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Plants unlike other living forms are sessile thereby facing
severe biotic and abiotic stresses. Plants have evolved different
efficient defence responses which thrive upon a number
of intrinsic factors, such as genotypic and phenotypic con-
stitutions and developmental circumstances, and extrinsic
factors like severity and duration of the stresses. Stress
management uses molecular and biochemical level controls,
the competence, and speed, at which a stress signal is
perceived and transmitted to generate stress signal molecules
and activate stress-protective mechanisms. A well-concerted
action of the plants’ competence atmorphological, physiolog-
ical, biochemical, and molecular strata regulates numerous
adaptive responses to biotic and abiotic stresses. Genetic
manipulations of signalling networks have been widely used
to improve plant productivity under stressful conditions.
Advanced biotechnological application will enable maintain-
ing agriculture in a sustainable manner. In this special issue,
we present two reviews and four research papers which
address genomic, molecular, and physiological regulations as
well as signalling networks dealing with plant responses to
abiotic and biotic factors.

Climate change, desertification, and the rise in human
population have put a severe load on agriculture and are

deteriorating crop productivity. In recent years, numer-
ous molecular and metabolic pathways involved in plant
responses and adaptation to various types of environmental
stresses have been identified and reported. Among hundreds
of metabolic pathways identified, the role of polyamines
in stress management to enhance plant acclimation and
adaptation is emerging rapidly. In this special issue, a timely
review by P. Rangan et al. (2014) summarizes our knowledge
on biosynthesis and catabolism of polyamines and highlights
recent progress in elucidating the functions of polyamines
in regulation of plant responses to abiotic stresses. Given
a huge genetic variation among plant species, the authors
also discuss a systematic approach based on polyamine-
mediated enhancement of stress tolerance which might be
used as a potential strategy for screening and identification of
natural variants within existing crop species. The identified
genotypes that possess compatible allelic variants could be
then used for the improvement of stress tolerance.

Plant-microbe interactions are at the core of symbiotic,
parasitic, or mutualistic plant-microbe relationships. These
interactions have displayed a unique way of mutualistic
communications for a resource sharing. To shed light on
the topic, a detailed review of M. Libault (2014) explains
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the unique mechanisms in using legumes to interact with
bacteria. Leguminous plants have developed a mutualistic
symbiotic relationship with rhizobium (a type of soil bac-
teria). Upon bacterial infection, a new root organ called
nodule is developed that enables the leguminous plants to
access a steady source of nitrogen through the fixation and
assimilation of the atmospheric N

2
by the symbiotic bacteria.

In return, the bacteria also get benefit from the symbiotic
plants that provide photosynthesis product to bacteria as
source of carbon. Environmental stress or climate change,
which influences the concentration of the atmospheric car-
bon dioxide (CO

2
), will have a significant impact on plant

photosynthesis. As a consequence, this will affect the nitrogen
and carbon metabolism, leading to altered nitrogen fixation
efficiency. The key regulatory mechanisms controlling car-
bon/nitrogen balances with particular attention to legume
nodulation are reviewed by coeditor M. Libault in his review
article. In addition, readers can also get an overview about
the effect of the change in CO

2
level on nitrogen fixation

efficiency through this review, giving rise to idea as to how
we could mitigate the impact of the change in atmospheric
CO
2
concentration.

Besides the change in atmospheric CO
2
level, water

deficit is one of the major constraints for nodulation, and,
as a consequence for plant productivity. This topical issue is
presented here by a research article of S. Sulieman et al. (2014).
In their study, the authors assessed the growth andnodulation
attributes of two soybean varieties DT2008 and Williams 82
(W82), which have contrasting drought-tolerant capacity, in a
symbiotic association with Bradyrhizobium japonicum under
drought and subsequent rehydration. The authors aimed to
understand the correlation betweenN

2
fixation efficiency and

differential drought-responsive phenotypes of DT2008 and
W82. Their results also provide genetic resources and basis
foundation for further genomic research that would lead to
better understanding of mechanisms involved in regulation
of N
2
fixation in soybean under drought at molecular level.

Heavy metal pollution has been a matter of grave con-
cern. Until recently, efforts have been mainly restricted to
phytoremediation of soils using plant species with highmetal
uptake capacity such as Brassica species. Chromium (Cr) is a
highly phytotoxic heavymetal affecting crop productivity and
human health via entering the food chain. Phytoremediation
of Cr-polluted soils has been mostly demonstrated in using
herbaceous plants, whereas use of cotton cultivars in Cr
phytoremediation is least explored. In the present issue,M. K.
Daud et al. (2014) have shown the potentials of two transgenic
cotton cultivars (J208 and Z905) and their hybrid line
(ZD14) in Cr phytoremediation using a multiple biomarker
approach. Their work showed that these cotton cultivars
and hybrid line could effectively uptake and sequestrate Cr
in dead parts of the plants, such as vacuole and cell wall,
besides having a more highly accelerated antioxidant system.
This study thus proposes a new role of cotton cultivars in
phytoremediation of Cr-polluted soils.

The interactions between macro- and micronutrient
homeostases have been reported in many physiological and
nutritional situations. N. Bouain et al. (2014) studied the

interaction between phosphate (Pi) and zinc (Zn) home-
ostasis in two lettuce varieties. The results revealed that the
variation in Pi and Zn supplies affects the biomass and
photosynthesis as well as the dynamics of Pi transport in a
contrasting manner between the two varieties, indicating a
genetic basis for such physiological responses. On the basis
of their results, the authors proposed a workingmodel of how
Pi and Zn signalling pathways are integrated into functional
networks to control plant growth.

Salinity is a major abiotic stress worldwide claiming
agriculture lands and affecting productivity. Research paper
by A. Matsui et al. (2014) investigated salt stress in Ara-
bidopsis. The authors reported that the tasiRNA-ARF path-
way is involved in controlling floral architecture in plants
under drought and high salinity. The ta-siRNA biosynthesis
mutants and mutated ARF3-overexpressing plants showed
short stamen under drought and salt stress, which hampered
self-pollination. This study reports for the first time that a
type of ta-siRNAs (tasiRNA-ARF) plays an important role in
maintaining normal stamen growth and fertilization under
drought and high salinity.
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Water deficit is one of the major constraints for soybean production in Vietnam. The soybean breeding research efforts conducted
at the Agriculture Genetics Institute (AGI) of Vietnam resulted in the development of promising soybean genotypes, suitable for
the drought-stressed areas in Vietnam and other countries. Such a variety, namely, DT2008, was recommended by AGI and widely
used throughout the country.The aim of this workwas to assess the growth of shoots, roots, and nodules of DT2008 versusWilliams
82 (W82) in response to drought and subsequent rehydration in symbiotic association as a means to provide genetic resources for
genomic research. Better shoot, root, and nodule growth and development were observed in the cultivar DT2008 under sufficient,
water deficit, and recovery conditions. Our results represent a good foundation for further comparison of DT2008 and W82 at
molecular levels using high throughput omic technologies, which will provide huge amounts of data, enabling us to understand
the genetic network involved in regulation of soybean responses to water deficit and increasing the chances of developing drought-
tolerant cultivars.

1. Introduction

Soybean (Glycine max (L.) Merr.) has been classified among
the most important commercial oilseed crops worldwide [1].
It can substantially provide oils, micronutrients, minerals,
and vegetable proteins suitable for livestock feed and human
consumption. In addition, soybean has supplied materials
for industrial uses, such as biodiesel, plastics, lubricants, and
hydraulic fluids. Currently, world production of soybean is
greater than any other oilseed crop. Globally, it accounts for
approximately 68% of global crop legume production and
57% of world oilseed production [2]. Collectively, soybean

production occupies around 6% of the world’s available land
[3].

As a leguminous plant, soybean has a superior potential
capability to fix atmospheric N

2
in association with highly

specialized soil bacteria. Under most conditions, soybean
meets 58–68% of its nitrogen (N) demand through symbiotic
association, but it can fulfill up to 100% with the aid of
this vital process [4–6]. Moreover, a large portion of the
fixed N can be readily accessible for the subsequent crops
in the rotation systems or the natural ecosystems. Therefore,
the soybean-rhizobia relationship represents a vital option
to sustain agricultural development due to its superior N

2
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fixation, enabling us to reduce the dependence on N fer-
tilizers and thus avoiding the overexploitation of natural
resources. Optimizing this association can upgrade soybean
production and enhance soil fertility, whilst reducing the
production costs and environmental impacts associated with
N-chemical fertilizers [5]. Nevertheless, nodulating soybean
plants growth and production are highly sensitive to adverse
environmental conditions, particularly water scarcity in soils
[7, 8].

In Vietnam, soybean occupies an important front
position in the structure of agricultural crops throughout
the country [9]. Recently, Vietnam’s soybean production
continues to fall well below the demand for food, feed, and
vegetable oil industry. According to the 2012’s statistical data,
Vietnam imported 1.29 million metric tonnes of soybeans
which represents a 26% increase over the previous year [10].
Due to high prices in the global market, soybean importation
value had reached $776million in 2012 (41% increase over the
past year). Currently, the Vietnamese Government’s Master
Plan for Oilseeds has further development priorities for the
sector with an objective of 350000 ha of soybean-cultivated
land and a production of 700000 metric tonnes by 2020
(http://www.thecropsite.com/reports/?id=3701&country=
VN). However, drought has a tremendous effect on soybean
growth and development, thus negatively affecting the
projected expansion of crop production [11]. In recent years,
drought has occurredmore andmore commonly as a result of
global warming and climate change [12]. Therefore, selective
breeding for high drought-tolerant soybean cultivars and
investigating the mechanisms to improve the drought tol-
erance of soybean have become top priority for many
scientific researchers. On this basis, the soybean breeders at
the Agriculture Genetics Institute (AGI) of Vietnam have
initiated a long-term soybean breeding program to construct
and release various drought-tolerant soybean cultivars
through conventional breeding and radiation-inducedmuta-
genesis. One of the newly developed prospective cultivars,
the DT2008, revealed enhanced drought tolerance capability
and yield stability (∼2–4 metric tonnes per ha) under various
field growing conditions [13]. Thus, we have started a joint
project to fully characterize this cultivar under drought and
various N regimes. Under nonnodulation conditions, we
have recently documented that DT2008 has higher drought
tolerance ability against the soybean reference cultivar
Williams 82 (W82) [14].

In this report, we have extended our previous approach
by comparing the drought-tolerant cultivar DT2008 and
W82 based on their potential symbiotic association under
drought and rehydration treatments. Results of this study
demonstrated thatDT2008 has a better drought tolerance and
higher recovery level than W82.

2. Materials and Methods

2.1. Biological Materials. The soybean variety DT2008 was
basically created by multiple hybridizations of local cultivars
and subsequent irradiation with gamma rays Co60− 18Gy +
F4 (DT2001/IS10) [15]. It has a wide adaptability to various

harsh conditions and is suitably cultivated in 3 crops per
year with a growth duration ranging from 110 to 120 days
and relatively higher yield potentiality (2.5–4.0 tonnes/ha).
In addition to its superior drought and thermotolerance,
DT2008 has comparatively higher level of resistance against
three kinds of diseases, namely, rust, downy mildew, and
bacterial pustule [15]. Thus, in this study, we have intended
to examine this promising drought-tolerant variety versus
the widely used soybean reference cultivar W82 that was
used to produce the reference genome sequence of soybean
[16]. Accordingly, these materials would provide an efficient
platform for omic analyses to identify new single nucleotide
polymorphisms (SNPs) and promising candidate genes for
genetic engineering. For testing the potential symbiotic
capability under drought and rehydration conditions, both
cultivars were inoculated with the microsymbiont Bradyrhi-
zobium japonicum strain USDA110. Owing to its superior
symbiotic N

2
fixation activity and full determination of its

genome sequence, B. japonicum USDA110 has been widely
used for the purpose of physiology, molecular genetics, and
ecological studies [17].

2.2. General Plant and Bacterial Growth Conditions. Seeds
of DT2008 and W82 were separately germinated in 6-litre
pots containing autoclaved vermiculite as rooting substrate
in a controlled greenhouse conditions (continuous 30∘C
temperature, 60% relative humidity, 12/12 h photoperiod,
and 150 𝜇molm−2 s−1 photon flux density). Seeds were
inoculated with B. japonicum USDA110 grown in yeast
mannitol broth (YMB) (mannitol 2 g L−1; yeast extract
0.4 g L−1; K

2
HPO
4
0.5 g L−1; MgSO

4
⋅7H
2
O 0.2 g L−1; NaCl

0.1 g L−1; pH 6.8) for 48 h at 28∘C. Cultures were diluted with
water and added at a rate of ∼108 cellsmL−1 after the seeds
were sown in the vermiculite. Plants were watered to field
capacity three times a week with full-strength Herridge’s
nutrient solution [18] until the stress treatments were
imposed. The basal nutrient solution contained 0.25mM
CaCl
2
; 0.25mM KCl; 0.5mM MgSO

4
⋅7H
2
O; 0.13mM

KH
2
PO
4
; 0.13mM K

2
HPO
4
; 23.5 𝜇M Fe (III)-EDTA; 71.5 ×

10−2mgL−1H
3
BO
3
; 45.3 × 10−2mgL−1MnCl

2
⋅4H
2
O; 2.8 ×

10−2mgL−1ZnCl
2
; 1.3 × 10−2mgL−1CuCl

2
⋅2H
2
O; and 0.6 ×

10−2mgL−1 NaMoO
4
⋅2H
2
O.

2.3. Drought and Recovery Treatments. Droughtwas imposed
on 21-day-old plants by withholding water. The plants were
randomly separated into twomain sets (control and drought)
containing four biological replicates each. Control (well-
watered) plants were watered every day, whereas drought was
imposed by withholding water for either 4 or 7 days (4D or
7D). Recuperation was carried out by rewatering the stressed
plants for 3 days (7D + 3W). Both water-stressed (WS)
and well-watered (WW) plants were harvested at set time
points: 4, 7, and 10D after the onset of drought-rehydration
treatments. At each time point, soil volumetric moisture
contents (VMC) were monitored using a HydroSense soil
moisture probe (Campbell Scientific, Inc.). Measurements of
various growth andnodulation parameterswere performed at
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the end of the stress and rehydration periods. At each harvest,
plants were fractioned into shoots, roots, and nodules. Shoot
and root tissues were dried at 65∘C for aminimumof 48 h and
weighed for dry matter (DM) determination.

2.4. Statistical Analysis. Means and standard errors (SEs)
were used to plot figures and evaluate treatment responses.
All statistical analyses were performed using statistical tools
imbedded in Microsoft Excel 2010. The significance of differ-
ence betweenmeanswas determined by Student’s t-test where
the values of 𝑃 < 0.05 were considered significant and those
of 𝑃 < 0.01 and 𝑃 < 0.001 were highly significant.

3. Results and Discussion

Drought is a recurring problem limiting nodulation and
N
2
fixation in crop production particularly in tropical and

semiarid tropical areas [19, 20]. Under the present scenarios
of climate change, drought is more likely to occur, leading to
ultimate growth and productivity reductions for most impor-
tant economic crops, including soybean. Although access to
irrigation can be used partially to alleviate drought impact,
the usage of soybean drought-tolerant cultivars remains the
most practically promising strategy to adopt. To cope with
water deficit, drought-tolerant cultivars have developed a
number of strategies that are genetically encoded [1, 9].
Thus, it is important to elucidate these striking adaptive
mechanisms developed in such tolerant cultivars in order
to improve the agronomic performance of soybean and
other plant species by genetic engineering [21, 22]. Indeed,
many physiological and biochemical responses to drought are
shared amongst various tested plant species [23].

Our adopted strategy in the improvement of drought-
tolerant cultivars is based on establishing an integrated
approach involving conventional breeding and radiation-
induced mutagenesis program and subsequently analyzing
the internal adaptive mechanisms, which underlie plant
responses to drought, throughmolecular biology techniques.
A long-term, multidisciplinary research program was started
to produce high-yielding adaptive cultivars for limited water
conditions which exploited the drought-tolerant traits of
DT2008. This biological resource was basically produced
by multiple hybridizations of local cultivars and irradiation
exposure [14]. A question was then raised whether DT2008
is able to maintain N

2
fixation at high level during drought,

thus contributing to its improved productivity. To provide an
answer to this question, in this study, we initially carried out
a comprehensive comparative analysis between DT2008 and
the reference cultivarW82, andwhole genomewas sequenced
[16], thereby enabling us to identify potentially important
mutations or SNPs responsible for enhanced N

2
fixation

under drought in future molecular studies.

3.1. Plant Growth and Biomass Production are Less Nega-
tively Affected in the Drought-Tolerant Cultivar DT2008. The
alteration in biomass allocation is a principle strategy for
coping with progressive soil-drying conditions [14]. Several
groups have reported that DM partitioning is very important
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Figure 1: Comparison of plant height of the nodulated W82 and
DT2008 plants after growth for 21 days in vermiculite soil and
exposure to drought stress and recovery treatments. Well-watered
(WW) plants were irrigated every day, whereas drought stress (WS)
was imposed by withholding water for either four (4D) or seven
(7D) days. Recovery treatment was experienced by withholding
water for seven days followed by a subsequent rewatering for
three days (7D + 3W). Error bars represent standard errors (𝑛 =
4 plants/genotype). Asterisks indicate significant differences as
determined by Student’s t-test (∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001).

in the determination of soybean productivity [19, 24]. Total
biomass has been used as a selection criterion for assessing
drought tolerance in soybean. Understanding assimilation
and allocation processes affected by water deficit is a fun-
damental prerequisite step in identifying and improving
soybean tolerance to drought [11].

In this study, soybean genotypes tested showed differ-
ential responses for growth traits examined. For example,
the DT2008 plants exhibited more stable shoot growth in
terms of shoot length (Figure 1), shoot fresh weight (FW),
and dry weight (DW) (Table 1), when compared with W82,
suggesting that DT2008 possesses a better shoot growth
rate than W82 under the examined water deficit regimes
(4D, 7D). In contrary, W82 exhibited a higher degree of
susceptibility upon subjection to the equivalent drought
treatments as indicated by significant decreases in the shoot
length (Figure 1), shoot FW, and DW (Table 1).

Drought tolerance mechanisms in leguminous plants are
closely related to the root traits of the cultivated genotypes
[23, 25]. In comparisonwithW82, DT2008wasmore tolerant
to water deficit as judged by its higher root fresh and DM
biomass accumulations (Table 1). Understandably, mainte-
nance of DT2008 root growth under progressive decline in
soil water content would enhance drought tolerance due to an
increased capacity of water uptake. Importantly, differences
between DT2008 and W82 were observed under conditions
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Table 1: Comparison of biomass production of the nodulated W82 and DT2008 plants after growth for 21 days in vermiculite soil and
exposure to drought stress and recovery treatments. Well-watered (WW) plants were irrigated every day, whereas drought stress (WS) was
imposed by withholding water for either four (4D) or seven (7D) days. Recovery treatment was experienced by withholding water for seven
days followed by a subsequent rewatering for three days (7D + 3W). Data presented are the means ± SE of four replicates. Asterisks indicate
significant differences as determined by Student’s 𝑡-test (∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001).

