: 10.1023/A:1014910000128

Gupta, S., Kaur, S., Seghal, S., Sharma, A., Chhuneja, P., and Bains, N. S. (2010).
Genotypic variation for cellular thermotolerance in Aegilops tauschii Coss., the
D-genome progenitor of wheat. Euphytica 175, 373–381. doi: 10.1007/s10681-
010-0185-0

Hetherington, A. M., and Woodward, F. I. (2003). The role of stomata in
sensing and driving environmental change. Nature 424, 901–908. doi: 10.1038/
nature01843

Hodge, A. (2004). The plastic plant: root responses to heterogeneous supplies of
nutrients. New Phytol. 162, 9–24. doi: 10.1111/j.1469-8137.2004.01015.x

Hsiao, T., and Xu, L.-K. (2000). Senstivity of growth of roots versus leaves to
water stress: biophysical analysis and relation to water transport. J. Exp. Bot.
51, 1595–1616. doi: 10.1093/jexbot/51.350.1595

Kadam, N., Yin, X., Bindraban, P., Struik, P. C., and Jagadish, K. S. V. (2015). Does
morphological and anatomical plasticity during the vegetative stage make wheat
more tolerant of water deficit stress than rice? Plant Physiol. 167, 1389–1401.
doi: 10.1104/pp.114.253328

Kam-Morgan, L. N. W., Gill, B. S., and Muthukrishnan, S. (1989). DNA restriction
fragment length polymorphisms: a strategy for genetic mapping of D genome
of wheat. Genome 32, 724–732. doi: 10.1139/g89-503

Kesari, R., Lasky, J. R., Villamor, J. G., Des Marais, D. L., Chen, Y. J., Liu, T. W.,
et al. (2012). Intron-mediated alternative splicing of Arabidopsis P5CS1 and its
association with natural variation in proline and climate adaptation. Proc. Nat.
Acad. Sci. U.S.A. 109, 9197–9202. doi: 10.1073/pnas.1203433109

Kurahashi, Y., Terashima, A., and Takumi, S. (2009). Variation in dehydration
tolerance, ABA sensitivity and related gene expression patterns in D-genome
progenitor and synthetic hexaploid wheat lines. Int. J. Mol. Sci. 10, 2733–2751.
doi: 10.3390/ijms10062733

Kushnir, U., and Halloran, G. M. (1984). Transfer of high kernel weight and high
protein from wild tetraploid wheat (T. turgidum dicoccoides) to bread wheat
(T. aestivum) using homologous and homoeologous recombination. Euphytica
33, 249–255. doi: 10.1007/BF00022773

Lande, R. (2009). Adaptation to an extraordinary environment by evolution of
phenotypic plasticity and genetic assimilation. J. Evol. Biol. 22, 1435–1446.
doi: 10.1111/j.1420-9101.2009.01754.x

Lloret, F., Casanovas, C., and Penuelas, J. (1999). Seedling survival of
mediterranean shrubland species in relation to root: shoot ratio, seed size and
water and nitrogen use. Func. Ecol. 13, 210–216. doi: 10.1046/j.1365-2435.1999.
00309.x

Loss, S. P., and Siddique, K. H. M. (1994). Morphological and physiological traits
associated with wheat yield increases in mediterranean environments. Adv.
Agron. 52, 229–276. doi: 10.1016/S0065-2113(08)60625-2

Ludlow, M. M., and Muchow, R. C. (1990). A critical evaluation of traits for
improving crop yields in water-limited environments. Adv. Agron. 43, 107–153.
doi: 10.1016/S0065-2113(08)60477-0

Luo, N., Liu, J., Yu, X., and Jiang, Y. (2011). Natural variation of drought response
in Brachypodium distachyon. Physiol. Plant 141, 19–29. doi: 10.1111/j.1399-
3054.2010.01413.x