Treatment W82 DT2008
WW WS WW WS

Fresh weight (g)

Shoot
4D 5.46 ± 0.42 3.72 ± 0.18

∗∗
6.92 ± 0.48 6.06 ± 0.53

7D 6.64 ± 0.54 3.89 ± 0.18

∗∗
9.94 ± 0.50 6.51 ± 0.39

∗∗

7D + 3W 10.57 ± 0.61 7.10 ± 0.87

∗
11.03 ± 0.58 7.31 ± 0.30

∗∗

Root
4D 2.32 ± 0.28 0.91 ± 0.09

∗∗
2.58 ± 0.19 1.78 ± 0.09

∗

7D 3.68 ± 0.13 1.64 ± 0.15

∗∗∗
4.11 ± 0.30 2.44 ± 0.33

∗∗

7D + 3W 3.89 ± 0.22 2.31 ± 0.26

∗∗
5.62 ± 0.33 4.23 ± 0.10

∗∗

Nodules
4D 0.44 ± 0.04 0.31 ± 0.03

∗
0.61 ± 0.02 0.36 ± 0.04

∗∗

7D 0.57 ± 0.05 0.27 ± 0.03

∗∗
0.71 ± 0.07 0.31 ± 0.03

∗∗

7D + 3W 0.68 ± 0.06 0.35 ± 0.06

∗∗
0.55 ± 0.04 0.37 ± 0.02

∗∗

Dry weight (g)

Shoot
4D 0.74 ± 0.04 0.60 ± 0.03

∗
1.16 ± 0.06 1.11 ± 0.09

7D 1.36 ± 0.10 0.77 ± 0.04

∗∗
1.99 ± 0.10 1.30 ± 0.08

∗∗

7D + 3W 2.11 ± 0.12 1.41 ± 0.18

∗
2.21 ± 0.12 1.46 ± 0.06

∗∗

Root
4D 0.15 ± 0.02 0.06 ± 0.01

∗∗
0.18 ± 0.02 0.12 ± 0.01

∗

7D 0.17 ± 0.01 0.07 ± 0.01

∗∗∗
0.21 ± 0.02 0.12 ± 0.02

∗∗

7D + 3W 0.23 ± 0.01 0.14 ± 0.02

∗∗
0.34 ± 0.02 0.25 ± 0.01

∗∗

that ensured similar amounts of soil water as indicated by
VMCmeasurements (Figure 2).These results further support
thatDT2008 ismore strongly tolerant to drought thanW82 as
indicated recently under nonnodulation conditions [14]. Col-
lectively, our results suggest that the enhanced root systems of
DT2008may significantly contribute to its improved drought
tolerance in comparison with W82.

3.2. Drought-Induced Changes in Nodulation Patterns. Most
leguminous plants, including soybean, have particular fea-
tures in response to water deficit, such as reduced rates of
nodulation andnitrogenase activity [26].The acute sensitivity
of nodulation to water deficit has been considered a major
limiting factor towards improving soybean productivity.
Despite several attempts and considerable research effort dur-
ing the last decades, themolecularmechanism(s) underlining
this sensitivity remains largely unidentified [27]. In this work,
the effect of drought on the N

2
fixation was evaluated based

on nodule growth and development, specifically, the number
of nodules per plant (Figure 3) and total nodule FW (Table 1),
which frequently correlate well with shoot DM, providing an
acceptable basis of N

2
-fixing efficiency [28].

In comparison with W82, DT2008 established relatively
higher number of nodules per plant (Figure 3) and accu-
mulated more nodule FW (Table 1) under sufficient water
supply which might contribute to the higher growth rate of
DT2008 versus that ofW82 (Table 1). Upon exposure towater
deficit (4D and 7D), nodulation pattern, in terms of nodule
number, was found to be different betweenDT2008 andW82.
The total nodule number per plant significantly reduced in

both cultivars after 7D of water stress; however, the nodule
number in DT2008 was still significantly higher than that
in W82 at 7D (𝑃 < 0.05 as measured by Student’s t-test)
(Figure 3). In case of nodule FW, although the 4D water
stress regime resulted in a significant reduction of nodule FW
in both W82 and DT2008, the nodule FW in the drought-
tolerant DT2008 was still slightly higher than that of the
sensitive W82 cultivar (Table 1). These results indicate that
water stress has a certain varied effect on nodulation patterns
between the two genotypes, which might contribute to the
differential drought-tolerant levels of W82 and DT2008 in
addition to the different root growth rate (Table 1). Moreover,
one would also expect that the DT2008 would have addi-
tionally certain internal adaptation mechanisms that might
enhance the symbiotic efficiency under stressful conditions.

3.3. DT2008 Cultivar Has a Higher Reactivation Capability
Than the Model W82 Cultivar under Recovery Conditions. In
the field, plants often encounter unexpected cycles of progres-
sive soil dryness. Under such conditions, plant survival and
productivity rely very much on the internal acclimatization
mechanisms, which reduce or even prevent cellular damage
during the stress period, as well as on the potential capacity of
the stressed plant to recover and maintain normal metabolic
functioning [29]. Thus, plant recovery following rewatering
is an essential trait for plant survival and reflects the balance
between reconstruction of damaged structures and adequate
metabolism restoration [23]. Obviously, much effort has been
directed towards the response of N

2
fixation under drought

conditions, while few investigations, if any, have considered
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Figure 2: Monitoring of volumetric soil moisture contents during
the drought stress and recovery treatments. Nodulated W82 and
DT2008 plants were grown for 21 days in vermiculite soil and
exposed to water deficit and rewatering treatments. Well-watered
(WW) plants were irrigated every day, whereas drought stress (WS)
was imposed by withholding water for either four (4D) or seven
(7D) days. Recovery treatment was experienced by withholding
water for seven days followed by a subsequent rewatering for three
days (7D + 3W). Error bars represent standard errors. Asterisks
indicate significant differences as determined by Student’s t-test
(∗∗∗𝑃 < 0.001).

the genotypic difference in nodulation and plant growth and
development, particularly after recovery from progressive
soil drying. Such investigation would be particularly useful
for the analysis of the early changes occurring during the
reactivation of normal nodule metabolic processes.

In the present report, the differential responses in the
recovery from drought treatments were evidenced when
DT2008 and W82 plants were subjected to 7D of water
withholding, followed by subsequent rewatering for 3D.With
the exception of nodule number per plant (Figure 3), plant
rewateringwas able to reduce ormaintain the negative impact
of drought on all nodulation and growth traits examined
in the DT2008 genotype. Although in DT2008 the total
nodule number per plant was not recovered in response to
rewatering (Figure 3), the specific fixation per unit nodule
mass would still have a chance to increase and compensate
the observed reduction in nodulation number. Alternatively,
the recovery time of 3 days (7D + 3W) was not sufficient
for DT2008 to assume an effective recovery of nodule growth
and development. Indeed,many small nodules were observed
in DT2008 after 3 days of recovery. However, these nodules
were too small in size to be considered in the data analysis. It
should still be noticed that the total nodule number, as well
as the total nodule FW, of DT2008 was still slightly higher
than that of W82 following the recovery treatment (Figure 3
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Figure 3: Comparison of nodule number per plant of the nodulated
W82 and DT2008 plants after growth for 21 days in vermiculite
soil and exposure to drought stress and recovery treatments. Well-
watered (WW) plants were irrigated every day, whereas drought
stress (WS) was imposed by withholding water for either four
(4D) or seven (7D) days. Recovery treatment was experienced
by withholding water for seven days followed by a subsequent
rewatering for three days (7D + 3W). Error bars represent standard
errors (𝑛 = 4 plants/genotype). Asterisks indicate significant
differences as determined by Student’s t-test (∗∗𝑃 < 0.01; ∗∗∗𝑃 <
0.001).

and Table 1). As for comparison of plant growth and devel-
opment under recovery conditions, we found that rewatering
drastically affected all of the parameters examined in W82
and DT2008. Although DT2008 and W82 were shown to
be similarly affected at similar significant level upon being
exposed to the recovery treatments, the DT2008 genotype
remarkably exhibited a better performance when compared
with W82 at the same equivalent treatment (Table 1).

4. Conclusions

This study aimed to characterize the newly developed soy-
bean cultivar DT2008 when fully grown under symbiotic
N
2
fixation conditions with principle objective to determine

the divergent drought responses versus the reference cultivar
W82 when both are subjected to drought and recovery
treatments. Contrasting tolerant and sensitive symbiotic
responses were identified for each genotype in association
with the microsymbiont B. japonicum strain USDA110. The
results reported here indicated that DT2008 has a superior
nodule development under water deficit and recovery in
comparison with W82, highlighting that it might be a heri-
table trait. In addition to difference in root growth rate (this
work and [14]), difference in nodule development rate might
contribute to differential drought-tolerant levels of DT2008
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and W82 under symbiotic conditions. Thus, DT2008 and
W82 genotypes can offer a genetic resource for comparative
genomics, ultimately enabling soybean scientists to identify
novel SNPs and genes underlining N

2
fixation under drought

for development of soybean cultivars with improved drought
tolerance. Strategies involving various omic approaches, such
as transcriptomics, proteomics, and metabolomics, will be
highly promising in this platform for determination of genes,
mutations, and SNPs responsible for enhanced drought
tolerance of DT2008 for genetic engineering. In fact, a
combination of the conventional breeding, marker-assisted
breeding, and genetic engineering strategies will be necessary
in soybean improvement under increasing water limitation
in the near future. As such, the generation of novel improved
soybean cultivars bearing drought-tolerant trait(s) is highly
expected to cope with the current and future expected water
limitations.
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In plants, miRNAs and siRNAs, such as transacting siRNAs (ta-siRNAs), affect their targets through distinct regulatory
mechanisms. In this study, the expression profiles of small RNAs (smRNAs) in Arabidopsis plants subjected to drought, cold, and
high-salinity stress were analyzed using 454 DNA sequencing technology. Expression of three groups of ta-siRNAs (TAS1, TAS2,
and TAS3) and their precursors was downregulated in Arabidopsis plants subjected to drought and high-salinity stress. Analysis
of ta-siRNA synthesis mutants and mutated ARF3-overexpressing plants that escape the tasiRNA-ARF target indicated that self-
pollination was hampered by short stamens in plants under drought and high-salinity stress. Microarray analysis of flower buds
of rdr6 and wild-type plants under drought stress and nonstressed conditions revealed that expression of floral development- and
auxin response-related genes was affected by drought stress and by the RDR6 mutation. The overall results of the present study
indicated that tasiRNA-ARF is involved in maintaining the normal morphogenesis of flowers in plants under stress conditions
through fine-tuning expression changes of floral development-related and auxin response-related genes.

1. Introduction

In order to adapt and survive the exposure to biotic and abi-
otic stress, plants have evolved various molecular responses
for fine-tuning the control of adaptive responses that involve
posttranscriptional regulatory mechanisms, as well as epi-
genetic and posttranslational modifications [1, 2]. Recent

genome-wide transcriptome analyses using tiling arrays and
next generation sequencing (NGS) have revealed a large
number of stress-responsive noncoding RNAs (ncRNAs) [3–
5].

Several small RNAs (smRNAs), such as miRNAs and
siRNAs, were shown to function in development and stress
responses in plants [6–9]. In plants, smRNAs exhibit a high

Hindawi Publishing Corporation
BioMed Research International
Volume 2014, Article ID 303451, 10 pages
http://dx.doi.org/10.1155/2014/303451

http://dx.doi.org/10.1155/2014/303451


2 BioMed Research International

level of complexity in their biogenesis and function. At the
moment, smRNAs are classified into microRNAs (miRNAs)
and three classes of small interfering RNAs (siRNAs) [6–
9]. Transacting siRNAs (ta-siRNAs) are derived from TAS
ncRNAs that are targeted by miR173 or miR390 [10–14].
Double-strandedRNAs (dsRNAs) are generated from cleaved
ncRNAs by RNA-dependent RNA polymerase 6 (RDR6) and
dsRNAs are processed into 21nt ta-siRNAs. ARF2, ARF3
(ETT), and ARF4 were demonstrated to be targets of TAS3
ta-siRNA (tasiRNA-ARF) [10–14].

In the present study, Arabidopsis deep smRNA sequen-
cing was used to identify novel roles for smRNAs in abiotic
stress response and it was discovered that ta-siRNAs and
their precursors (TAS1, TAS2, andTAS3) were downregulated
by drought and high-salinity stress treatments. Analysis of
ta-siRNA synthesis mutants subjected to drought and high-
salinity stresses revealed a short stamen phenotype and
changes in the expression of floral development-related and
auxin response-related genes, which was enhanced by the
RDR6mutation.These results demonstrate that the tasiRNA-
ARF pathway functions in maintaining normal flower mor-
phogenesis under environmental stress.

2. Materials and Methods

2.1. 454 Sequencing of Small RNAs. Two-week-old wild-type
plants (Arabidopsis thaliana ecotype Columbia), grown on
MSmedium [3], were transferred to drought, cold (4∘C), and
high-salinity (250mMNaCl) stress as previously reported
[3]. The treated plants were harvested hourly from 1 to
10 hrs after the treatment was initiated. The 1–5 hr stress-
treated samples and the 6–10 hr stress-treated samples were
pooled into two groups. Total RNAs were prepared using an
ISOGEN kit (Nippon Gene) and precipitated with 2MLiCl
and equal volume of ethanol. RNAs were resuspended in
RNase-free water at 65∘C and extracted twice with an equal
volume of phenol for 30min on ice. The RNAs were then
precipitated with 2MLiCl and equal volume of ethanol.
They were resuspended in RNase-free water at 65∘C and
extracted twice with an equal volume of phenol for 30min
on ice and precipitated again by adding 1/10 volume of
3M sodium acetate and 3 volume of ethanol. Subsequently,
17–30 nt smRNAs were extracted using flashPAGE (Life
Technologies). A cDNA library was then constructed using
a small RNA Cloning Kit (Takara). First, smRNAs were
ligated with a 5 adapter F: and a 3 adapter to gener-
ate cDNAs. The cDNAs were electrophoresed in 8M urea
and 7.5% acrylamide gel, and 60–80 nt cDNAs were recov-
ered. The cDNAs were amplified by 12–15 cycles of PCR
and subjected to 454DNA sequencing according to the
manufacturer’s instructions. To eliminate RNA degradation
fragments, the number of RNA sequences was normalized
against the total number of miRNA sequences obtained.
The normalized number of smRNAs was then subjected
to data analysis. Data sets of 454 sequencing are available
in DDBJ (http://www.ddbj.nig.ac.jp/index-e.html) under the
accession number AB948670-AB967973.

2.2. Stress Treatments Applied to tasiRNA-ARF Pathway-
Related Mutants. rdr6-15 (SAIL 617), ago7 (SALK 095997),
sgs3 (SALK 039005), dcl4-2 (GK-160G05), ARF3pro;ARF3
[15], ARF3pro:ARF3mut [15], arf3 (ett-15) [10], arf4-2
(SALK 070506), and wild-type Arabidopsis plants were
grown for two weeks in pots containing 30 g of vermiculite
soil. The drought stress treatment consisted of subjecting
the two-week-old plants to water depletion for one week.
After the one-week period, the watering of plants was then
reinitiated. The high-salinity stress treatment consisted of
watering three-week-old plants that started to bolt, with
100mMNaCl-containing water for five days.

2.3. RNA Extraction. Total RNA was extracted with a Plant
RNA Isolation Reagent (Life Technologies) and treated with
DNase I (Life Technologies). The RNAs were then subjected
to RT-quantitative PCR (RT-qPCR), microarray, and North-
ern analyses.

2.4. RT-qPCR Analysis. cDNAs were prepared from 1 𝜇g of
total RNA using Superscript III (Life Technologies). The
target RNA concentration was obtained by measuring 1/10
of the cDNA using an ABI Prism 3100 (Life Technologies)
and SYBR Premix Ex Taq II kit (Takara). For detecting
small RNAs, a SYBR Advantage qPCR Kit (Takara) was
used. The relative expression was calculated using the delta-
delta CT method. U2 and ACT2 for smRNA and mRNA,
respectively, were used as a reference gene for normalization.
Three independent biological replicates were used in all of the
RT-qPCR analyses.

2.5. Microarray Analysis. Two-week-old rdr6 mutants and
wild-type plants were subjected to a drought stress treatment
consisting of withholding water for one week. Microar-
ray experiments using flower buds subjected to a drought
stress or nonstressed treatment were carried out according
to the manufacturer’s (Agilent) preferred protocol using
three biological replicates [16]. Fluorescent-labeled cRNAs
were prepared from each total RNA sample using a Low
Input Quick Amp Labeling Kit and were then hybridized
to an Agilent Arabidopsis V4 microarray. The microarrays
were scanned using an Agilent DNA Microarray Scanner
G2539A ver. C. 75 percentile normalization was performed
for the signals generated by the microarray probes accord-
ing to the Agilent data analysis protocol. For microar-
ray analysis, R program ver. 2.12.1 was used. Significant
differentially expressed genes were identified by 2-way
ANOVA analysis (FDR < 0.075) [17, 18]. The data set
derived from the microarray analysis is available in GEO
(http://www.ncbi.nlm.nih.gov/geo/info/linking.html) under
the accession number GSE57174.

3. Results

3.1. RNA Sequencing of Arabidopsis Small RNAs in Plants
under Abiotic Stress. Two-week-old wild type Arabidopsis
plants were subjected to drought, cold, and high-salinity
stress as described in Section 2. Six smRNA libraries were
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prepared from pooled samples of stress-treated plants and
one pooled sample from nonstressed control plants using
454DNA sequencing technology as described in Section 2.
A total of 480,343 reads were obtained from these seven
libraries. The smRNA sequences (17–30 nt) were used for
further analysis. After the smRNA sequence data were
assembled to unique sequences in each library and they
were mapped to the Arabidopsis genome, resulting in 59,284
sequences that were perfectly matched to at least one locus
(Table 1).The sequences represented 12,028 unique signatures
in whole 7 libraries. Approximately 39% (4,681) of the
unique signatures were represented by a single sequence.
The smRNAs were classified based on their mapped genomic
position. The composite profiles of the types of identified
smRNAs were different in each stress treatment (Supple-
mental Figure 1; Supplementary Material available online
at http://dx.doi.org/10.1155/2014/303451). The percentile of
smRNAs mapped to the sense strand of AGI code genes
was higher in drought-stress and high-salinity-stress treated
samples than in the nonstressed control sample, suggesting
that mRNA degradation occurs preferentially under these
stress conditions.

3.2. Identification of Stress-Responsive miRNAs. Deep RNA
sequencing analysis of smRNAs identified signatures of vari-
ous miRNAs, including those previously reported to be stress
responsive miRNAs in Arabidopsis (Supplemental Figure 2).
Expression of miR169 was downregulated in response to
drought stress (Supplemental Figure 2). Downregulation of
miR169 by drought has also been previously reported and
demonstrated to be required for the acquisition of drought
stress tolerance [19]. Expression of miR156 and miR319 was
upregulated by salinity stress and miR408 expression was
upregulated by cold stress (Supplemental Figure 2). These
results are also consistent with a previous report [20].

3.3. Accumulation of ta-siRNA Expression. A further analysis
of smRNA sequences identified in the present study revealed
that the number of ta-siRNAs was reduced in response to
the stress treatments when compared to the number of ta-
siRNAs identified in the nonstressed control (Figure 1(a)
and Supplemental Figure 2). The precursors of tasiRNA are
transcribed as ncRNAs and processed into siRNAs after a
miRNA cleavage event [10–14]. An analysis of Arabidopsis
expression profiling data obtained from a previous study
utilizing a tiling array [3] indicated that the expression of the
TAS1/2/3 family was downregulated under drought and high-
salinity stress (Figure 1(b)). Semiquantitative RT-PCR anal-
ysis, using primer sets that span the miRNA cleavage sites,
showed that the expression of TAS1/2/3 precursors decreased
under drought and high-salinity stress (Figure 1(c)). These
results are consistent with the ta-siRNA expression profiling
data obtained from smRNA sequencing. Collectively, the
data indicate that abiotic stress signaling regulates ta-siRNA
production through transcriptional regulation of their pre-
cursors.

It is known that ta-siRNA-ARF guides the cleavage
of ARF3 and ARF4 mRNAs [10, 11, 14, 15]. Therefore,

Table 1: Number of smRNA-seqs and smRNA loci in each treat-
ment.

Treatment Number of sequencesa Number of locib

Drought
1–5 h 17,758 4,574
6–10 h 10,367 3,138

Cold
1–5 h 2,104 1,595
6–10 h 2,869 2,018

High salinity
1–5 h 10,247 3,645
6–10 h 6,148 2,417

No treatment 9,791 4,162
asmRNA sequences were mapped on Arabidopsis genome. Sequences of
tRNAs, rRNAs snoRNAs, and snRNAs were eliminated. bsmRNAs mapped
within less than 150 nt distance were grouped as the same loci.

the accumulation of TAS3 precursor, ta-siRNA-ARF,MIR390,
ARF3, and ARF4 in wild-type plants and a ta-siRNA syn-
thesis mutant, rdr6, in response to a five-hour-drought
stress treatment was measured using RT-qPCR in order
to better understand the function of ta-siRNA in abiotic
stress response (Figure 2). Expression of the TAS3a pre-
cursor and RDR6 was downregulated under drought stress
(Figure 2). The TAS3a expression data is consistent with
the tiling array data (Figure 1(b)) [3] and results obtained
by semiquantitative RT-PCR (Figure 1(c)). Expression of
ARF3 and ARF4 was downregulated under drought stress
in wild-type plants but the level of downregulation in rdr6
mutants was much less (Figure 2). These results suggest
that effective downregulation of ARF3/ARF4 mRNAs under
drought stress occurs by degradation activity of tasiRNA-
ARF (Figure 2) and transcriptional repression of ARF3/ARF4
mRNAs (Figure 2) under drought stress. Downregulation
of tasiRNA-ARF might function in fine-tuning quantitative
expression of ARF3/ARF4 under drought stress.

3.4. ta-siRNA Generation-Related Mutants Fail to Self-
Pollinate due to Modifications in Flower Architecture. In
order to identify the biological function of ta-siRNA under
environmental stress, a moderate drought stress was applied
to a variety of Arabidopsis mutants that are deficient in ta-
siRNA biosynthesis (rdr6, sgs3, dcl4, and ago7).Themoderate
drought stress was applied to two-week-old plants grown
in soil by withholding water for one week, resulting in an
approximate 20% decrease in soil water content (Supplemen-
tal Figure 3(a)). Following the drought treatment, the plants
were rewatered. After recovery, wild-type plants produced a
number of seeds that was similar to the numbers produced
in nonstressed control plants (Figures 3(a) and 3(b)). On
the other hand, ta-siRNA mutants, such as rdr6, sgs3, dcl4,
and ago7, produced a lower number of seeds after recovery
from the drought stress compared to the numbers produced
in nonstressed ta-siRNA mutants (Figures 3(a) and 3(b) and
Supplemental Figure 3(b)).
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The reproduction failure phenotype was further investi-
gated and it was found that the reproduction failure of rdr6
plants under drought stress could be rescued by artificial
pollination (Supplemental Figure 3(c)). These data suggested
that the reproduction failure under drought stress was due
to insufficient contact between the anther and the stigma.
Abnormal floral architecture was observed in stage 13 flowers
of rdr6 plants, which had shorter stamens relative to the
length of the stigma (Figure 3(c)). The length of stigmas and
stamens in stage 13 flowers was examined in rdr6 and wild-
type plants under drought stress and nonstressed conditions.
Stigma lengthin rdr6 and wild-type plants was similar in
plants under drought stress and nonstressed conditions. In
contrast, the length of rdr6 stamens was shorter in plants
under drought stress compared to the length of stamens
in wild-type plants under drought stress (Figures 3(c) and
3(d)). Although rdr6 plants exhibited a tendency to produce
slightly shorter stamens, relative to wild-type plants, even in
nonstressed conditions, the difference was not statistically

significant (Figures 3(c) and 3(d)).These data were consistent
with a previous report [21].

It has been demonstrated that tasiRNA-ARF negatively
regulates ARF3 and ARF4, both of which are genes that
control flower organ identity [22–24].The ability of tasiRNA-
ARF to regulate correct stamen development under drought
stress was examined using ARF3pro:ARF3mut. This trans-
genic genotype has a mutated ARF3 sequence that con-
fers the ability of ARF3 to avoid tasiRNA-ARF targeted
degradation and still translate ARF3 protein [15]. Similar to
rdr6 plants, the ARF3pro:ARF3mut exhibited a short stamen
phenotype in plants subjected to drought stress (Figures
3(c) and 3(d)), suggesting that the tasiRNA-ARF pathway
has an important role in regulating stamen length under
drought stress. Additionally, reproductive failure and the
short stamen phenotype were also observed in rdr6 mutants
and ARF3pro:ARF3mut plants that were subjected to high-
salinity stress (Supplemental Figures 3(d), 3(e), and 3(f)).
These results suggest that the tasiRNA-ARF pathway plays
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a critical role in the regulation of floral organ development
under both drought and high-salinity stress.

3.5. RDR6 Functions in the Stabilization of Stress-Dependent
Changes in the Expression of Floral Development-Related and
Auxin-Related Genes in Plants under Drought Stress. Gene
expression profiles in flower buds ofArabidopsis plants under
moderate drought stress and nonstressed conditions were
analyzed using a microarray in order to better understand
the regulation of the ta-siRNA-mediated network in response
to drought stress. Results identified 513 (30.3%) genes whose
level of expression was significantly different in rdr6 plants
compared to wild-type plants. The list of genes overlapped
with drought stress-responsive genes (Figure 4(a), Supple-
mental Table 2). No correlation (𝑅2 = 0.09) was observed
between the expression ratios of drought/control and those
of rdr6/wild-type for the GO category of water deprivation
response-related genes (GO:0009414) (Figure 4(b)). rdr6 and
wild-type plants showed similar drought stress-responsive
expression in the water deprivation response-related genes
(Supplemental Figure 4(a)). These results suggest that a
similar level of drought stress was applied to rdr6 and wild-
type plants.

Among the differentially expressed genes in rdr6 plants
were a number of floral development-related genes (Supple-
mental Table 3). Expression levels of the C-class homeotic
gene AGAMOUS [25] and AGAMOUS downstream genes
that promote the development of stigma, style, and medial
tissue of ovules, such as SHATTERPROOF 1 and SHATTER-
PROOF 2 [26], and the stigma and stamen identity gene,
SUPERMAN [27], were upregulated under drought stress
and their upregulation was affected in rdr6mutants (Supple-
mental Table 3). In contrast, expression of the E-class organ
identity gene, SEPALLATA 4 [28], and the petal identity gene
PETALLOSS [29] was downregulated in response to drought
stress in both wild-type and rdr6 mutants; however, their
expression was significantly lower in rdr6 mutants relative
to wild-type plants (Supplemental Table 3). These results
indicate that the RDR6mutation affects organ whorl identity
genes and their downstream genes. It seems that tasiRNA-
ARF regulation represses central floral organ development
and enhances peripheral floral development under drought
stress.

To better understand the relationship between drought
stress response and the RDR6 mutation on flower de-
velopment-related genes (GO:0048437), the expression ratios
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Figure 3: Modification of flower architecture and reduction in seed number in the ta-siRNA biosynthesis mutant, rdr6, under drought stress.
(a) Two-week-old rdr6 and wild-type plants were subjected to drought stress treatment for one week and then rewatered. Seed number in the
1st through the 5th siliques was counted (𝑛 = 12). Siliques were numbered starting at the basal end of the main shoot. (b) Siliques in plants
subjected to drought stress followed by rewatering. (c) Floral architecture in drought-stress and nonstressed wild-type, rdr6, ARF3pro:ARF3,
and ARF3pro:ARF3mut plants. Flowers in rdr6 and ARF3pro:ARF3 plants have a slightly exerting stigma phenotype under nonstressed
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(d) Average length of the stigmas and stamens in drought-stressed and nonstressedWT, rdr6,ARF3pro:ARF3, andARF3pro:ARF3mut plants.

of drought/control and those of rdr6/wild-type were com-
pared. A moderate positive correlation (𝑅2 = 0.387) was
observed between the drought response and RDR6 muta-
tion (Figure 4(c)). These data suggest that tasiRNA-ARF is
involved in fine-tuning the expression of floral development-
related genes in plants subjected to drought stress.

4. Discussion

The results of the present study demonstrate that tasiRNA-
ARF functions in keeping correct flower architecture which

is critical to self-pollination under drought and high-salinity
stress. Various abiotic stresses, such as heat, high-salinity,
drought, and cold, induce reproductive failure in plants [30–
35]. This failure is the result of morphological abnormalities
that arise during various stages of floral development. Molec-
ularmechanisms responsible for the abortion of pollen devel-
opment have been well-characterized [30–35]. Although
defects in stamendevelopment in plants under drought, high-
salinity, and heat stress have been reported [32, 34, 35], the
molecular mechanisms that protect floral development from
the adverse effects of abiotic stress, however, remain unclear.
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tasiRNA-ARF is required for the normal development of
lateral organs, such as leaves, lateral roots, and flowers [14,
21, 36, 37]. For example, rdr6 mutant exhibits altered stamen
and pistil elongation that results in variable seed production
and supports the premise that reproduction in rdr6 plants is
sensitive to growth conditions [22]. Interestingly, a mutation
of RDR6 enhanced self-incompatibility in a transgenic, self-
incompatible, Arabidopsis thaliana system [38]. These results
suggest that tasiRNA-ARF functions as a key mediator for
maintaining the correct pattern of flower architecture, as well
as their development. ARF3 and ARF4 function in central
organ identity in flowers and apical-basal patterning defects
in the gynoecium [22–24].

ARFs regulate the expression of auxin-responsive genes
by binding specifically to auxin response elements (AuxRE)
[39]. Regarding auxin response-related genes (GO:0009733),
a moderate positive correlation was observed between
drought stress response and the effect of the RDR6 mutation
(Figure 4(d)). The genes downregulated by both the drought
stress treatment and the RDR6mutation included the auxin-
induced conjugating enzymes, GH3-2, GH3-3, GH3-6, GH3-
10, and an auxin-responsive GH3-like protein (AT1G48660)
(Supplemental Table 2). In addition, microarray analysis also
identified that an expression of auxin biosynthesis-related
gene, YUCCA 4, was significantly downregulated by drought
stress and the RDR6 mutation (Supplemental Table 2). After
conducting a closer study of 4 YUCCA genes that are mainly
expressed in flowers [40], YUCCA 1 and YUCCA 4 were
downregulated by drought stress and RDR6 mutation and
YUCCA2 andYUCCA6were downregulated byRDR6muta-
tion (Supplemental Figure 4(b)). The regulation of tasiRNA-
ARF and mRNAs of ARF3, GH3-3, YUCCA 1, and YUCCA 4
in flower buds was confirmed by RT-qPCR (Figure 4(e)).The
previous report showed that expression of an auxin reporter,
DR5:GUS, was decreased in ARF3pro:ARF3mut plants [41].
These results suggest that the auxin biosynthesis and auxin
response were attenuated in floral development by drought
stress and loss of tasiRNA-ARF regulation. It was known

that auxin signaling was important for floral development.
The pin-shaped flower of yucca1/4 was similar to the flowers
produced in ARF3- or ARF4-overexpressing plants [40].
Experiments utilizing an auxin transport inhibitor indicate
thatARF3 functions as a modulator of auxin response during
floral development [42]. There is a possible hypothesis that
tasiRNA-ARF controls floral development by maintaining
the proper level of auxin signaling under drought stress
(Figure 5).

Both tasiRNA-ARF and ARF3/4 were downregulated
under drought stress, suggesting that tasiRNA-ARF are
required for quantitative adjustment of ARF3/4 expression.
Positive feedback regulation of auxin signaling might also
function in the regulation of these genes (Figure 5). It is
known that initiation of lateral roots modulated by positive
and negative feedback regulation between tasiRNA-ARF and
ARF2/3/4 through auxin signaling [38, 39]. ARF3 expression
was also induced by increased auxin biogenesis through
upregulation of YUCCA 4 in shoot initiation [43]. These
previous reports invoke that drought stress affects tasiRNA-
ARF regulatory network, but it remained unclear.

To search candidate genes connecting abiotic stress and
tasiRNA-ARF regulatory network, microarray coexpression
analysis of ARF3 (𝑃 < 0.01) and ARF4 (𝑃 < 0.01) was
performed. 155 genes coexpressed with ARF3 and ARF4
involved twenty-five abiotic stress response-related genes,
such as DREB2C [44], DWD (DDB1-binding WD40 protein)
[45], ascorbate peroxidase 1 [46], glutathione S-transferase
[47], and RD21B [48] (Supplemental Table 4). Thegenes also
included ta-siRNA pathway-related genes, such as RDR6,
TAS3, otherTAS genes, and ta-siRNA target genes [49]. Sixty-
four of the 155 genes possessed an ARF binding motif (tgtctc)
[50] in the promoter region within 1kb upstream of the start
codon (Supplemental Table 4). These genes may represent
candidates that connect tasiRNA-ARF regulatory network
and drought stress signaling pathway.

In conclusion, this study demonstrates that tasiRNA-
ARF acts as a central modifier, negatively regulating changes
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in the expression of floral development-related genes in
plants under drought and assists inmaintaining normal floral
morphogenesis.
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Global warming is an alarming problem in agriculture and its effect on yield loss has been estimated to be five per cent for every
degree centigrade rise in temperature. Plants exhibit multiple mechanisms like optimizing signaling pathway, involvement of
secondary messengers, production of biomolecules specifically in response to stress, modulation of various metabolic networks
in accordance with stress, and so forth, in order to overcome abiotic stress factors. Many structural genes and networks of pathway
were identified and reported in plant systems for abiotic stress tolerance. One such crucial metabolic pathway that is involved in
normal physiological function and also gets modulated during stress to impart tolerance is polyamine metabolic pathway. Besides
the role of structural genes, it is also important to know the mechanism by which these structural genes are regulated during stress.
Present review highlights polyamine biosynthesis, catabolism, and its role in abiotic stress tolerance with special reference to plant
systems. Additionally, a system based approach is discussed as a potential strategy to dissect the existing variation in crop species
in unraveling the interacting regulatory components/genetic determinants related to PAs mediated abiotic stress tolerance.

1. Introduction

Global warming has emerged as major environmental chal-
lenge that modulates diverse environmental factors like
temperature extremities, altered oxygen levels, and salt and
mineral deficiency including toxicity. In bird’s eye view, global
warming is being visualized as climate change that transmits
cautious signals for living organisms to modulate themselves
so as to withstand the environmental effects. Impact of cli-
mate change on plant system, expressed inmultitude of forms
like drought, heat, oxidative burst, salinity, and so forth,
has shifted the focus of plant biotechnology more towards
dissection of genetic elements involved in stress tolerance [1].
It has been estimated that there is a potential yield loss of
up to five per cent for rise in temperature by every degree
centigrade [2]. Environmental changes are the signals, per-
ceived by plant sensors and transmitted through secondary
messengers to kinases which lead to altered expression of
genes and metabolites through the respective transcription
factors in a cascade of processes to respond and acquaint itself
[3].

Bhatnagar-Mathur and coworkers [4] had classified the
genes expressed under stress into three groups, namely, genes
encoding for known enzymatic or metabolic or structural
functions; proteins with unknown functions; and regulatory
proteins. Irrespective of the three groups of genes that are
classified based on their role during stress, it can further be
grouped into two based on its applicability, namely, novel
genes from themodel organismswhose ecological habitatwas
at extremity and novel allelic variants of known genes that
get modulated during stress period. Novel genes from model
organisms will broaden our knowledge and understanding
on the network of genes and metabolic pathways required to
keep the organism physiologically normal even under envi-
ronmental extremity. Novel allelic forms of same gene from
different species resulting in differential modulation pattern
and thereby effecting varied levels of stress tolerance will help
to understand the biochemical and physiological mechanism
that gets altered to overcome stressed conditions. Of the
above said two types, in case of the former one (novel genes),
it may not be just enough to transfer the genes in stress-
sensitive organism to impart tolerance; rather it may require
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other interacting genes as well for imparting stress tolerance
due to the fact that the gene itself is novel, whereas latter
one (novel allelic form) will probably gain practical utility to
impart stress tolerance (if the said gene is the key regulator in
its metabolic pathway) in sensitive organism due to its func-
tional expression under normal ambient conditions being
known. Polyamine metabolic pathway is one such pathway
in plants [5] existing under normal developmental phases
(organogenesis, embryogenesis, flower and fruit develop-
ment, and senescence) with a prime function to stabi-
lize macromolecular structures [6] and gets modulated in
response to various environmental stimuli of both abiotic and
biotic nature [7]. This review is focused on the importance of
polyamines and its biosynthetic pathway in imparting abiotic
stress tolerance with special reference to crop plants.

2. Polyamine Biosynthesis in Plants

Polyamines, cationic compounds having two or more amine
groups, are low molecular weight organic molecules present
in most of the organisms with diverse functions due to the
diversity in number and position of amino groups [8]. Due to
the cationic nature of polyamines, they bind easily withDNA,
RNA, and proteins through electrostatic linkages resulting
either in stabilization or destabilization [9, 10]. Polyamines
are known to be involved in various developmental processes,
namely, survival of plant embryos and translation in eukary-
otes [11]; cell signaling and membrane stabilization [12];
cell proliferation and modulated gene expression [13]; and
apoptosis and cell death [14, 15]. Putrescine (Put), spermidine
(Spd), and spermine (Spm) are the major polyamines found
in higher plants either in free or soluble conjugated (mainly
in the form of hydroxycinnamic acid amides) or insolu-
ble bound forms [5, 16]. Besides some unique polyamines
like caldopentamine and caldohexamine that are specific to
certain organisms with special reference to thermophiles
including thermospermine, a structural isomer of spermine
[17]. Numerous reviews onmetabolic pathwaywith genes and
enzymes involved in polyamine biosynthesis were available
[18–20] and an overview was provided in Figure 1.

Occurrence of putrescine was detected in ergot as early
as 1908 [21] and in potassium deficient barley plants [22].
Formation of putrescine from arginine through ornithine
in the presence of ARGINASE (EC 3.5.3.1) was reported
[23]. Within few years, Nakamura in 1944 had identified
an alternate pathway for putrescine from arginine through
agmatinewhich shows that in bacteria arginine is the primary
precursor [24]. The difference between the two pathways is
that agmatine is formed through decarboxylation reaction
whereas, in the former pathway, after ornithine formation
decarboxylation reaction takes place. With special reference
to plants, Coleman and Hegartv in 1957 had used radioactive
ornithine (14C) in barley for formation of putrescine [25],
whereas Smith and Richards in 1962 had reported the forma-
tion of radioactive putrescine through radioactive arginine
(14C) feeding experiments in barley [26]. These two exper-
iments clarify the possibility of two independent pathways
one from arginine and another from ornithine for putrescine

biosynthesis. Greene in 1957 had showed inNeurospora crassa
that methionine and ATP are required for the formation
of spermidine and spermine by using 2-C14-DL-methionine
[27]. Experiments by Tabor and coworkers in Escherichia
coli had confirmed that putrescine is the precursor for
spermidine and spermine biosynthesis by using C14-N15-
putrescine [28].With these studies, overall picture on biosyn-
thetic pathway of standard polyamines, namely, putrescine,
spermine, and spermidine, was elucidated. Ornithine or
arginine acts as a primary precursor for putrescine in
polyamine biosynthesis through ornithine decarboxylase
(ODC; EC 4.1.1.17) or arginine decarboxylase (ADC; EC
4.1.1.9), agmatine iminohydrolase (AIH; EC 3.5.3.12), and
N-carbamoylputrescine amidohydrolase (CPA; EC 3.5.1.53),
respectively, with special reference to plants [10]. Decarboxy-
lated S-adenosylmethionine (dcSAM) is the key aminopropyl
group donor for synthesis of spermidine from putrescine
through spermidine synthase (SPDS; EC 2.5.1.16); spermine
from spermidine through spermine synthase (SPMS; EC
2.5.1.22); and thermospermine (tSpm), a structural isomer
of spermine, from spermidine through thermospermine
synthase (ACL5 or TSPMS; EC 2.5.1.79). dcSAM is syn-
thesized by action of S-adenosylmethionine decarboxylase
(AdoMetDC; EC 4.1.4.50) on S-adenosyl-methionine which
in turn is synthesized through S-adenosylmethionine syn-
thetase or methionine adenosyltransferase (MAT; EC 2.5.1.6)
from methionine [29]. Of all these genes involved in
polyamine biosynthesis, key regulators (with reference to
plant system) in the polyamine biosynthesis, namely, Odc,
Adc, and AdoMetDC genes, were known to act as a key
regulator in modulating the endogenous levels of polyamines
(Put, Spd, and Spm) during various developmental stages and
including stressed conditions [30].