Matesanz, S., and Milla, R. (2018). Differential plasticity to water and nutrients
between crops and their wild progenitors. Env. Exp. Bot. 145, 54–63. doi: 10.
1016/j.envexpbot.2017.10.014

Meister, R., Rajani, M. S., Ruzicka, D., and Schachtman, D. P. (2014). Challenges
of modifying root traits in crops for agriculture. Trends Plant Sci. 19, 779–788.
doi: 10.1016/j.tplants.2014.08.005

Melino, V. J., Fiene, G., Enju, A., Cai, J., Buchner, P., and Heuer, S. (2015). Genetic
diversity for root plasticity and nitrogen uptake in wheat seedlings. Funct. Plant
Biol. 42, 942–956. doi: 10.1071/FP15041

Mesfin, A., Frohberg, R. C., Khan, K., and Olson, T. C. (2000). Increased grain
protein content and its association with agronomic and end-use quality in two
hard red spring wheat populations derived from Triticum turgidum L. var.
dicoccoides. Euphytica 116, 237–242. doi: 10.1023/A:1004004331208

Metlen, K. L., Aschehoug, E. T., and Callaway, R. M. (2009). Plant behavioural
ecology: dynamic plasticity in secondary metabolites. Plant Cell Environ. 32,
641–653. doi: 10.1111/j.1365-3040.2008.01910.x

Mouchel, C. F., Briggs, G. C., and Hardtke, C. S. (2004). Natural genetic variation
in Arabidopsis identifies BREVIS RADIX, a novel regulator of cell proliferation
and elongation in the root. Genes Dev. 18, 700–714. doi: 10.1101/gad.1187704

Nicotra, A. B., Atkin, O. K., Bonser, S. P., Davidson, A. M., Finnegan, E. J.,
Mathesius, U., et al. (2010). Plant phenotypic plasticity in a changing climate.
Trends Plant Sci. 15, 684–692. doi: 10.1016/j.tplants.2010.09.008

Nicotra, A. B., and Davidson, A. (2010). Adaptive plasticity in water use traits.
Func. Plant. Biol. 371, 117–127. doi: 10.1071/FP09139

Oliver, R. E., Stack, R. W., Miller, J. D., and Cai, X. (2007). Reaction of wild
emmer wheat accessions to fusarium head blight. Crop Sci. 47, 893–897. doi:
10.2135/cropsci2006.08.0531

Pacheco-Villalobos, D., and Hardtke, C. S. (2012). Natural genetic variation of
root system architecture from Arabidopsis to Brachypodium: towards adaptive
value. Philos. Trans. R. Soc. Lond. Biol. Sci. 367, 1552–1558. doi: 10.1098/rstb.
2011.0237

Pajoro, A., Severing, E., Angenent, G. C., and Immink, R. G. H. (2017). Histone
H3 lysine 36 methylation affects temperature-induced alternative splicing and
flowering in plants. Genome Biol. 18:102. doi: 10.1186/s13059-017-1235-x

Peleg, Z., Fahima, T., Abbo, S., Krugman, T., Nevo, E., Yakir, D., et al.
(2005). Genetic diversity for drought resistance in wild emmer wheat and its
ecogeographical associations. Plant Cell Environ. 28, 176–191. doi: 10.1111/j.
1365-3040.2005.01259.x

Pradhan, G. P., Prasad, P. V. V., Fritz, A. K., Kirkham, M. B., and Gill, B. S. (2012).
High temperature tolerance in Aegilops species and its potential transfer to
wheat. Crop Sci. 52, 292–304. doi: 10.2135/cropsci2011.04.0186

Reynolds, M., Dreccer, F., and Trethowan, R. (2007). Drought adaptive traits
derived from wheat wild relatives and land races. J. Exp. Bot. 58, 177–186.
doi: 10.1093/jxb/erl250

Rong, J. K., Millet, E., Manisterski, J., and Feldman, M. (2000). A new
powdery mildew resistance gene: introgression from wild emmer into common
wheat and RFLP based mapping. Euphytica 115, 121–126. doi: 10.1023/A:
1003950431049