3. Polyamine Catabolism in Plants

Endogenous titers of polyamines (especially Put, Spd, and
Spm) are modulated not only through regulated gene expres-
sion patterns of polyamine biosynthetic genes but also
through the regulated expression of genes involved in
catabolism of polyamines (generally known as amine oxi-
dases) that catalyze the oxidative deamination of polyamines
having its own functionalities. In other ways, we can even call
it biosynthetic pathway of H

2
O
2
because, in plants, com-

partmentalized production of H
2
O
2
through oxidation of

polyamines was reported to have functional input in cell wall
maturation and lignifications during ontogeny [31–33] and
also help in combating biotic [29, 34–36] and abiotic stresses
[29, 37–39].

Amine oxidases, which catalyze oxidation of polyamines
through deamination, are of two types, namely, copper
dependent amine oxidase (CuAO; EC 1.4.3.6) and the flavin
dependent polyamine oxidase (PAO; EC 1.5.3.11) that help in
polyamine homeostasis spatially and temporally [31]. CuAO
oxidizes diamines, namely, putrescine (Put) and cadaverine
(Cad) at primary amino group, and PAO oxidizes Spd and
Spm along with their acetylated derivatives at the secondary
amino group [40]. Oxidation of putrescine by CuAO in
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Figure 1: Polyamine biosynthetic pathway with special reference to plants. ADC: arginine decarboxylase (EC 4.1.1.9); AdoMetDC: S-
adenosylmethionine decarboxylase (EC 4.1.4.50);AIH: agmatine iminohydrolase (EC 3.5.3.12);CPA:N-carbamoylputrescine amidohydrolase
(EC 3.5.1.53); MAT: S-adenosylmethionine synthetase or methionine adenosyltransferase (EC 2.5.1.6); ODC: ornithine decarboxylase (EC
4.1.1.17); SPDS: spermidine synthase (EC 2.5.1.16); SPMS: spermine synthase (EC 2.5.1.22); and TSPMS: thermospermine synthase (EC
2.5.1.79).

plants results in formation of ammonia, H
2
O
2
, and 4-

aminobutanal. 4-Aminobutanal and Δ1-pyrroline are inter-
converted spontaneously and by the catalytic action of
aminobutyraldehyde dehydrogenase (ABALDH; EC 1.2.1.19;
synonym: 1-pyrroline dehydrogenase) on Δ1-pyrroline, 𝛾-
aminobutyric acid (GABA) is produced [31] and upon its
transamination and oxidation yields succinic acid which
enters Krebs cycle [41]. PAOs in plant system oxidize the
carbon at the endo-side of the N4-nitrogen of Spd and Spm
resulting in the production of 4-aminobutanal and N-(3-
aminopropyl)-4-aminobutanal, respectively, with H

2
O
2
and

1,3-diaminopropane in common thereby leading to the ter-
minal catabolism of polyamines [42]. Many uncommon
polyamines like caldopentamine, caldohexamine, homo-
caldopentamine, homocaldohexamine, norspermidine, and
norsperminewere produced through the involvement of PAO
and known to be involved in ontogeny of various organisms
under environmental extremities [43].

Compartmentalization of substrates (polyamines) might
play a major role in regulating its catabolic pathway for
specific destined physiological processes like lignification,
oxidative burst, suberization, and defense mechanisms, as
PAO and CuAO are present extracellularly [37, 41]. Tavlado-
raki and coworkers in 2006 had reported for the first time
in plant system the polyamine back-conversion pathway
by AtPAO1 through heterologous expression [44], which
recent reports also authenticate [45–47]. In case of back-
conversion pathway in animal system, spermidine and sper-
mine were acetylated through SSAT (spermidine/spermine
N1-acetyltransferase; EC 2.3.1.57) by using acetyl-CoA and
this step was reported to be the rate limiting step of catabolic
pathway [48]. So far in plant system, back-conversion of
spermine by AtPAO1 was reported to be specific for spermine
and occur independently of SSAT, the acetylation step, as in
case of animal system [44], though there were reports on
the presence of glutamyl and acetyl derivatives of polyamines
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in chloroplasts [49] and on the presence of back-conversion
pathway (irrespective of SSAT-dependent or -independent)
using 14C studies [50, 51]. Rather, spermidine acts as a
competitive inhibitor for the conversion of spermine in the
presence of AtPAO1 [44]. Activity of AtPAO1wasmuch lower
in conversion efficiency while using N1-acetylspermine as
substrate [44]. Though back-conversion of polyamines in
both plant and animal system has been reported, question
still remains about the importance of acetylation in back-
conversion process with special reference to animal system
(in evolutionary view point in comparison with plant sys-
tem), since acetylation is a prerequisite for back conversion
only in animal system [40, 44]. Also, comparison of different
plant PAOs (monocot and dicot) with its corresponding
counterparts from animal systemmay help in identifying the
actual genetic variation or causal factor for the specificity of
back-conversion process only for spermine and not spermi-
dine in plant system.

4. Polyamines and Abiotic Stress

Polyamines modulate the plant’s response to much broader
range of abiotic stresses than expected, namely, drought,
salinity, heavy metal toxicity, oxidative stress, chilling injury,
high temperature, osmotic stress, water logging, and flood-
ing tolerance as proved either by exogenous application of
polyamines or by development of transgenic plants overex-
pressing the genes involved in polyamine biosynthesis [52].
Modulated levels of polyamines may act either as a signal or
as a messenger (to transmit the perceived signals from the
sensors) to articulate the plants’ behavioral response spatially
and temporally in order to avoid or overcome stress. Altered
endogenous polyamine (free or conjugated or bound) levels
are known to be involved in formation of polyamine-RNA
complexes, thereby generating structural changes in RNA
(m-, r-, and t-) at physiological concentrations of potassium
and magnesium ions [13]. Covalent linkage of polyamines to
various enzymes or proteins (posttranslational modification)
involved in physiological processes under normal or stressed
conditions was catalyzed by transglutaminase (TGase; EC
2.3.2.13) class of enzymes [53, 54].

Of various abiotic environmental stimuli under which
polyamines get modulated and thereby its cellular functions
were mineral nutrient deficiency [22, 25], metal toxicity
[55, 56], salinity [16, 30], high [17] and low temperature
[30], drought [4, 6], hypoxia [38], osmotic [16], and oxida-
tive factors [38, 52, 57]. Polyamines, besides responding
to external stimuli by their modulated titers, also alter
ion channels [11]; stimulate special kind of protein syn-
thesis; stimulate assembly of 30S ribosomal subunits; and
stimulate Ile-tRNA formation [13]. Also, modulated titers
of polyamines in combination with epibrassinolides, active
form of brassinosteroids, were reported to regulate abscisic
acid (ABA) and indole-3-acetic acid (IAA) pathwayswhich in
turn enhances tolerance to metal toxicity [55]. Besides heavy
metals themselves being toxic to plants, they also stimulate
oxidative stress due to the fact that heavy metals are basically

ionic in nature. Polyamines in combination with brassinos-
teroids besidesmodulatingABAand IAApathwayswith their
cascading effects for heavy metal tolerance also modulate
levels of antioxidants like glutathione, ascorbic acid, pro-
line, glycine-betaine, and so forth and antioxidant enzymes
like glutathione reductase, superoxide dismutase, catalase,
peroxidase, and so forth to impart stress tolerance [56].
Brief overview of polyamines on abiotic stress tolerance was
provided in Figure 2. Enhanced levels of polyamines either
through exogenous feeding [52] or through heterologous
expression of polyamine biosynthetic genes in transgenic
plants [58] had been shown to enhance abiotic stress tol-
erance. However, use of constitutively expressed promoters
like CaMV35S, ubiquitin, and actin with polyamine biosyn-
thetic genes towards stress tolerancemay producemodulated
polyamine levels even under normal conditions resulting
in deleterious effects and thereby reducing yield which is a
special concern towards agricultural crops [59].

5. Molecular-Genetic Regulation of
Polyamines (PAs)

In plants greater accumulation of PAs (Put, Spm, and Spd)
during abiotic stress is well documented and is implicated
in increased tolerance to abiotic stress [60]. Induction of
majority of genes associatedwith PAs biosynthesis during one
or another type of abiotic stresses suggests the plausible func-
tional relation between PAs metabolism and abiotic stress
factors [39, 61].Moreover induction of PAs biosynthetic genes
by ABA, a known regulator of stress which acts upstream of
PAs biosynthetic pathway [62]; changes in cellular level of
PAs during abiotic stress condition [63]; and enhancement of
abiotic stress tolerance inmany plant species upon exogenous
application of PAs [64] all support the strong connection
between PAs and stress.

Though a clear picture of roles of PAs in abiotic stress
is beginning to emerge, their unequivocal role in imparting
abiotic stress tolerance is puzzled/complicated by the fact that
substrate of PAs is also shared by other importantmetabolites
such as ethylene, proline, NO, and metabolites associated
with N-metabolism [61] as well. The silencing of ethylene
biosynthetic genes ACC synthase and ACC oxidase with
concomitant increase in PAs (Put and Spd) leads to improved
abiotic tolerance in tobacco plant [65]. Also, modulation of
arginase (an enzyme of N-metabolism) resulted in alteration
of PAs (Put and Spm), thus effecting enhancement of abiotic
stress tolerance [66]. Additionally, modulation of PAO, the
enzyme associated with PAs catabolism, resulted in salt stress
tolerance in tobacco [67].

In addition to the above, the combinatorial network of
action among the ABA, NO, and PAs vis-a-vis abiotic stress
has also started to unfold the interactomes associated with
regulation of abiotic stress tolerance.The observation of ABA
induced accumulation of PAs [68] and induction of NO
synthesis in different plant species through PAs (Spd and
Spm) catabolism by CuAO and PAO [29, 69] during abiotic
stress reveals the complex interaction among these three
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Figure 2: Overview of polyamines (PAs) mediated abiotic stress tolerance in plants.

metabolites, namely, ABA, Pas, and NO. Moreover the cel-
lular balance of PAs in cell is mainly determined through
the regulation of its biosynthesis and catabolism. In plants
the PAs concentrations are much higher than those of
phytohormones; however plant PAs are also regarded as
growth regulators due to their diverse role during the course
of plant growth and development [70].

Among the factors which modulate cellular concentra-
tion of PAs, it is the species nature and their degree of
tolerance and sensitivity towards stress are of paramount
importance for gaining knowledge and translating such idea
into agriculturally important crop species [71]. In this regard,
there is lack of sufficient information as how the levels of
PAs are being modulated among the allelic variants of PAs
and interacting metabolites biosynthetic genes found among
natural population of economically important crop species.
There are numerous reports on differential expression of
genes due to allelic variation within a species [72]. Also, there
are reports on altered levels of expression of the same gene in
different species [73], thereby exhibiting enormous diversity
in expression efficiency. These reports indicate variability at
nucleotide level within or between species resulting in altered
gene expression levels due to various environmental fac-
tors or spatial and temporal expressions. The heterologous
expression of DsAdoMetDC [74] and DsAdc [75] gene from
Datura stramonium in rice resulted in robust recovery from
drought in transgenic rice plants despite having endoge-
nous AdoMetDC and Adc gene. This indicates that possible
sequence variation in genic region regulates expression levels,
therebymodulating the efficiency and activity of the enzymes
involved in polyamine biosynthesis.

In spite of the huge genetic variation existing in plants,
identification and utilization of allelic variation within the
species to enhance stress tolerance are still a major area of
research that needs a conscious effort. The knowledge gained
fromgenomics assisted discovery of biosynthetic genes of PAs
and its signaling pathway inmodel plantArabidopsis [68] can
well be translated into agriculturally important crops to gen-
erate stress tolerant plants [60]. Analyses of variants under

natural rather than subjected to controlled condition have
proved quite useful in dissecting the novel allele in Arabidop-
sis as subtle variations in gene expression between individuals
are largely unmasked and thus are quite useful approach to
uncover functional links between genes and unravel regula-
tory influences [76].The above aspect assumes significance as
finding a suitable variant tolerant to stress can act as donor
through either molecular breeding or genetic engineer-
ing approaches for genetic enhancement of stress tolerant
traits in targeted crop species.

With the present state of knowledge of PAs mediated
enhancement of stress tolerance as demonstrated from
molecular-genetic studies (loss or gain of function mutants)
and overexpression studies involving biotechnological tools
in different plant species, it has become relatively feasible to
screen and identify the natural variant within existing collec-
tion of plants of a particular crop species. The screening of
collection of putative stress tolerant plants for PAs and inter-
acting metabolite profiling using GC-MS, LC-MS, and other
appropriate tools can be quite useful for gaining knowledge
of overall status of metabolites. Such “targeted” metabolomic
studies are quite useful in deciphering function of genes in
system based approach [77]. Simultaneously, the genomics
approach using expression profiling and SNPs assay of poten-
tial genes can further elaborate the functional correlation
between metabolite and genes associated with PAs mediated
stress tolerance. A brief overview of schematic for such
system based analyses is presented (Figure 3). Moreover,
integration of bothmetabolomics and genomics data not only
reveals the complex molecular regulation of PAs mediated
stress tolerance but also demonstrates how such physiological
phenomena are being regulated by metabolites and their
fluxes.

6. Conclusion and Future Perspectives

It is possible to assign the functionality to genes/sequences,
but, it is much difficult to understand its behavior spatially
and temporally in a systems approachmanner under different
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Figure 3: Schematic representation of system based analyses for identification of abiotic stress tolerance regulatory genetic elements.

environmental conditions at species level or even at genotype
level. It is mainly due to the altered expression levels for same
gene in different species [73] or even due to allelic variation
existing between different genotypes within a species or
even within a genotype [72]. Recently, understanding about
polyamines in response to stress condition in plants had
increased significantly. However, to understand the intercon-
nections of PAs biosynthesis, its catabolism, and conjuga-
tion along with PAs signaling aspect a detailed metabolite
profiling among allelic variants will provide a framework for
unraveling genetic determinants (structural/regulatory) with
genomic assisted analyses. Additionally, the novel regulatory
mechanisms based on small regulatory RNA [78] and uORF
[79] can further accelerate our effort to provide clues in
reasoning the mysteries involved in basic (back-conversion
specificity for spermine in plant system) and applied (modu-
lating polyamines to impart stress tolerance) sciences towards
better understanding of polyamine metabolism. Emphasis
on the above approaches will provide us with appropriate
genomic tools to manage abiotic stress, the immediate effect
of climate change, in plant systems with special focus on crop
plants. Therefore, with the existence of natural variation, it
will be an excellent opportunity to dissect the existing genetic
diversity for identifying genotypes possessing compatible
allelic variants for imparting stress tolerance in an efficient
manner.
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Inorganic phosphate (Pi) andZinc (Zn) are essential nutrients for normal plant growth. Interaction between these elements has been
observed in many crop plants. Despite its agronomic importance, the biological significance and genetic basis of this interaction
remain largely unknown. Here we examined the Pi/Zn interaction in two lettuce (Lactuca sativa) varieties, namely, “Paris Island
Cos” and “Kordaat.” The effects of variation in Pi and Zn supply were assessed on biomass and photosynthesis for each variety.
Paris Island Cos displayed better growth and photosynthesis compared to Kordaat under all the conditions tested. Correlation
analysis was performed to determine the interconnectivity between Pi and Zn intracellular contents in both varieties. Paris Island
Cos showed a strong negative correlation between the accumulation levels of Pi and Zn in shoots and roots. However, no relation
was observed for Kordaat. The increase of Zn concentration in the medium causes a decrease in dynamics of Pi transport in Paris
Island Cos, but not in Kordaat plants. Taken together, results revealed a contrasting behavior between the two lettuce varieties in
terms of the coregulation of Pi and Zn homeostasis and provided evidence in favor of a genetic basis for the interconnection of
these two elements.

1. Introduction

Zinc (Zn) and phosphorous (P) are important micro- and
macronutrients required for optimal plants growth [1–4].
Plants absorb these elements from the soil solution using
root system. Often the concentration of these elements in
agriculture soil is very low, thus causing Zn and Pi defi-
ciency in plants which negatively affects plants metabolism
and photosynthesis [5]. Worldwide agriculture has become
dependent on external sources of Zn and Pi fertilizers in
order to address the issue of sustainable food resources for
the growing world population. Nevertheless, this strategy has

adverse economic and ecological impacts, particularly for Pi.
It is predicted that high-grade and easily-extractable Pi from
rocks will be exhausted [6].Therefore, substantial efforts have
been made to improve Zn and Pi nutrition in plants based
on our current understanding on how plants respond to the
deficiency of each individual element. However, in practice,
application of such knowledge is hindered by complex cross-
talks, which are emerging in the face of evidences over-
whelmingly showing that Zn and Pi nutrition are interrelated,
which likely to sustain plants growth and development.
Lines of evidences support the fact that Pi-Zn interaction
occurs within the plant [7–12]. Such interconnections have
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consequences on comprehending the regulation of Zn and
Pi homeostasis and can account for shortcomings of current
agronomic models that are typically focused to improve the
assimilation of individual elements.

Zn availability or its absence in the medium can either
increase or decrease the accumulation of Pi in plants, respec-
tively [10, 12, 13]. The positive effects of Zn deficiency on the
Pi uptake by roots and its overaccumulation in leaves have
been observed in numerous plant species such as tomato
[14], okra [15] and cotton [7], and barley [9]. Lately such
effect was reported in Arabidopsis [12]. The specificity of
the Zn-Pi relationship has been further demonstrated by
the fact that in barley only Zn deficiency could induce Pi
uptake and not nitrogen, sulfur, nor manganese deficiency
[9]. Similarly, cotton or tomato plants do not show an
overaccumulation of Pi under iron or copper deficiency
[7, 16]. It seems that plants lose the capacity to regulate Pi
homeostasis under Zn deficiency and can overaccumulate Pi
in shoots under high Pi concentrations leading to phytotoxic
symptoms [7]. Excessive Zn application has been shown
to decrease Pi concentration in plants [17, 18]. Neverthe-
less, the underlying mechanisms for the Pi-Zn homeostasis
interaction in planta remain to be deciphered, which is of
primary importance to improve the Pi and Zn nutrition
in vegetable crops using agronomical/biotechnological pro-
grams together with an appropriate fertilizer management
schemes.

Among cultivated plant species, lettuce Lactuca sativa
(family Asteraceae) is a major vegetable in western countries
[19]. Lettuce is the second most consumed fresh vegetable in
the USA at 28.0 pounds per capita in 2008, behind potato
at 36.7 pounds [19]. Lettuce has limited roots and rapid
top growth requires high levels of P supply for maintaining
proper growth. As aforementioned, the excessive use of
Pi fertilizers contributes in lowering Zn concentrations in
soil [20] and more adversely can favor the uptake of other
heavy metals [21–23]. Thus improving the Pi use efficiency,
while maintaining an appropriate level of Zn in lettuce, is
of primary importance for sustainable agriculture. Lettuce
varieties with contrasting features for essential nutrients
accumulation may constitute a good plant material to study
the Pi and Zn nutrition.