Sardas, V. O., Reynolds, M. P., de la Vega, A. J., Petrie, P. R., and
Robinson, R. (2009). Phenotypic plasticity of yield and phenology in wheat,
sunflower and grapevine. Field Crops Res. 110, 242–250. doi: 10.1016/j.fcr.2008.
09.004

Seghal, S. K., Kaur, S., Gupta, S., Sharma, A., Kaur, R., and Bains, N. S. (2011).
A direct hybridization approach to gene transfer from Aegilops tauschii coss. to
Triticum aestivum L. Plant Breed. 130, 98–100. doi: 10.1111/j.1439-0523.2010.
01817.x

Seki, M., Umezawa, T., Urano, K., and Shinozaki, K. (2007). Regulatory metabolic
networks in drought stress responses. Curr. Opin. Plant Biol. 2007, 296–302.
doi: 10.1016/j.pbi.2007.04.014

Semchenko, M., and Zobel, K. (2005). The effect of breeding and phenotypic
plasticity in four varieties of oat (Avena sativa L.). Field Crops Res. 93, 151–168.
doi: 10.1016/j.fcr.2004.09.019

Shah, M., Ahmed, J., Asghar, M., Iqbal, N., and Farooq, S. (2000). Evaluation of
annual wild grass species for leaf rust resistance. Pak. J. Biol. Sci. 3, 469–472.
doi: 10.3923/pjbs.2000.469.472

Siasho, D., Takumi, S., and Matsuoka, Y. (2016). Salt tolerance during germination
and seedling growth of wild wheat Aegilops tauschii and its impact on the species
range expansion. Sci. Rep. 6:38554. doi: 10.1038/srep38554

Suneja, Y. (2014). Physio-Biochemical Responses and Allelic Diversity for Water
Deficit Tolerance Related Traits in Aegilops tauschii and Triticum dicoccoides.
Ph.D. thesis, Punjab Agricultural University, Punjab.

Frontiers in Plant Science | www.frontiersin.org 18 February 2019 | Volume 10 | Article 211

https://doi.org/10.1007/s10681-011-0585-9
https://doi.org/10.1007/s10681-011-0585-9
https://doi.org/10.1534/genetics.105.047555
https://doi.org/10.1534/genetics.105.047555
https://doi.org/10.1038/srep06829
https://doi.org/10.2135/cropsci1987.0011183X002700030004x
https://doi.org/10.2135/cropsci1987.0011183X002700030004x
https://doi.org/10.1126/science.236.4797.48
https://doi.org/10.1023/A:1014910000128
https://doi.org/10.1007/s10681-010-0185-0
https://doi.org/10.1007/s10681-010-0185-0
https://doi.org/10.1038/nature01843
https://doi.org/10.1038/nature01843
https://doi.org/10.1111/j.1469-8137.2004.01015.x
https://doi.org/10.1093/jexbot/51.350.1595
https://doi.org/10.1104/pp.114.253328
https://doi.org/10.1139/g89-503
https://doi.org/10.1073/pnas.1203433109
https://doi.org/10.3390/ijms10062733
https://doi.org/10.1007/BF00022773
https://doi.org/10.1111/j.1420-9101.2009.01754.x
https://doi.org/10.1046/j.1365-2435.1999.00309.x
https://doi.org/10.1046/j.1365-2435.1999.00309.x
https://doi.org/10.1016/S0065-2113(08)60625-2
https://doi.org/10.1016/S0065-2113(08)60477-0
https://doi.org/10.1111/j.1399-3054.2010.01413.x
https://doi.org/10.1111/j.1399-3054.2010.01413.x
https://doi.org/10.1016/j.envexpbot.2017.10.014
https://doi.org/10.1016/j.envexpbot.2017.10.014
https://doi.org/10.1016/j.tplants.2014.08.005
https://doi.org/10.1071/FP15041
https://doi.org/10.1023/A:1004004331208
https://doi.org/10.1111/j.1365-3040.2008.01910.x
https://doi.org/10.1101/gad.1187704
https://doi.org/10.1016/j.tplants.2010.09.008
https://doi.org/10.1071/FP09139
https://doi.org/10.2135/cropsci2006.08.0531
https://doi.org/10.2135/cropsci2006.08.0531
https://doi.org/10.1098/rstb.2011.0237
https://doi.org/10.1098/rstb.2011.0237
https://doi.org/10.1186/s13059-017-1235-x
https://doi.org/10.1111/j.1365-3040.2005.01259.x
https://doi.org/10.1111/j.1365-3040.2005.01259.x
https://doi.org/10.2135/cropsci2011.04.0186
https://doi.org/10.1093/jxb/erl250
https://doi.org/10.1023/A:1003950431049
https://doi.org/10.1023/A:1003950431049
https://doi.org/10.1016/j.fcr.2008.09.004
https://doi.org/10.1016/j.fcr.2008.09.004
https://doi.org/10.1111/j.1439-0523.2010.01817.x
https://doi.org/10.1111/j.1439-0523.2010.01817.x
https://doi.org/10.1016/j.pbi.2007.04.014
https://doi.org/10.1016/j.fcr.2004.09.019
https://doi.org/10.3923/pjbs.2000.469.472
https://doi.org/10.1038/srep38554
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-10-00211 February 21, 2019 Time: 17:44 # 19