Two lettuce varieties, namely, Paris Island Cos and Kor-
daat, exhibiting contrasting features for the characters of
heavymetal accumulation [23] were considered to investigate
Zn and Pi interaction. The effects of the Pi and/or Zn
treatments on the growth capacity and accumulation of these
ions in the shoots and roots were determined. Photosynthesis
and stomatal conductance was assessed under each stress
condition. Zn deficiency influence on Pi uptake and translo-
cation in the lettuce varieties was studied using 33P isotope.
Results revealed differential regulation of Zn-Pi homeostasis
interaction in the two lettuce varieties.

2. Materials and Methods

2.1. Plant Material and Growth Conditions. Two varieties
of L. sativa (lettuce) considered for this work were Paris
Island Cos and Kordaat. Lettuce seeds were germinated

on top of humidified paper (Whatman) with distilled
water for 3 days and then with modified Hoagland nutri-
ent (2.5mM KNO

3
, 0.5mM NaH

2
PO
4
, 2.5mMCa(NO

3
)
2
,

0.5mM MgSO
4
, 0.1mM FeIIINaEDTA, 0.05mMH

3
BO
3
,

0.05mMMnSO
4
, 15 𝜇MZnSO

4
, 3 𝜇MNa

2
MoO
4
, 2.5 𝜇MKI,

0.05 𝜇M CuSO
4
, and 0.044 𝜇M CoCl

2
) for 7 additional days.

Seedlings were carefully transferred to 9-L tanks containing
the same nutrient solution. 10 days later, plants were treated
with different Zn (0, 15, 90, 360, 1440, and 2880𝜇M) and
Pi (0 and 500𝜇M) concentrations for eight additional days.
Plants were grown in a growth chamber under the follow-
ing environmental conditions: light/dark cycle of 8 h/16 h
with light intensity being 250𝜇mol⋅m−2⋅s−1, temperature of
20∘C, and relative humidity of 65%. Nutritive solutions were
renewed every 4 days during the whole experiment. Analyses
were performed on separated shoots and roots of individual
plants.

2.2. Zinc and Phosphate Contents Measurement. Zn con-
centration was determined using dried plant samples. The
digestion and extraction were done using hydrogen per-
oxide and nitric acid as described in [23]. Concentrations
of Zn in the extracts were determined by atomic absorp-
tion spectrophotometry (SpectrAA 220, Varian, Australia).
Pi measurements were performed as described by [24].
Briefly, the extraction was performed on fresh shoots and
roots samples by incubating in ultrapure water at 70∘C for
30min. Pi content was evaluated by colorimetry at 820 nm
using the molybdate assay, according to the procedure of
[25].

2.3. Phosphate Uptake and Transfer Measurements. Phos-
phate uptake and root-to-shoot transfer measurements were
performed using whole lettuce plants grown hydroponically,
after germination stage for ten days, and for additional ten
days in different Zn concentrations (0, 15, 90, and 180𝜇M)
containing 500 𝜇MPO

4

2−. For root influx and root-to-shoot
translocation, roots of whole plants were placed in Na

2
PO
4

solution at pH 5.0 in the presence of 10 𝜇Ci/mL of the radio-
tracer 33P-Orthophosphoric Acid (PerkinElmer) for 5min
and 2:30 h, respectively. Lettuce plants were then washed in
an ice-cold 5mMNa

2
PO
4
solution and then shoots and roots

were harvested separately, dried, and the radioactivity was
measured using scintillation counting [24]. Root-to-shoot Pi
transport was expressed as the percentage of radioactivity
located in the shoot over the total amount of radioactivity in
the whole lettuce plant.

2.4. Measurements of Photosynthesis and Stomatal Conduc-
tance. Leaf net photosynthetic rate (A, 𝜇mol fixed CO

2

m−2⋅s−1) and stomatal conductance (B, mol⋅m−2⋅s−1) rates
were measured on the third fully expanded leaves using a
portable photosynthesis system with a light-emitting diode
light source (LI-6400, LI-COR, Inc.; Lincoln, NE) according
to the manufacturer’s protocol. Experiments were performed
under controlled conditions (20∘C, 65% relative humidity,
and controlled CO

2
supply of 400 𝜇molmol−1) with photon

flux density 225𝜇mol⋅m−2 s−1.
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Figure 1: Zinc and phosphate treatment significantly alters Paris Island Cos and Kordaat growth capacity. 30-day-old Paris Island Cos and
Kordaat lettuce varieties were grown and exposed to various zinc and phosphate concentrations in the culture medium (a). Shoot (b) and
root (c) dry weight measured in different growth conditions for the Paris Island Cos and Kordaat lettuce varieties. Results are averages of
three replicates ± SE. Asterisks indicate statistically significant differences compared to either 0 𝜇M of Pi, 15𝜇M Zn (left parts of (b) and (c))
or 500 𝜇M of Pi, 15𝜇M Zn (right parts of (b) and (c)) treatments of each lettuce variety (𝑃 ≤ 0.05).

2.5. Statistical Analysis. Data are presented as means of
at least three independent experiments and mean values
were taken for statistical analyses using one-way ANOVA.
Significant differences were further analyzed using Tukey’s
parametric or nonparametric tests to identify differences
between treatments and/or varieties. The differences were
considered significant if 𝑃 ≤ 0.05.

3. Results and Discussion

3.1. Paris Island Cos and Kordaat Varieties Displayed Dif-
ferential Biomass Production and Photosynthesis. The Zn
availability can adversely alter plant growth in situations
where it is present in either too low (deficiency) or too
high (toxicity) concentration [16]. The plant biomass pro-
duction is also altered in case of low Pi supply [2]. Such
symptoms are often described without taking into account
the bioavailability of one or the other element. Herein, we
investigated the effects of varying external concentrations of

Zn and/or Pi on the growth capacity of two lettuce varieties,
namely, Paris Island Cos and Kordaat. Lettuce plants were
grown hydroponically under control condition (500𝜇M Pi
and 15 𝜇M Zn) for one week then transferred on 12 different
mediums resulting from the combination of two Pi (0 and
500𝜇M) and six Zn (0, 15, 90, 360, 1440, and 2880 𝜇M)
concentrations. The dry weight of 4-week-old plants were
determined (Figure 1). Results show that the increase of Zn
concentration in the medium leads to the reduction of shoot
and root dry weight in both varieties (Figures 1(b) and 1(c)).
The most visible Zn toxicity symptoms included decrease
in leaf size and appearance of necrosis (Figure 1(a)). Under
high Zn concentration (1,440mM and 2,880mM), no shoots
growth pattern was observed for both varieties (Figure 1(a)).
The presence or absence of Pi from the medium mitigates or
aggravates the Zn toxicity (Figure 1(a)). Nevertheless, overall
Paris Island Cos displayed a better growth capacity compared
to Kordaat under all the conditions tested (Figure 1). A part of
the explanation of the observed effects of Pi and Zn nutrition
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Figure 2: Varying zinc and phosphate concentrations in the culture medium alter the photosynthetic potential of the two lettuce varieties.
Photosynthesis (a) and stomatal conductance (b) weremeasured for the Paris Island Cos and Kordaat lettuce varieties on third fully expanded
leaves of each plant. Individual measurements were obtained from a pool of “𝑛” plants (𝑛 ≥ 3). Error bars indicate SD.

on the growth capacity of both lettuce varieties could be
an alteration in photosynthesis. Indeed, both elements are
known for their influences on this vital process. On one hand,
Pi participates in plant photosynthesis in the form of ATP,
which supplies energy for the CO

2
fixation [26]. Zn role as an

essential constituent of enzymes important to photosynthesis,
such as the carbonic anhydrase, is well documented [27]. Zn
excess affects the photochemical reactions of the photosys-
tems [27]. To test this hypothesis, the net CO

2
assimilation

and stomatal conductance were assessed in Paris Island Cos
and Kordaat grown on the aforementioned 12 growth con-
ditions. Results revealed that in contrast to Kordaat plants,
the photosynthesis was severely affected in Paris Island Cos
in response to Pi deficiency and showed a strong reduction
when grown under 0𝜇M Pi and 15 𝜇M Zn compared to
control condition (500 𝜇M Pi and 15 𝜇M Zn) (Figure 2). This
result is in agreement with previous one in maize (Z. mays)
or with bean (P. vulgaris) plants, in which plants grown in
low Pi condition resulted in decline of the photosynthetic rate
by 68% and 50% compared to the control plants, respectively
[28, 29]. Results presented in Figure 2(a) shows that net CO

2

assimilation decreased with increasing Zn concentration in
the medium for both lettuce varieties. These observations
suggest that the registered growth reduction for both lettuce
varieties is the overall effect of Zn toxicity which may be
related to the major effect of Zn toxicity on inhibition of
photosynthesis. Interestingly, the presence of Pi contributes
to the alleviating effect of Zn excess on this process. While
both varieties behave similarly regardless of Zn concentration
in the absence of Pi (Figures 2(a) and 2(b)), they exhibited
contrasting behavior in presence of Pi. Paris IslandCos grown
in presence of 500𝜇M of Pi and 0, 15, or 90𝜇M of Zn
showed significantly higher CO

2
assimilation and stomatal

conductance than Kordaat. Although high Zn concentration
strongly reduced the above parameters in both varieties,
overall Paris Island Cos was more superior than Kordaat
which can be credited to its improved growth performance

and likely to a better Pi use efficiency (Figures 1(a), 1(b), and
1(c)).

3.2. Effect of Zn and Pi Supply onTheir Endogenous Content in
Shoots and Roots. As already mentioned, earlier studies have
reported that Zn deficiency leads to the overaccumulation
of Pi in the shoot, and inversely [12, 13]. In different plant
species, a negative correlation between tissue Pi and Zn
treatments has been observed. However, the nature of this
correlation in conditions where Zn and/or Pi treatments vary
from the depletion to the excess in the medium is poorly
documented. We have determined the accumulation level of
intracellular Zn and Pi contents in the two lettuce varieties.
The observed typical Zn toxicity symptoms described above
(Figure 1(a)) correspond to the highest shoot Zn accumu-
lation in both of the varieties. The Zn overaccumulation
can be ascribed to an impaired control mechanism of Zn
uptake and release from root cells to xylem due to the altered
morphology of roots under Zn excess in the medium [30,
31]. Such dysfunctional roots can also explain the high Pi
accumulation in roots exposed to high Zn concentration
(Table 1). Under control conditions, (15𝜇M Zn; 500𝜇M
Pi) the Paris Island Cos and Kordaat accumulated 9.79 ±
0.15 𝜇mol⋅g−1 FW and 6.11 ± 0.9 𝜇mol⋅g−1 FW of Pi, respec-
tively. Both varieties accumulate similar Zn concentrations
in shoots (≈0.01 𝜇g⋅g−1DW). Interestingly, Zn treatment was
found to significantly affect the shoots Pi content in Paris
Island Cos which got decreased as the Zn concentration
increased in the medium (Table 1). Pi content was at max-
imum under Zn deficiency (11.02 ± 2.18 𝜇mol⋅g−1 FW) and
dropped significantly (4.31 ± 0.17 𝜇mol⋅g−1 FW) in presence
of 1,440mM of Zn (Table 1). This result is in agreement with
previous studies that have shown that Zn deficient plants can
overaccumulate Pi, such as cotton [7] and barley [9]. Results
revealed that variation in Zn supply affected differentially the
accumulation of Pi in the shoot and roots of the two lettuce
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Table 1: Zinc and phosphate contents in Paris Island Cos and Kordaat submitted to zinc and phosphate treatments.

Tissues Pi in shoots Pi in roots
Kordaat Paris Island Cos Kordaat Paris Island Cos

Treatments
0 Zn, 0 Pi 2.13 ± 0.28 2.04 ± 0.11 14.77 ± 5.62 6.18 ± 0.68

15 Zn, 0 Pi 2.61 ± 0.69 2.65 ± 1.25 8.84 ± 3.34 10.25 ± 5.53

90 Zn, 0 Pi 1.79 ± 0.21 1.80 ± 0.26 11.16 ± 1.41 9.65 ± 2.49

360 Zn, 0 Pi 2.49 ± 0.29 3.10 ± 0.97 8.14 ± 4.00 16.32 ± 2.28

1440 Zn, 0 Pi 7.24 ± 2.34 4.16 ± 1.11 32.65 ± 6.02 18.18 ± 0.45

2880 Zn, 0 Pi 15.63 ± 2.80 6.47 ± 1.74 18.39 ± 13.02 8.48 ± 4.02

0 Zn, 500 Pi 6.16 ± 0.79 11.02 ± 2.18 136.17 ± 8.19 146.78 ± 7.03

15 Zn, 500 Pi 6.11 ± 0.91 9.79 ± 0.15 144.04 ± 4.40 206.07 ± 54.35

90 Zn, 500 Pi 5.58 ± 2.49 5.81 ± 4.18 40.53 ± 10.04 48.78 ± 22.37

360 Zn, 500 Pi 8.68 ± 2.76 4.39 ± 0.81 86.48 ± 11.74 46.27 ± 7.65

1440 Zn, 500 Pi 4.73 ± 0.74 4.31 ± 0.17 90.33 ± 10.09 113.49 ± 30.62

2880 Zn, 500 Pi 18.72 ± 2.39 8.62 ± 1.57 67.59 ± 25.04 109.63 ± 23.85

Zn in shoots Zn in roots
Kordaat Paris Island Cos Kordaat Paris Island Cos

0 Zn, 0 Pi 0.02 ± 0.00 0.01 ± 0.00 0.03 ± 0.02 0.02 ± 0.00

15 Zn, 0 Pi 0.03 ± 0.00 0.03 ± 0.01 0.07 ± 0.02 0.07 ± 0.01

90 Zn, 0 Pi 0.22 ± 0.04 0.11 ± 0.05 1.16 ± 0.54 0.46 ± 0.23

360 Zn, 0 Pi 0.24 ± 0.03 0.13 ± 0.07 5.74 ± 5.80 5.01 ± 1.28

1440 Zn, 0 Pi 4.60 ± 2.46 2.58 ± 0.87 200.75 ± 165.78 2642.38 ± 1942.29

2880 Zn, 0 Pi 2.99 ± 0.38 3.00 ± 0.46 512.96 ± 121.85 480.58 ± 92.58

0 Zn, 500 Pi 0.03 ± 0.04 0.01 ± 0.00 0.05 ± 0.03 0.03 ± 0.01

15 Zn, 500 Pi 0.01 ± 0.00 0.01 ± 0.00 0.08 ± 0.03 0.05 ± 0.01

90 Zn, 500 Pi 0.28 ± 0.14 0.45 ± 0.43 0.22 ± 0.07 0.15 ± 0.02

360 Zn, 500 Pi 1.30 ± 0.97 0.43 ± 0.43 0.31 ± 0.03 0.17 ± 0.02

1440 Zn, 500 Pi 0.72 ± 0.62 0.24 ± 0.12 8.32 ± 1.92 7.15 ± 246.13

2880 Zn, 500 Pi 0.38 ± 0.04 0.14 ± 0.04 263.92 ± 316.46 288.12 ± 4.39

Individual measurements were obtained from the analysis of shoots or roots collected from a pool of “𝑛" plants (𝑛 ≥ 3). ± indicate SD.

varieties. A correlation analysis was performed to determine
the interconnectivity of Zn and Pi in the plants (Figure 3).
Interestingly, a strong correlation was found between the Zn
concentration in the shoot and the Pi concentration in either
the root or the shoot of Paris Island Cos (Figures 3(c) and
3(d)), but not in Kordaat variety. Our data thus supported
the role of shoot Zn content on the regulation of Pi content
in Paris Island Cos, but not for the Kordaat variety. The
contrasting behavior between Paris Island Cos and Kordaat
may be explained by a difference in regulating Pi uptake
and translocation in response to Zn availability. These results
revealed that Pi-Zn homeostasis interaction may vary even
within the same plant species, which pave the way for a
genetic study for cloning quantitative trait loci (QTL)/gene(s)
governing these traits. This approach has been successfully
used to identify QTL for Pi and Zn in wheat, which appeared
to be colocalized [32].

3.3. Differential Effect of Zn Supply on Pi Transport Dynamic
in Paris Island Cos and Kordaat. It has been proposed that
Zn deficiency may depress root Pi uptake and may also be

involved in a high rate of Pi transfer to the shoot, leading
to its overaccumulation in shoots [10, 14, 15]. In wheat, Zn
deficiency increases the roots membrane permeability for
Pi [33]. In this study, the dynamics of Pi transport was
examined for lettuce plants grown in the presence of constant
concentration of Pi (500𝜇M) and changed concentration of
Zn from 0 to 180 𝜇M using radiolabeled 33Pi. Our results
also showed that increasing the Zn concentration had limited
effect on the Pi uptake and translocation capacity of Kordaat
(Figures 4(a) and 4(b)). However, increasedZn concentration
reduced bothPi uptake and transfer of Pi to the shoots in Paris
Island Cos (Figures 4(a) and 4(b)). This result is in line with
previous studies in many plants species such as cotton [7],
barley [9], and wheat [10] showing that the feedback control
mechanism from the shoots was impaired thusly suppressing
the uptake and translocation rate of Pi at high P concentration
in the shoots under Zn deficiency. The fact of whether the
low Zn content may also limit the redistribution of Pi from
shoot to root needs further investigations (Figure 5). At the
molecular level, genes and precise mechanisms underlying
this process remain to be identified. Huang et al., 2000
have provided evidence for the involvement of the high
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Figure 3: Correlation between zinc and inorganic phosphate in Paris Island Cos and Kordaat. Zinc and inorganic phosphate contents were
determined in shoots and roots of the two lettuce varieties ( ⃝, Kordaat; X Paris Island Cos) grown in the presence of 500𝜇M of Pi and
changingZn concentrations (0, 15, 90, 360, 1440, or 2880 𝜇M).Correlation betweenPi content in shoots andPi content in roots (a). Correlation
between Zn content in shoots and roots (b) Correlation between Zn content in shoots and Pi content in roots (c). Correlation between Zn
content in shoots and Pi content in shoots (d). Lines correspond to linear regression. For each regression, the square of Pearson’s correlation
coefficient (𝑅2) is reported.

affinity Pi transporter (PHT) in the increase of Pi uptake
in barley Pi-deficient plants. These results [11, 12] showed
that Zn deficiency could induce the expression of the PHT1;1
in Arabidopsis. Recently, genes that are necessary for the
increase in Pi overaccumulation in response to Zn deficiency
in Arabidopsis have been identified, namely, the Pi exporter
PHO1 and its homologue PHO1;H3 [12]. In Arabidopsis,

PHO1 gene is predominantly expressed in the root vascular
system and it is involved in Pi loading into root xylem.
PHO1;H3 is involved in the control of Pi accumulation in
response to Zn deficiency in Arabidopsis.The fact of whether
the homologue of these Arabidopsis genes (PHO1s and PHTs)
in lettuce is also involved in the regulation of Pi uptake
and its transfer from root to shoot under Zn deficiency
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Figure 4: Zinc deficiency affects phosphate transport dynamics. Paris Island Cos and Kordaat lettuce varieties were grown hydroponically
in media with various concentrations of zinc and inorganic phosphate (Pi). Plant uptake is defined as 𝜇mol of Pi acquired by the whole plant
per g of root fresh weight per hour. Pi root-to-shoot transfer is defined as the ratio of radioactive Pi in the shoot over the total radioactive Pi
in the plant. Individual measurements were obtained from the analysis of shoots or roots collected from a pool of “𝑛” plants (𝑛 ≥ 3). Error
bars indicate SD.
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Figure 5: Schematic representation of the regulation of Pi transport
within lettuce plant; case of Paris Island Cos. Pi is acquired into root
by PHT1s. Transport into the xylem, likely through the Pi exporter
PHO1s. The Zn deficiency leads to the increase of Pi uptake and
is loading into root xylem. Zn deficiency might lead also to the
inhibition of Pi shoot-to-root transfer via unknown protein.

is under investigation (Figure 5). This understanding on Pi
metabolism is possible; thanks are due to the availability
of the lettuce genome sequence, which has proved to be a
great asset for the identification and characterization of the
genes involved in the regulation of the Pi and Zn transport
systems.

4. Conclusion

In conclusion, work presented is an extensive comparison
of the effects of a wide set of combinatory stress condi-
tions (+/−Zn and/or Pi) on the accumulation of Pi and
Zn in two lettuce varieties, Paris Island Cos and Kordaat.
This study revealed the difference between the effects of
Pi and Zn supply on biomass and photosynthesis and the
Pi transport in both lettuce varieties, which constitutes an
opportunity towards decoding genetic basis of the Pi/Zn
interaction. These observations indicate that the regulation
of the Pi/Zn interaction in plants is more complex than
previously thought. Further forward genetic work has to
be undertaken using population obtained from the crossing
between Paris Island Cos and Kordaat to identify additional
key genes that regulate the Pi accumulation in shoot of lettuce
varieties under Zn deficiency. This knowledge is required
to fully appreciate the coregulation of Zn/Pi interaction in
lettuce.
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Legumes have developed a unique way to interact with bacteria: in addition to preventing infection from pathogenic bacteria
like any other plant, legumes also developed a mutualistic symbiotic relationship with one gender of soil bacteria: rhizobium.
This interaction leads to the development of a new root organ, the nodule, where the differentiated bacteria fix for the plant the
atmospheric dinitrogen (atmN

2
). In exchange, the symbiont will benefit from a permanent source of carbon compounds, products

of the photosynthesis. The substantial amounts of fixed carbon dioxide dedicated to the symbiont imposed to the plant a tight
regulation of the nodulation process to balance carbon and nitrogen incomes and outcomes. Climate change including the increase
of the concentration of the atmospheric carbon dioxide is going to modify the rates of plant photosynthesis, the balance between
nitrogen and carbon, and, as a consequence, the regulatory mechanisms of the nodulation process. This review focuses on the
regulatory mechanisms controlling carbon/nitrogen balances in the context of legume nodulation and discusses how the change in
atmospheric carbon dioxide concentration could affect nodulation efficiency.

1. Introduction

Plant-bacteria interactions are diverse in nature. While
bacterial infections of plant cells are mostly perceived as
pathogenic and lead to the activation of the plant defense
system, some could lead to commensalism or, as described
mostly in legumes, to mutualistic symbiotic interactions.
Nodulation, with mycorrhization, is one of the best stud-
ied mutualistic symbiotic interactions between plant and
microorganisms. Nodulation is the product of a controlled
infection process of the legume root system by soil bacteria of
genus Rhizobia and results in the development of a new plant
root organ, the nodule, where differentiated bacteria named
bacteroides fix and assimilate for the plant the atmospheric
dinitrogen.

Because bacteria invest a lot of energy in fixing atmN
2

(atmN
2
+ 8e− + 8H+ + 16ATP = 2NH

3
+ H
2
+ 16ADP + 16P

𝑖
)

and because legumes provide to the bacteroides a significant
amount of photosynthates (5 to 10 grams of carbons per one
gram of fixed nitrogen [1]), the nodulation process is a high
cost biological process for both partners. Hence, one critical
aspect of the nodulation process is the establishment of

well-balanced interactions between the two partners to lead
to beneficial outcomes for both organisms. This interaction
is highly dependent on communication between the two
partners before, during, and after the initial infection process.

The molecular mechanisms controlling the recognition
of the two partners, the initial infection of legume root
hair cells by mutualistic symbiotic bacteria (i.e., root hair
curling, invasion of the root hair cell by symbiotic nitrogen-
fixing bacteria through the development, and elongation of
the infection thread), legume nodule organogenesis, and the
role of plant hormones in controlling nodulation have all
been investigated during the past 15 years using forward
and reverse genetic tools. These studies have been exten-
sively documented and reviewed [2–7]. Similar strategies
combined with elegant grafting and split-root experiments
have be utilized to characterize the legumes genes control-
ling the autoregulation of legume nodulation (e.g., signal
exchanges between the shoot and the root systems) [8–11].
For example, in the context ofmutant shoot, where the shoot-
root communication is jeopardized, nodulation is strongly
enhanced leading to a hypernodulation phenotype [12–16].
Interestingly, plants showing a hypernodulation phenotype
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do not have an enhanced uptake of atmN
2
compared to

wild type plants [17, 18]. This latter result strongly supports
that additional molecular mechanisms are controlling atmN

2

fixation independently of the infection level of the legume
plant by symbiotic bacteria and nodule development. This
review summarizes the cellular and molecular mechanisms
regulating the interactions between infected plant cells and
rhizobia and discusses the potential effects of the increase
of the concentration of atmospheric carbon dioxide on these
interactions.

2. The Secret to This Long-Term
Relationship: The Selection of
the Right Symbiotic Partners

Nodules and more specifically the bacteroides are consid-
ered as an important sink of plant photosynthates. Con-
sequently, a successful nodulation relies on controlling the
exchange of nutrients between the plant and the bacteria.
This clearly delimits plant-microbe symbiotic to pathogenic
relationships. Therefore, the coevolution between legumes
and symbiotic bacteria is highly dependent on photosynthetic
and symbiotic performances of the two partners (i.e., atmN

2

fixation efficiency; photosynthesis activity). Based on this
concept, and to face the disparity of the photosynthesis activ-
ity among various legume cultivars, many studies identify
symbiotic strains characterized by various atmN

2
fixation

efficiencies [19–22].
The diversity of the microbial community in soil is

leading to the presence of multiple bacterial lineages which
can simultaneously infect the same legume plant. This
competition for nodulation leads to the development of
a heterogeneous pool of low- and high-efficiency atmN

2
-

fixationnodules [23–25].Not surprisingly, the infection of the
plant by less effective rhizobia strains which are characterized
by low efficiency in fixing atmN

2
and high uptake of plant

photosynthates is major limitation to plant development.
To select their energy preferred symbionts and maximize
nitrogen uptake without drastically affecting plant carbon
resources, the plant developed various cellular andmolecular
mechanisms such as the promotion of the infection of the
root hair cells and nodule by one single bacteria strain.
In addition, ecological and physiological approaches have
clearly demonstrated that legumes can monitor and respond
to the nitrogen-fixing performance of symbiotic bacteria [26],
punishing their low-efficiency hosts by reducing rhizobial
viability and, ultimately, promoting nodule degeneration
[26–29].

These are contributing factors to better discriminate
and “punish” the low versus highly efficient atmN

2
-fixing

bacteria. Ultimately, the repetitive selection of the favorite
symbionts by the host will affect the microbial ecosystem:
after plant death and nodule degeneration, a significant
population of the most successful symbiotic rhizobia will be
released in the rhizosphere increasing their representation
compared to low efficient rhizobia, bacteria strains slowly
growing in the soil due to limited nutrient availability. Hence,
by preventing infection by nonfixing rhizobia and increasing

the overall population of highly efficient strains in the
rhizosphere, one long-term outcome of the legume-rhizobia
symbiosis is the preferential selection of the most beneficial
bacteria strains by the plant to maximize nitrogen fixation.
This concept of sanctions by the plant hosts against low
efficient bacteria to maximize atmN

2
fixation is supported by

mathematical model [30].
The preferential selection of specific rhizobia strains is

likely amajor reason supporting the conservation of the plant
and bacteria genes required for mutualism [31]. One visible
result of the coevolution of host plant and bacterial strains
is the preferential concentration of R. etli carrying the nodC
allele type-𝛼 and type-𝛿 in the Mesoamerican and Andean
soils, respectively [32]. Recently, the characterization of the
molecular mechanisms controlling the preferential coloniza-
tion of legume roots by highly efficient rhizobia strains has
been initiated. Zanetti et al. [33] identified P. vulgaris NF-YC1,
a gene encoding a C subunit of the heterotrimeric nuclear
factor NF-Y transcription factor [34] as a key regulator
of the infection of the plant by the most efficient strains
of rhizobia. In their analysis, Zanetti et al. [33] character-
ized the putative orthologs of PvNF-YC1 in various plant
species including Arabidopsis thaliana (At1g08970, AtNF-
YC9) and Glycine max (Glyma19g42460). In M. truncatula,
two genes (Medtr1g082660; Medtr7g113680) are syntenic to
Glyma19g42460. Upon mining of the soybean and medicago
transcriptome atlases [35–39] and similarly to PvNF-YC1
[33], Glyma19g42460, Medtr1g082660 and Medtr7g113680
are ubiquitously expressed and not transcriptionally regu-
lated in response to rhizobia (see Supplementary Figure 1
available online at http://dx.doi.org/10.1155/2014/507946).
The ubiquitous expression pattern of these NF-YC legume
genes suggests they control biological functions other than
legume nodulation (e.g., AtNF-YC9, PvNF-YC1 orthologous
gene, controls A. thaliana floral transition [40]). It is likely
possible that the regulation of legume nodulation by NF-YC
proteins is dependent on their interaction with nodulation-
specific A and BNF-Y subunits of the heterotrimeric CAATT
transcription factor.

3. Cellular Communication between
the Infected Plant Cells and the Bacteroides

While legume nodulation is initiated by the infection of
the plant host by selected rhizobia, the long-term outcome
the legume nodulation is the establishment of the symbiosis
between the two partners. To reach this goal, a permanent
communication between the plant cells (i.e., root hair cells
and infected cells of the nodule) and the symbiosome is
required. This organelle-like results of the endocytosis of
bacteroides in the infected plant cell. It is delimited by
the symbiosome membrane (SymM) and contains a limited
number of bacteroides separated one another by the symbio-
some space (SymS) [41] (usually two to four in determinate
infected cells, only one in indeterminate infected cells [42–
44]).

Transporters located in the SymM are playing essen-
tial roles in balancing the fluxes of metabolites between
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the plant cell and the bacteroides (see below). Very interest-
ingly, the proteome of the symbiosome very nicely reflects the
complexity of the interaction existing between the plant host
and the symbiotic bacteria [45]. In fact, several molecular
studies clearly highlight the complex molecular organization
of the symbiosome based on the translocation of plant
proteins into the symbiosome membrane or cytoplasm or
both. Plant protein translocation to the SymS depends on
the presence of peptidic symbiosome-localization sequences
[46, 47]. Lending even more support to the impact of
plant proteins in regulating symbiont biology, nodule-specific
cysteine-rich (NCR) peptides synthetized by the galegoid
legume cells were demonstrated to be essential to bacterial
endoreplication, a cellular process characteristic of fully
differentiated bacteroides [48–51]. In M. truncatula, NCR
peptides are directed to the symbiosomes by the defective in
nitrogen fixation 1 (DNF1) protein, a component of the signal
peptidase complex [52]. Ultimately, the NCR peptides will
traffic to the bacterial periplasm and/or cytoplasm.

The role of these various plant proteins in regulating
bacterial endoreplication clearly highlights the influence of
the plant host on the symbiont. This likely allows the plant
to exhibit better control of bacteroid differentiation and,
as a result, exhibit better control of nitrogen fixation. To
better support the relationship existing between the plant,
the bacterium, and nitrogen fixation, transcriptomic and
physiological experiments on M. truncatula mature nodules
clearly show a decrease of the expression of more than 120
NCR genes and the decrease of nitrogenase activity upon
nitrate treatment [53]. In addition to their role in bacteroid
endoreplication, plant NCR proteins also act as antimicrobial
chemical [54]. Adapting to the presence of these peptides,
bacteroides synthetize the BacA protein, an ATP-binding
cassette superfamily (ABC) [54–56]. Together, these studies
support a complex interaction between plant and bacteria
during the latter stage of nodulation where both partners
developed specific sets of genes allowing controlling the
nodulation process.

4. Transport, Conversion, and Storage of
the Products of Plant Photosynthesis during
Legume Nodulation

Plant cell-rhizobia symbiosis is primarily based on the
exchange of metabolites especially sucrose, asparagine, and
glutamine, allowing the balanced exchange of nitrogen and
carbon. Numerous studies focused on the role of transporters
and receptors located in symbiotic biological membranes
[57–59]. Balanced carbon and nitrogen exchanges are also
dependent on the transport of plant photosynthates to the
nodule. There, the products of the photosynthesis are con-
verted into malate in the plant cell through the glycolysis
pathway, the Krebs cycle, the phosphoenolpyruvate carboxy-
lase glycolysis, and the intensive nodule CO

2
dark fixation

[60, 61]. Malate is assimilated and used by the symbiont.
Ultimately, after its transportation through the SymM [57,
58], carbons will be stored in the bacteroid in the form of
poly-3-hydroxybutyrate (PHB) particles. This carbon source

can be remobilized by the bacteria in response to a stress
(e.g., release of bacteria into the rhizosphere consecutively to
nodule degeneration) and is also used as a redox potential
to allow bacteroides survival in the anaerobic conditions
existing in the nodule, which is the environment necessary
for the optimal fixation of atmN

2
[62].

To better control the uptake of plant photosynthates
by the bacteroides, legumes develop molecular strategies to
control carbon sequestration in the bacteroides. For example,
in addition to regulating nodulation efficiency the soybean
gene Nucleolar/Mitochondrial protein involved in Nodulation
a (GmNMNa), initially characterized based on its strong and
specific expression in root hair cell and nodules in response to
B. japonicum inoculation [63, 64], controls bacteroid number
in the nodule infected cell as well as the density of PHB
granules in bacteroides. The mitochondrial localization of
GmNMNa protein and the limited accumulation of PHB
in bacteroides upon silencing of GmNMNa support that
GmNMNa influences carbon metabolism in infected soy-
bean nodule cells. Previous reports clearly demonstrated the
essential role of mitochondria in legume infected cells to
presumably maintain plant cell function under microaerobic
conditions [65–67].

Interestingly, it seems that the NMN gene family is
specialized in regulatingmutualistic symbiotic plant microbe
interactions since the M. truncatula gene ortholog to
GmNMNa is not only overexpressed during nodulation but
also during mycorrhization (Supplementary Figure 2). This
latter result suggests the functional redundancy between
nodulation and mycorrhization in addition to the conserva-
tion of the initial signaling cascade activated in response to
the Nod and Myc factors [6].

The essential role of PHB during the nodulation process
is also demonstrated by two independent studies. First,
the Sinorhizobium meliloti phbC mutant, mutant defective
in PHB biosynthesis, does not fix atmN

2
[68]. Second,

Mimosa pudica nodules infected by a modified strain of
the pathogenic Ralstonia solanacearum accumulate PHB.
This bacterial strain carries a mutation in the HRPG gene,
gene previously described as a key regulator of bacterial
virulence via the type III secretion system (T3SS; [69]), and is
expressing the symbiosis genes of Cupriavidus taiwanensis, a
M.pudica symbiotic bacterium [70].This latter result suggests
at least some similarities between rhizobia and pathogenic
bacteria in uptaking and storing plant photosynthates. These
studies lend even more support that nodulation is the result
of a highly controlled interaction between legumes and soil
bacteria.

5. Evolutionary Perspective of
Legume Nodulation in the Context of
the Environmental Changes

Legume nodulation is a complex biological process involving
multiple levels of coevolution existing between the plant and
symbiotic bacteria (i.e., recognition of plant flavonoids by the
free-living bacteria, recognition of the bacterial Nod factor
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Figure 1:The increase of the concentration of atmospheric carbon dioxide will impact nitrogen uptake by the plants to balance ion balances.
On the short term, this massive uptake of nitrogen will lead to the depletion of usable nitrogen resources in soil and the enrichment of the
rhizosphere in carbon (upper cycles in both (a) and (b)). As a consequence, the limited access to nitrogen will lead to the unbalance between
carbon and nitrogen and, as a consequence, to the limited growth of plants. In the case of legumes (b), limited nitrogen availability will
enhance nodulation.The biological fixation of the atmospheric dinitrogen associated with the uptake of carbon dioxide will positively impact
the net primary production of the plant (NPP). This figure was adapted from [78].

by plant receptors lysine kinases, control of bacteria differ-
entiation and endoreplication by plant cells, and balanced
exchanges of nutrients between the two organisms). The
nodulation process is restricted not only to our knowledge
of the infection of the root hair cell by the symbiont but
also, mostly, to the establishment of a controlled interaction
between the plant and the bacteria. This interaction might be
jeopardized due to rapid environmental changes.

The most pessimistic predictions of climate change sug-
gest an increase by 4∘Cof the current temperature as reported
by the Intergovernmental Panel on Climate Change [71] and
an atmospheric carbon dioxide (atm[CO

2
]) concentration

rising above 800 parts per million by the year 2100 in
contrast to 390 ppm today (http://www.ipcc-data.org/observ/
ddc co2.html). Associated with unpredictable rainfall pat-
terns and poor soil management, these environmental
changes will affect not only plant growth but also the com-
position of soil microbial communities including rhizobial
communities. Together, the modification of various climatic
factors will require an adaptation of the legume nodulation
process.

Among these factors, and based on the tight interactions
between the nitrogen and carbon cycles, an increase of the
concentration of atm[CO

2
] is going to directly affect the

crop’s nitrogen/carbon balance and nodulation. To respect
the balances between ions, it is predicted that plants may
become nutrient limited, including nitrogen-limited, in the
context of a greater carbon input [72, 73]. Models sup-
port that legumes will overcome the problem of nitrogen
limitation by promoting physiological adaptations. These
adaptations include the increase in nodule size, the increase
in nodule number per plant (potentially correlated with an
increase of the number of successful root hair cell infection),
and the increase of nitrogenase activity [74–76] (Figure 1).

The latter also support the idea of an increase in the
allocation of plant photosynthates to the bacteroides and,
more globally, of various ions to respect balances. Hence,
it is assumed that legumes represent a potential solution to
increase carbon sequestration and help tomitigate the impact
of atm[CO

2
]. While scientists have clearly demonstrated the

impact of atm[CO
2
] on nodulation [60, 77], the molecular

mechanisms regulating nodulation under high atm[CO
2
]

remain unknown. In addition, it is unclear how the rhizobia
community will adapt to higher atm[CO

2
] in particular and

climate change in general. The study of the adaptation of the
microbe and plant as well as their interaction in response to
environmental changes represents new avenues of research
which could impact food production and sustainability on
the long term.
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symbiotic N

2
fixation in Trifolium repens L. under elevated

atmospheric pCO
2
in a grassland ecosystem,” Plant Physiology,

vol. 112, no. 2, pp. 575–583, 1996.
[76] B. A. Hungate, J. S. Dukes, M. R. Shaw, Y. Luo, and C. B. Field,

“Atmospheric science. Nitrogen and climate change,” Science,
vol. 302, no. 5650, pp. 1512–1513, 2003.

[77] A. Rogers, E. A. Ainsworth, and A. D. B. Leakey, “Will elevated
carbon dioxide concentration amplify the benefits of nitrogen
fixation in legumes?” Plant Physiology, vol. 151, no. 3, pp. 1009–
1016, 2009.

[78] Y. Luo, B. Su,W. S. Currie et al., “Progressive nitrogen limitation
of ecosystem responses to rising atmospheric CO

2
concentra-

tion,” BioScience, vol. 54, no. 8, pp. 731–739, 2004.