Suneja et al. Drought Adaptive Plasticity in Wild Wheats

Suneja, Y., Gupta, A. K., and Bains, N. S. (2015a). “Plasticity in root-shoot
development under water stress: exploring genotypic variation in wheat
progenitor species, Aegilops tauschii and Triticum dicoccoides,” in Proceedings
of the 3rd International Plant Physiology Conference- Challenges and Strategies
in Plant Biology Research held at Convention Center JNU, New Delhi, 11–14.

Suneja, Y., Sharma, A., Gupta, A. K., and Bains, N. S. (2015b). Differential response
of wild and cultivated wheats to water deficits during grain development:
changes in soluble carbohydrates and invertases. Physiol. Mol. Biol. Plants 21,
169–177. doi: 10.1007/s12298-015-0283-5

Suneja, Y., Gupta, A. K., and Bains, N. S. (2017). Bread wheat progenitors:
Aegilops tauschii (DD genome) and Triticum dicoccoides (AABB genome) reveal
differential antioxidative response under water stress. Physiol. Mol. Biol. Plants.
23, 99–114. doi: 10.1007/s12298-016-0409-4

Tomlinson, K. W., and O’Connor, T. G. (2004). Control of tiller recruitment in
bunchgrasses: uniting physiology and ecology. Func. Ecol. 18, 489–496. doi:
10.1111/j.0269-8463.2004.00873.x

Uga, Y., Sugimoto, K., Ogawa, S., Rane, J., Ishitani, M., Hara, N., et al. (2013).
Control of root system architecture by deeper rooting 1 increases rice yield
under drought conditions. Nat. Genet. 45, 1097–1102. doi: 10.1038/ng.2725

Verslues, P. E., and Juenger, T. E. (2011). Drought, metabolites, and Arabidopsis
natural variation: a promising combination for understanding adaptation to
water-limited environments. Curr. Opin. Plant Biol. 14, 240–245. doi: 10.1016/
j.pbi.2011.04.006

Verslues, P. E., Lasky, J. R., Juenger, T. E., Liu, T.-W., and Kumar, M. N.
(2014). Genome-wide association mapping combined with reverse genetics
identifies new effectors of low water potential-induced proline accumulation
in Arabidopsis. Plant Physiol. 164, 144–159. doi: 10.1104/pp.113.224014

Vilela, A. E., and Gonzalez-Paleo, L. (2015). Changes in resource-use strategy and
phenotypic plasticity associated with selection for yield in wild species native

to arid environments. J. Arid Environ. 113, 51–58. doi: 10.1016/j.jaridenv.2014.
09.005

Villareal, R. L., Fuentes-Davila, G., and Mujeeb-Kazi, A. (1995). Synthetic
hexaploids x Triticum aestivum advanced derivatives resistant to Karnal Bunt
(Tilletia indica mitra). Cereal Res. Commun. 23, 127–132.

Weiner, J. (2004). Allocation, plasticity and allometry in plants. Perspect. Plant Ecol.
Evol. Syst. 6, 207–215. doi: 10.1078/1433-8319-00083

Weng, Y., Li, W., Devkota, R. N., and Rudd, J. C. (2005). Microsatellite
markers associated with two Aegilops tauschii-derived greenbug resistance
loci in wheat. Theor. Appl. Genet. 110, 462–469. doi: 10.1007/s00122-004-
1853-z

Yang, C., Zhao, L., Zhang, H., Yang, Z., Wang, H., Wen, S., et al. (2014).
Evolution of physiological responses to salt stress in hexaploid wheat.
Proc. Nat. Acad. Sci. U.S.A. 111, 11882–11887. doi: 10.1073/pnas.1412
839111

Zadoks, J. C., Chang, T. T., and Konzak, C. F. (1974). A decimal code for the
growth stages of cereals. Weed Res. 14, 415–421. doi: 10.1111/j.1365-3180.1974.
tb01084.x

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Suneja, Gupta and Bains. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 19 February 2019 | Volume 10 | Article 211

https://doi.org/10.1007/s12298-015-0283-5
https://doi.org/10.1007/s12298-016-0409-4
https://doi.org/10.1111/j.0269-8463.2004.00873.x
https://doi.org/10.1111/j.0269-8463.2004.00873.x
https://doi.org/10.1038/ng.2725
https://doi.org/10.1016/j.pbi.2011.04.006
https://doi.org/10.1016/j.pbi.2011.04.006
https://doi.org/10.1104/pp.113.224014
https://doi.org/10.1016/j.jaridenv.2014.09.005
https://doi.org/10.1016/j.jaridenv.2014.09.005
https://doi.org/10.1078/1433-8319-00083
https://doi.org/10.1007/s00122-004-1853-z
https://doi.org/10.1007/s00122-004-1853-z
https://doi.org/10.1073/pnas.1412839111
https://doi.org/10.1073/pnas.1412839111
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Stress Adaptive Plasticity: Aegilops tauschii and Triticum dicoccoides as Potential Donors of Drought Associated Morpho-Physiological Traits in Wheat
	Introduction
	Materials and Methods
	Choice of Germplasm
	Evaluation of Stress Adaptive Plasticity of Different Accessions
	Seedling Assays
	Field Study

	Observations on Productivity Associated Traits and Derivation of Water Stress Tolerance Indices
	Statistical Analysis

	Results
	Stress Adaptive Plasticity in Seedling and Tissue Based Assays
	Root Length (RL)
	Root Fresh Weight (RFW)
	Root Dry Weight (RDW)
	Shoot Length (SL)
	Shoot Fresh Weight (SFW)
	Shoot Dry Weight (SDW)
	Proline Accumulation in Leaf Tissues
	Membrane Injury in Leaf Cells

	Change in Agronomic and Productivity Related Traits Due to Water Stress: Use as Tolerance Indices
	Associations Within and Between Early Stage Adaptive Plasticity and Tolerance Indices

	Discussion
	Genotypic Variation for Stress Adaptive Plasticity in Root-Shoot Traits
	Proline: High Inducibility but Complex Role
	Inter-Trait Associations: Uncovering Network of Plasticities
	Opportunities for Genetic Analysis and Molecular Marker Tagging
	Identification of Potential Donors

	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