Research Article
Chromium (VI) Uptake and Tolerance Potential in Cotton
Cultivars: Effect on Their Root Physiology, Ultramorphology,
and Oxidative Metabolism

M. K. Daud,1,2 Lei Mei,1 M. T. Variath,1,3 Shafaqat Ali,1,4 Cheng Li,1

M. T. Rafiq,5 and S. J. Zhu1

1 Department of Agronomy, College of Agriculture and Biotechnology, Zhejiang University, Zijingang Campus,
Hangzhou 310058, China

2Department of Biotechnology and Genetic Engineering, Kohat University of Science and Technology, Kohat 26000, Pakistan
3 International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Hyderabad 502324, India
4Department of Environmental Sciences, Government College University, Faisalabad 38000, Pakistan
5Ministry of Education Key Laboratory of Environmental Remediation and Ecological Health,
College of Environmental and Resource Sciences, Zhejiang University, Hangzhou 310058, China

Correspondence should be addressed to S. J. Zhu; shjzhu@zju.edu.cn

Received 28 January 2014; Accepted 19 April 2014; Published 14 May 2014

Academic Editor: Sikander Pal

Copyright © 2014 M. K. Daud et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Chromium (Cr) is present in our environment as a toxic pollutant, which needs to be removed using phytoremediation technology.
In present study, two transgenic cotton cultivars (J208, Z905) and their hybrid line (ZD14) were used to explore their Cr uptake
and tolerance potential using multiple biomarkers approach. Four different levels of Cr (CK, 10, 50, and 100 𝜇M) were applied. Cr
caused a significant reduction in root/shoot length, number of secondary roots, and root fresh and dry biomasses at 100 𝜇M. Cr
accumulatedmore in roots and was found higher in hybrid line (ZD14) as compared with its parent lines (J208, Z905) at all Cr stress
levels (10, 50, and 100 𝜇M). Cr translocation was less than 1 in all cultivars. Ultrastructural studies at 100𝜇MCr showed an increase
in number of nuclei and vacuoles and presence of Cr dense granules in dead parts of the cell (vacuoles/cell wall). Malondialdehyde
(MDA), hydrogen peroxide (H

2
O
2
), total soluble proteins, superoxide dismutase (SOD), peroxidase (POD), ascorbate peroxidase

(APX), catalase (CAT), and glutathione reductase (GR) as a whole were upregulated with elevated levels of Cr. Higher Cr uptake
by roots, accelerated metabolism, and Cr sequestration in dead parts of the cell indicate that these cotton cultivars can be useful for
Cr accumulation and tolerance.

1. Introduction

Chromium (Cr) like other heavy metals threatens both crop
production and human health. Tominimize its concentration
in environment, various reclamation technologies such as
redox processes, ion exchange, and reverse osmosis [1] have
been introduced.However,most of them are highly expensive
and cumbersome. They need to be replaced by cheaper and
more cost-effective plant-based technologies. They are, for
example, phytoextraction, phytostabilization, and phytore-
mediation.

Cr-mediated ground water and soil pollution need to be
controlled either by avoiding its spills from various industries

such as plating, alloying, tanning of animal hides, inhibition
of water corrosion, and textile dyes [2] or by exploiting
plant-based phytoextraction technologies. Unlike other toxic
pollutants, Cr has several oxidation states. Among these, the
trivalent Cr (III) and the hexavalent Cr (VI) are the most
abundant. Since both possess different chemical, toxicologi-
cal, and epidemiological feature, they are differently regulated
by Environmental Protection Agency (EPA) [3]. Cr (III) is
an essential trace element for human and animal health [4],
being necessary for sugar and lipid metabolism [5]. It occurs
in the form of oxides, hydroxides, and sulfates [6, 7]. It has
relatively less mobility in soil and water due to its binding
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tendency towards organic matters. It is rapidly oxidized to Cr
(VI) in acidic soils in the presence of Mn, which becomes
insoluble in water and alternatively has adverse effects on
plant growth and development [8]. Cr (VI) is more toxic
than Cr (III) for human beings, plants, aquatic animals, and
microorganisms [9]. Due to these properties, Cr (VI) is a
priority pollutant [6, 10] among the scientific community.

Cr mostly resides in roots and only a fraction of it is
translocated to the shoots [11, 12]. Concentration of Cr in
roots is 100-fold higher than the shoots [13] in most cases.
Various factors such as pH, oxidative state of Cr and its
concentration, salinity, and the presence of dissolved salts
play an active role in its uptake from hydroponic media [14].
Upon entry into plants, Cr uses channels of sulfur and iron
for upward translocation, which results in silent competition
among the three. Resultantly, Cr is mainly confined to roots.
This competition seems independent of the form of Cr tested
[9].

In plants, Cr induces numerous physiological, biochem-
ical, and ultrastructural alterations. Growth and biomass
reduction, chlorosis in young leaves, lowering of pigment
contents, disturbance of stomatal conductance alteration of
enzymatic function, and damage to root cells and ultra-
morphological modifications [15, 16] in roots and leaves are
some of the reported adverse effects of Cr in plants. Roots
are severely damaged due to their direct contact with Cr.
For example, shortening and browning of roots as well as
presence of less number of root hairs in Zea mays L. [17] and
adverse effects on lateral roots development and root number
in mung bean [18] have been reported.

Very few reports cite strong cytotoxic nature of Cr
(VI) in plants. Fasulo et al. [19] observed inhibition of
cell proliferation and the presence of multinucleated, highly
vacuolated giant cells in Euglena gracilis. Mouvet [20] has
reported electron-dense bodies in cell walls, cytoplasm, and
vacuoles in Fontinalis antipyretica L., grown in river water
contaminated with Cr and Cu. Condensed and irregular
structural features of root tips in bush bean as well as damage
tomembranes especially the tonoplast have been observed by
[21]. Panda [22] found plasmolysed cell, large vacuoles, and
presence of dense lysosomes like organelles in Cr (VI) treated
roots.

All such types of anomalies result in the production
of reactive oxygen species (ROS) [23, 24]. ROS can cause
oxidative damage to cell membranes, chlorophyll pigments,
lipids, nucleic acids, and proteins [8], which result in altered
metabolism andfinally cell death.However, plants are capable
of mediating the deleterious effects of these ROS [22] by
activating an extensive network of antioxidants. It is com-
prised of various enzymes, such as superoxide dismutase
(SOD), peroxidase (POD), ascorbate peroxidase (APX), and
low molecular weight antioxidants, such as glutathione [25].
Imbalance between rate of ROS production and antioxidant
system activity causes ROS accumulation in plants [8]. Cr-
mediated ROS production can be either by direct electron
transfer or by inhibition of metabolic reactions [26].

Cotton has been almost unexploited for heavy metal
tolerance and accumulation. It can be a potential candidate
for heavy metal such as Cr pollution control. Due to rapid

cultivation of transgenic cotton cultivars in the industrialized
area of the world, it is foremost needed to exploit them for Cr
remediation in Cr-polluted areas.

We planned a comprehensive study to compare the Cr
uptake potential of two transgenic cotton cultivars (insect
and herbicide resistant) and their hybrid line testing various
biomarkers as their “quantitative responses” towards Cr
stress levels. Biometric parameters such as length, biomass,
and tolerance index were measured as indices of metabolic
damage. Cr contents levels were determined in both roots
and leaves so as to evaluate their accumulation potential.
Ultramorphological studies were performed to locate possi-
ble Cr detoxification and accumulation sites. Oxidative stress
biomarkers such as protein, MDA, and H

2
O
2
were studied

to know the extent of Cr-induced oxidative damage in roots.
And moreover, their antioxidative metabolism was evaluated
to explore their possible utilization in remediation of Cr.

2. Materials and Methods

2.1. Plant Materials and Culturing Methods. In our present
experiment, we used two transgenic cotton cultivars (J208,
Z905) and their hybrid line (ZD14). J208 is an herbicide
resistant transgenic cotton cultivar and Z905 is an insect
resistant transgenic cotton cultivar. Lint was removed with
concentrated hydrogen sulfide (H

2
SO
4
) followed by constant

washing with tap water for about 30min. Uniform-sized
seeds with shining color were first immersed in 70% ethanol
followed by washing 3 times with double distilled water
(ddH
2
O). Then seeds were surface-sterilized with 0.1%

HgCl
2
solution for 8–10min, which were washed for 3-4

times first with distilled water (dH
2
O) and ddH

2
O. Seeds

were soaked for 4 hr in dH
2
O at temperature 35∘C. After

that they were sown in presterilized sand in growth chamber
for seven days. Temperature of the growth chamber was
28 ± 2

∘C, relative humidity was kept 60%, and light and
dark photoperiod was 16:8 hr. Uniform-sized seven-day-old
seedlings were transferred to green house by maintaining
32 ± 2

∘C day and 30 ± 2∘C night temperature, while the
light and dark period was 14:10 hr. Seedlings were grown
for seven days in adaptation media. The nutrients media
composition was 500 𝜇M(NH

4
)
2
SO
4
, 500𝜇MMgSO

4
,

200𝜇MK
2
SO
4
, 1000 𝜇MKNO

3
, 600𝜇MCa(NO

3
)
2
⋅4H
2
O,

200𝜇MKH
2
PO
4
, 100 𝜇MNa

2
-EDTA, 10 𝜇MFeSO

4
⋅7H
2
O,

0.5 𝜇MMnSO
4
⋅H
2
O, 0.25𝜇MZnSO

4
⋅7H
2
O, 0.05 𝜇MCuSO

4
⋅

5H
2
O, 100 𝜇MH

3
BO
3
, and 0.02 𝜇M(NH

4
)
6
Mo
7
O
24
.

2.2. Cr Treatment Process and Measurement of Growth Per-
formance Parameter. 14-day-old seedlings were subjected
to exceeding levels of Cr (VI) in the form of potassium
dichromate (K

2
Cr
2
O
7
). Four levels of Cr (𝜇M) were kept,

that is, 0, 10, 50, and 100. Each level was randomly replicated
thrice. Each replication consisted of 5 L pot having covered
polystyrol plates with seven evenly spaced holes. In each hole,
two seedlings were kept.Thus each replication consisted of 14
seedlings and there were 42 plants per treatment. Nutrients
solution was constantly aerated with air pump and after every
three days solution was changed with the new one. pH of
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the culture media was maintained between 5.6 and 5.7 either
with 0.1M HCl or NaOH and was adjusted every other day.
Treatment regime was maintained for 7 days. At the end
of the treatment, 21-day-old seedlings were subjected to the
measurement the growth-related parameters such as roots,
shoot lengths, root fresh and dry biomass, and biomass-
based root growth inhibition. For lengthmeasurement, single
randomly selected plant per replication was taken. While
for the root biomass determination and root biomass-based
inhibition, three randomly selected plants per replication
were taken.

2.3. Determination of Cr Contents in Roots and Leaves. Cr
contents were analyzed in both roots and leaves using atomic
absorption spectrometery (PE-100, PerkinElmer). Number of
plants per replicationwas three. At the end of the experiment,
seedlings from both nonstressed and Cr-stressed population
were washed with tap and distilled water thrice, respectively.
Roots were immersed in 20mM EDTA-Na

2
for 15–20min,

which were subsequently washed with dH
2
O for three-four

times. Seedlings were separated into roots and leaves, oven-
dried at 80∘C for 48 hr, and then ground into powder. 0.2 g of
each root and shoot sample were digested with a mixture of
5mL of HNO

3
+ 1mL of HClO

4
.The resultant solutions were

diluted to 25mL using 2% HNO
3
and then filtered. The root

and leaves filtrates were used for Cr analysis.

2.4. Root Specimen Preparation for Ultramicroscopic Observa-
tions. Root ultrathin sections were prepared for ultramor-
phological studies according to Daud et al. [27]. Briefly,
root tips (∼2-3mm) of randomly selected plants of both
control and 100 𝜇M Cr-treated were fixed overnight in 2.5%
glutaraldehyde (v/v) in 0.1M PBS (sodium phosphate buffer,
pH 7.4).They were vacuum-infiltrated for 15min and washed
three times with the same PBS. The samples were post-fixed
in 1% osmium (VIII) oxide (O

𝑠
O
4
) for 1 hr and were washed

three times in 0.1M PBS (pH 7.4) with a ten-minute interval
between each washing. After that, they were dehydrated in
a graded ethanol series (50, 60, 70, 80, 90, 95, and 100%)
with 15–20min interval and finally by absolute acetone for
20min. The samples were then infiltrated and embedded in
Spurr’s resin overnight. After heating the specimens at 70∘C
for 9 hr, the ultrathin sections (80 nm) were prepared and
mounted on copper grids for viewing in the transmission
electron microscope (JEOL TEM-1230EX) at an accelerating
voltage of 60.0 kV.

2.5. Measurements of Lipid Peroxidation, Hydrogen Peroxide,
and Total Soluble Protein. 0.8 g roots materials of all three
cultivars were used for the determination of lipid peroxi-
dation, hydrogen peroxide, and total soluble proteins. Lipid
peroxidation was estimated in terms of malondialdehyde
(MDA) contents and was determined as 2-thiobarbituric acid
(TBA) reactive substances following the method of [28]. For
determination of hydrogen peroxide (H

2
O
2
) content [29],

0.8 g roots were crushed with 8.0mL of trichloroacetic acid
(TCA) (0.1%, w/v) in ice cold conditions and the homogenate
was centrifuged at 14,000 g for 20min. 4mL reactionmixture

contained 1mL supernatant, 1mL PBS, and 2mL potassium
iodide (KI) and the absorbance was read at 390 nm. H

2
O
2

content was determined using an extinction coefficient of
0.28𝜇Mcm−1 and expressed as 𝜇mol g−1 FW.

In order to determine the total soluble proteins, 0.8 g
roots sample was homogenized in 8mL of 50mM potassium
phosphate buffer (PBS) (pH7.8) under chilled conditions.The
crude extract was centrifuged at 14,000 g for 15min at 4∘C
and the supernatant was used for the determination of total
soluble protein using the method of [30] and bovine serum
albumin was used as a standard.

2.6. Samples Preparation for Metabolic Antioxidant Assays.
In both Cr nontreated and treated root samples, metabolic
antioxidant assays were performed according to established
protocols. For each assay, 0.8 g freshweight of roots was taken
and the extraction buffer (PBS 7.8) volume was 8mL. Super-
oxide dismutase (SOD) (EC1.15.1.1) activity was determined
according to [31] following the inhibition of photochemical
reduction due to nitro blue tetrazolium (NBT). Ascorbate
peroxidase (APX) (EC 1.11.1.11) activity was measured using
the protocol of [32]. Catalase (CAT) (EC1.11.1.6) activity was
measured as determined by [33], while for the determination
of peroxidase (POD) (EC1.11.1.7) activity, the method of [34]
was used.Glutathione reductase (GR) (EC1.6.4.2) activitywas
assayed according to [35].

2.7. Statistical Analyses. The data obtained were subjected to
one-way analysis of variance (ANOVA) using STATIX9. All
the results were the means ± SD of three replications. Means
were separated by least significant difference (LSD) test at 5%
level of significance.

3. Results

3.1. Cr Stress Differentially Inhibited Root Morphology. Fig-
ure 1 shows the root morphology of both transgenic cotton
cultivars (J208, Z905) and their hybrid line (ZD14) grown in
Cr added nutrients substrate. Root morphology of these cul-
tivars was influenced both in dose-dependent and genotype-
dependent manners. In response to 10𝜇M Cr, reduction in
number of root hairs and secondary roots was less. However,
both 50 and 100 𝜇M Cr levels demonstrated significant
reduction in root lengths and number of secondary roots.
J208 was the most sensitive in terms of root morphology,
while ZD14 was the least affected cotton hybrid cultivar when
exposed to different concentrations of Cr. Moreover, in all
cultivars, there were marked reductions in number of root
hairs and root vigor as well as induced root pale color at all
exceeding levels of Cr compared with control. Degenerative
effects regarding root morphology in all these cultivars were
in the order of ZD14 < Z905 < J208.

3.2. Cr Stress Variably Decreased the Root Growth Perfor-
mance. Measurements of growth and biomass performance
show significant reduction at 5% probability level in our
experimental cultivars (Table 1). Consistent decrease in the
root-related mean data reveals that roots were considerably
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Table 1: Growth performance of both transgenic cotton cultivars and their hybrid line under chromium stress.

Variety
Growth performance

Cr levels (𝜇M) Length (cm/plant) Biomass (g/plant) Growth inhibition
Root Shoot Fresh Dry Fresh biomass Dry biomass

J208

0 35.83 ± 2.57a 47.20 ± 3.93a 8.32 ± 1.55a 0.67 ± 0.23a 0.00 ± 0.00b 0.00 ± 0.00c

10 31.37 ± 1.70b 44.57 ± 2.29a 5.21 ± 1.35b 0.43 ± 0.22ab 34.61 ± 24.51ab 37.93 ± 20.69b

50 24.00 ± 2.00c 34.43 ± 2.67b 3.85 ± 1.74bc 0.21 ± 0.00b 49.59 ± 33.52a 66.33 ± 10.48a

100 17.60 ± 2.75d 30.00 ± 1.74b 2.34 ± 1.06c 0.19 ± 0.00b 69.41 ± 20.37a 69.54 ± 9.48a

Z905

0 22.67 ± 2.52a 30.20 ± 1.71a 7.06 ± 2.16a 0.50 ± 0.13a 0.00 ± 0.00c 0.00 ± 0.00c

10 18.83 ± 1.76b 24.57 ± 2.38b 3.82 ± 1.47b 0.35 ± 0.10ab 45.88 ± 11.98b 28.71 ± 18.05b

50 10.07 ± 0.90c 22.17 ± 3.82b 1.95 ± 0.77bc 0.19 ± 0.10bc 69.26 ± 16.39a 62.29 ± 13.42a

100 6.67 ± 0.76d 14.60 ± 1.22c 0.78 ± 0.30c 0.10 ± 0.05c 87.76 ± 7.64a 79.57 ± 8.04a

ZD14

0 27.33 ± 2.52a 41.57 ± 3.98a 6.53 ± 2.10a 0.45 ± 0.18a 0.00 ± 0.00c 0.00 ± 0.00b

10 24.87 ± 3.80ab 42.60 ± 2.85a 3.66 ± 0.44b 0.35 ± 0.10ab 38.72 ± 25.55b 16.26 ± 29.45ab

50 20.33 ± 2.52bc 32.87 ± 1.21b 2.40 ± 0.49bc 0.27 ± 0.10ab 59.05 ± 20.08ab 32.88 ± 37.45ab

100 17.40 ± 1.51c 27.50 ± 2.30c 1.23 ± 0.50c 0.17 ± 0.05b 80.69 ± 7.92a 58.25 ± 17.23a

Values are the means ± SD of three replications. Variants possessing the same letter are not statistically significant at 𝑃 < 0.05.

0𝜇M Cr 10𝜇M Cr 50𝜇M Cr 100𝜇M Cr

(a)

(b)

(c)

Figure 1: Root growth responses of herbicide resistant transgenic
cotton cultivar (J208) (a), insect resistant transgenic cotton cultivar
(Z905) (b), and their hybrid line (ZD14) (c) under exceeding levels
of Cr.

influenced in all these cultivars. As compared to related con-
trols, root length was significantly reduced by 48% (Z905),
32% (J208), and 8% (ZD14) at exceeding levels of Cr in
comparison with relevant controls. Statistically significant
decline was observed at 100 𝜇M Cr, which was 71% in Z905
followed by 51% in J208 and 15% in ZD14. Compared with
related controls, shoot lengths reduced with concomitant

increase in Cr levels. At 5% probability level, distinctive
reduction in shoot lengths was in order of Z905 (52%) > J208
(36%) > ZD14 (2.3; 34%) relative to their respective controls.

Mean data of Table 1 further reveals reduction in root
biomass as well as upregulation in the mean values of
biomass-based inhibition. Irrespective of the genotype, root
biomasses decreased in Cr-stressed plants in dose-dependent
manner. Reduction in fresh biomass reduction (collectively
184%) was more than dry biomass (collectively 165%). In
comparison with their controls, marked decline was found
in Z905 (89%) at 100 𝜇MCr, while insignificant decrease was
observed in J208 (37%) at 10 𝜇MCr. Analysis of biomass-
based growth inhibition exhibited increase in their mean
data at higher Cr stress levels in all experimental cultivars.
By comparing the fresh and dry biomass-based growth
inhibition, it is evident that fresh biomass was inhibitedmore
(59%) than dry biomass (50%). Intervarietal comparison
depicts that fresh biomass-based inhibitionwasmore in Z905
(68%) in comparison with the other two cultivars (ZD14,
59%; J208, 51%), while dry biomass-based inhibition was in
the order of J208 (58%) > Z905 (57%) > ZD14 (36%) in
comparison with related controls.

3.3. Tolerance of Cotton Cultivars Based onTheir Physiological
Parameters. Physiology-based tolerance studies show varied
genotype-dependent responses (Table 2). Mean tabulated
data depict that tolerance of both transgenic cotton cultivars
and their hybrid line decrease upon exposure to Cr when
compared with controls. In case of root length tolerance
index, relative decrease was more in Z905 (70%) than in J208
(51%) and ZD14 (36%) at 100 𝜇M Cr. Plant height tolerance
wasmore in ZD14 followed by J208 andZ905, while root fresh
weight tolerance was more in J208 than in ZD14 and Z905,
respectively.

Tabulated data further reveal that water contents-based
tolerance was more in J208, while the other two cotton
cultivars showed a decline, which was 5.93% in Z905 and
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Table 2: Tolerance indices of both transgenic cotton cultivars and their hybrid line under Cr stress.

Variety Cr levels (𝜇M) Root length Plant height Root fresh weight Root water contents

J208

0 1.00 ± 0.00a 1.00 ± 0.00a 1.00 ± 0.00a 1.00 ± 0.00a

10 0.88 ± 0.07a 0.91 ± 0.06a 0.66 ± 0.24ab 1.00 ± 0.00a

50 0.67 ± 0.10b 0.70 ± 0.04b 0.51 ± 0.33b 1.02 ± 0.05a

100 0.49 ± 0.06c 0.57 ± 0.06c 0.31 ± 0.20b 0.99 ± 0.05a

Z905

0 1.00 ± 0.00a 1.00 ± 0.00a 1.00 ± 0.00a 1.00 ± 0.00a

10 0.84 ± 0.16a 0.82 ± 0.10b 0.54 ± 0.54b 0.98 ± 0.00a

50 0.45 ± 0.05b 0.61 ± 0.09c 0.31 ± 0.31c 0.94 ± 0.12a

100 0.30 ± 0.07b 0.40 ± 0.06d 0.12 ± 0.12c 0.90 ± 0.13a

ZD14

0 1.00 ± 0.00a 1.00 ± 0.00a 1.00 ± 0.00a 1.00 ± 0.00a

10 0.92 ± 0.22ab 0.98 ± 0.09a 0.61 ± 0.26b 0.98 ± 0.07a

50 0.75 ± 0.07bc 0.77 ± 0.02b 0.41 ± 0.20bc 0.96 ± 0.11a

100 0.64 ± 0.05c 0.65 ± 0.02c 0.19 ± 0.08c 0.91 ± 0.03a

Tolerance index of the above parameters was calculated as TI = mean values in treatment/mean values in control. Mean values of TI =/> 1 show the tolerance
behavior of the cultivar, while mean values of TI < 1 show the susceptibility of the cultivar towards Cr stress. Values are the means ± SD of three replications.
Variants possessing the same letter are not statistically significant at 𝑃 < 0.05.

Table 3: Cr concentration levels in roots and leaves and its translocation from roots to shoot in experimental cotton cultivars.

Variety Cr levels (𝜇M) Cr uptake (mg/gDW) Translocation factor (TF)
Leaf Root

J208

0 0.03 ± 0.01d 0.06 ± 0.03d 0.65 ± 0.40a

10 0.64 ± 0.08c 23.07 ± 2.92c 0.03 ± 0.00b

50 0.92 ± 0.03b 38.95 ± 4.45b 0.02 ± 0.00b

100 1.08 ± 0.13a 59.60 ± 0.00a 0.02 ± 0.00b

Z905

0 0.05 ± 0.02d 1.56 ± 0.61d 0.03 ± 0.01a

10 0.41 ± 0.07c 646.60 ± 29.29c 0.001 ± 0.00b

50 1.48 ± 0.32b 1129.2 ± 105.98b 0.001 ± 0.00b

100 1.97 ± 0.11a 1318.6 ± 150.98a 0.002 ± 0.00b

ZD14

0 0.04 ± 0.02d 0.09 ± 0.03d 0.37 ± 0.20a

10 0.39 ± 0.05c 39.56 ± 4.06c 0.01 ± 0.00b

50 0.52 ± 0.06b 55.07 ± 10.98b 0.01 ± 0.00b

100 0.96 ± 0.00a 111.44 ± 7.72a 0.01 ± 0.00b

Values are the means ± SD of three replications. Variants possessing the same letter are not statistically significant at 𝑃 < 0.05.

4.78% in ZD14. In Z905 and ZD14 the water contents
decreased (data not shown), which indirectly reduced their
tolerance towards exceeding levels of Cr.

3.4. Cr Accumulation Capacity in Roots and Its Translocation
to Shoots. Table 3 shows the Cr levels in roots and shoots
of both transgenic cotton cultivars and their hybrid line.
According to mean tabulated data, Cr uptake in both roots
and leaves was in dose-dependent manner. Statistically sig-
nificant enhancement was found in all experimental cultivars
with the increase in the external application of Cr. The mean
data revealed that roots accumulated more Cr as compared
with leaves. Greater Cr concentration was found in roots
of Z905 in comparison with the other two cotton cultivars.
Remarkable relative increase was found in roots of ZD14
followed by Z905 and J208, respectively. Taken together, the
Cr contents in both leaves and roots, greater concentrations
were found in ZD14 followed by Z905 and J208.

Table 3 furthermore shows the translocation efficiency
of both parent lines and their hybrid line. In all cultivars,
the translocation factor (TF) values were < 1. In J208 and
ZD14, they concomitantly increased with the increase in the
external application of Cr as revealed by relative increase in
their mean values, while there was a decrease in TF in Z905.

3.5. Cr Stress-Induced Ultramorphological Changes in Roots.
Both genotype-dependent and concentration-dependent
ultrastructural alterations were observed in root tip cells of
the experimental cultivars (Figures 2(a)–2(f)). Comparative
ultrastructural studies of our experimental cultivars reveal
that the control cells were having typical ultrastructures
(Figures 2(a), 2(c), and 2(e)). Intercellular spaces were absent.
Plasma membrane was intact with the cell wall. Cell wall size
was normal. There was a dense cytoplasm, with numerous
mitochondria. Vacuoles were less in number and their
size was normal. Nucleus was almost round-shaped having
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Figure 2: Electronmicrographs of herbicide resistant transgenic cotton cultivar (J208) ((a) (CK); (b) (100 𝜇MCr)), insect resistant transgenic
cotton cultivar (Z905) ((c) (CK); (d) (100 𝜇MCr)), and their hybrid line (ZD14) ((e) (CK); (f) (100 𝜇MCr)) under exceeding levels of Cr. CW
= cell wall; Pm = plasma membrane; Mc = mitochondria, N = nucleus; Nu = nucleoli; V = vacuole; ER = endoplasmic reticulum; ICS =
intracellular spaces. Double arrows indicate Cr dense granules while single arrow shows rupturing of membranous structures.

chromatinmaterials as well as nucleolus. However, genotype-
dependent ultrastructural alterations were observed in the
Cr-treated samples in all three cultivars (Figures 2(b),
2(d), and 2(f)). Less ultrastructural modifications could be
observed in their hybrid line (Figure 2(f)). As a whole, the
number of vacuoles increased, shape of nuclei was irregular,
and cytoplasm and nucleus were less dense. Moreover,
plasmolysis of the plasma membrane was evident and
there was an increase in the cell wall size, disruption of
plasma, and nuclear membrane as well as the number of
nucleoli increased. Also, dense precipitates, most probably
Cr, could be noticed in vacuoles and attached to the cell wall.
Even in some micrographs, there could be found ruptured

mitochondrial membranes. Such alterations were more in
J208 followed by Z905 and their hybrid line (ZD14).

3.6. Cr Caused Oxidative Stress as Revealed by Increase in
MDA and H

2
O
2
Contents and Decrease in Total Soluble

Proteins. We also investigated the biomarkers of oxidative
stress such asMDA,H

2
O
2,
and total soluble proteins (Figures

3(a)–3(c)). Mean data regarding MDA contents (Figure 3(a))
and H

2
O
2
(Figure 3(b)) revealed that Cr-induced increments

were invariably significant. For example, the MDA contents
were statistically significant at 10 and 50𝜇MCr in comparison
with related controls in both transgenic cotton cultivars
and their hybrid line. However, at 100 𝜇M Cr, the MDA
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Figure 3: Contents of MDA (a), H
2
O
2
(b) and total soluble proteins (c), activities of SOD (d), POD (e), CAT (f), APX (g), and GR (h) in

roots of herbicide resistant transgenic cotton cultivar (J208), insect resistant transgenic cotton cultivar (Z905), and their hybrid line (ZD14)
under exceeding levels of Cr.
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contents of Z905 were significantly higher than its control
(i.e., 116% relative to control). Taken together, the MDA
contents increased by 200% over the controls and they were
found in higher amount (124%) in Z905. However, such trend
could not be established in all the experimental cultivars as
revealed by the mean data of H

2
O
2
contents in roots. In

J208, enhancement was regular starting from control up to
the highest Cr level. At 100𝜇M Cr level, mean data showed
151% increase over its relevant control. In Z905, significant
and highest increase (160%) could be observed at 10𝜇M over
the control, which was followed by a sharp decline. However,
overall an increase was recorded in H

2
O
2
contents over its

control. Like J208, similar trend was found in ZD14 up to
50𝜇M Cr. However, at 100 𝜇M Cr level, there was a decline
over the other two lower levels of Cr but its contents were
higher (14%) than the controls.

Figures 3(a)–3(c) further depict that the soluble protein
contents (Figure 3(c)) in roots of Cr challenged cotton
cultivars. In both parent lines, a sequential increase in their
mean values except at 10 𝜇M Cr in J208 and at 100 𝜇M Cr
in Z905 was observed. Moreover, greater relative increase
(60.18%) was found in J208 at 100𝜇MCr, while in Z905 such
increase (129.1%) was found at 50 𝜇MCr. In their hybrid line,
decline was noticed, which was higher at 10 𝜇MCr (i.e., 34%).
However, decline was statistically nonsignificant at 5% prob-
ability levels. As a whole, percent relative increase was found
higher in Z905 followed by J208 and ZD14. Furthermore,
highest enhancement was noted inH

2
O
2
(237%), while it was

200% and 70% in MDA and protein, respectively.

3.7. Differential Responses of ROS-Scavenging Enzymatic
Antioxidants. Figures 3(d)–3(g) show the metabolic status of
various enzymatic antioxidants in cotton cultivars under Cr
stress. Regarding SOD activity (Figure 3(d)), the mean values
showed concentration-dependent increase in all experimen-
tal cultivars up to 50 𝜇MCr. Up to this level, gradual increase
could be observed in both J208 and their hybrid line (ZD14)
up to 50 𝜇M Cr, while in Z905 SOD activity first increased
(35%) at 10 𝜇M Cr and then decreased but was higher than
its control. At 100 𝜇MCr, its activities significantly decreased.
Highest decline was noted in Z905 (69%) as compared to its
hybrid line (65%) and J208 (51%). Taken together, regarding
relative increase or decrease values, the overall SOD activity
was decreased by 6% in Z905 and ZD14 while, in J208, it was
enhanced by 22%. However, as whole the mean data reveal
11% relative increase over the controls in SOD activity in these
cultivars.

Figures 3(d)–3(g) also show considerable stimulation of
the peroxidase activity (Figure 3(e)) in Cr-stressed roots over
the related controls. Significant enhancement could only be
observed in Z905, while the increase was almost statistically
nonsignificant in the other two experimental cotton cultivars.
Moreover, in J208, highest relative increase (47%) was found
at 50𝜇M Cr, while, in Z905 and ZD14, it was 128% and
82% at 100 𝜇MCr, respectively. Overall performance of these
cultivars was in the order of Z905 (33%) > ZD14 (41%) > J208
(33%).

Figures 3(d)–3(g) depict differential changes in APX
activity (Figure 3(f)) upon application of Cr in the nutrient

solutions. In J208, its activity gradually decreased by 37%
relative to control, while, in Z905, it is significantly enhanced
by 62%over its control.However, in their hybrid line, increase
was significant up to 50 𝜇M Cr and at 100 𝜇M Cr there was
a sharp decline by 17%. Furthermore, statistical significance
was observed at all levels of Cr over the control in Z905, while
in J208 a nonstatistical significance was present between
50 and 100 𝜇M Cr. In ZD14 such situation could be found
between 0 and 10 as well as between 0 and 100 𝜇MCr levels.

The spectrometric analysis of root CAT activity (Fig-
ure 3(g)) shows almost similar trend-like APX in both
transgenic cotton cultivars and their hybrid line except in
ZD14, which showed sharp increase at all levels of Cr over its
control. Significant inhibition of CAT activity (51% relative to
control) in roots of J208 could be found at 100 𝜇MCr over the
control, while significant increase (81, 614%) was found at 10
and 100 𝜇MCr in Z905 and ZD14, respectively.

By comparing the overall performance of our present
experimental cultivars, we can find that ZD14 excels the
other two cultivars. Comparison of the overall activities of
enzymatic antioxidants shows that there was an increase in
their activities, which was in the order of CAT (387% relative
to control) > POD (168% relative to control) > APX (48%
relative to control) > SOD (11% relative to control).

3.8. Nonenzymatic Antioxidants’ Response towards Cr Stress
Levels. Responses of both transgenic cotton cultivars and
their hybrid line with respect to nonenzymatic antioxidant
such as glutathione reduced were quite different from one
another (Figure 3(h)).Themean data revealed either increase
as in case of J208 or decrease as in case of Z905 or both
increase and decrease as in case of ZD14. GR activity in J208
first increased up to 50 𝜇MCr (by 457%) and then decreased
at 100𝜇M Cr (by 70%). However, the value was still higher
at 100 𝜇M Cr as compared with the control. In case of Z905,
GR activity showed downward trend, which was highest
(78%) at 10 𝜇M Cr. Regarding ZD14, GR activity at 10 𝜇M Cr
increased by 11% and then gradually deceased as compared
with control. Moreover, at 5% probability level, statistically
significant increase could only be noticed at 50𝜇M Cr in
J208 as comparedwith its control, while such significancewas
found in Z905 at 10 and 50𝜇MCr as compared with control.
Varietal comparative performance reveals overall an increase
in GR activity by 265% over the control in J208, 65 and 49%
decline in Z905 and ZD14, respectively, could be observed.

4. Discussion

Chromium (Cr) is a toxic element to higher vascular plants
[36], which causes the oxidative damages to DNA, RNA,
proteins, and pigments [8, 37]. Plants provide a unique set up
of antioxidant enzymes [38] against such oxidative stress.

In the present experiment, Cr variably influenced the root
morphology of cotton cultivars. Dose-dependent reduction
in number of root hairs and secondary roots was found. Roots
of both parent lines (J208, Z905) were poorly developed
with brown coloration. Such observations have also been
demonstrated by [17] in Zea mays L. [39], in T. aestivum, and
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[40] in P. sativum in Cr-stressful conditions. Pale color and
stunted growth of rootsmight be due to interaction of Crwith
various unknown root metabolic processes.

Decrease in root growth in terms of length and biomass
has been a well-documented effect of Cr in plants [41]. Its
presence in roots may exclude the translocation of essential
metals such as Fe, S, and Zn to aerial parts of the plants
thus causing indirectly the lowering down of shoot growth.
A consistent decrease was found in root growth and biomass.
Root fresh biomass reduced significantly as compared with
root dry biomass. Similar trend was found in biomass-based
growth inhibition, which exhibited an increase in their mean
data at higher Cr stress levels in all experimental cultivars.
Dose-dependent inhibition was noted in root-related growth
parameters, which is in line with the findings of [12] in
paddy rice [17], in Z. mays [40], in Pisum sativum [42], and
in B. oleracea. Cr-induced decrease in root growth might
be either due to an extension in cell cycle, which leads to
arrested cell division, cell elongation, and lowering down
of mitotic index [12, 43], or incapability of the roots to
absorb water and nutrients from the medium [44]. Tolerance
indices based on root length and fresh weight are commonly
used to quantify plantmetal tolerance [45]. Physiology-based
tolerance indices overall declined, which was in the order
of root fresh weight > root length > plant height > water
contents. Mean data depict greater decrease in tolerance
in root length of Z905. Further, the water contents-based
tolerance was upregulated in J208, while the other two cotton
cultivars showed a decline. It conveys a message that Cr
caused an insignificantwater stress in Z905 andZD14. Similar
results were obtained by [27] during their studies on cotton
seedlings under Cd stress. However, Reisinger et al. [46]
found increased tolerance in transgenic mustard cultivars.

Heavy metal uptake by roots and its translocation to
aerial parts are two important indicators in phytoextraction
technology. This signifies that such plant species should be
selected by phytoextraction technologists, whose aerial parts
are utilized and have no role in our food chain. Cotton, being
mostly grown as a fiber crop in most parts of the world, is
an ideal species to be used for Cr extraction and uptake. In
the present experiment, Cr uptake in both transgenic cotton
cultivars and their hybrid was concentration-dependent.
More Cr was accumulated in roots than in leaves in all these
cultivars. Taken together, the Cr uptake efficiency of both
roots and leaves, Cr uptake in roots was more in Z905 as
compared with other cultivars. And this could the reason
that there was a greater distortion in its plasma membrane
integrity as evident from electronmicrographs. Similar to our
findings, increase in root Cr levels has been found in rice [22],
Typha [47], and pea [48].

Furthermore, the data about translocation factor reveal
that theCr translocation efficiencywas< 1 in all these cultivar.
This conveys a message that Cr was not efficiently translo-
cated from root to shoot. That is why Cr mainly accumulated
in roots than leaves. Translocation efficiency was higher in
ZD14 as compared with its parent lines as revealed by relative
increase in its values. Lower Cr translocation from roots to
leaves is a good sign that all these cultivars can be exploited

for Cr uptake purpose. Low levels of Cr translocation have
also been found by [13, 49].

Typical ultrastructures were found in root tip cells of the
experimental cultivars in control cells. However, at highest Cr
concentration level, noticeable modifications were observed.
Less ultrastructural changes were observed in hybrid line as
compared to its parent lines. Increase in number of nuclei
is an indicator of increased stress tolerance in respective
experimental material. Such increase may result in enhanced
protein synthesis [27]. Moreover, Cr dense granules were
obviously present in vacuoles and attached to the cell wall.
Increase in number of nuclei and vacuolar size and its number
as well as the presence of Cr dense precipitates in the dead
parts of the cell in all these cultivars shows a positive indi-
cation that they can be used for phytoremediation purpose
in Cr-contaminated areas. Consistent with our results, Panda
[22] in rice seedlings, Speranza et al. [50] in the pollen grains
of kiwi, and Eleftheriou et al. [51] in Allium cepa observed
almost similar ultramorphological features in Cr-treated root
samples.

In plants, Cr may induce oxidative stress, which results
in lipid peroxidation and oxidative damage [52]. Mean data
regardingMDA contents revealed that they were significantly
increased over the related controls in all three cultivars and
were found higher in Z905. However, such trend was not
found inH

2
O
2
contents of roots. However, overall an increase

was recorded in its contents over its control. Increase inMDA
contents has also been reported by [53] in germinating pollen
of kiwi and M. sinensis [54]. In contrast to our findings,
there was no change in the MDA content in S. natans plants
growing in Cr-rich wastewater [55]. An overall increase was
also recorded in H

2
O
2
contents of roots, which are in line

with the findings of [22, 54, 56].
Total soluble protein contents in roots were increased in

our experimental materials as a whole. Enhancement in the
total soluble proteins is a good indicator that these cultivars
are capable to withstand Cr-stressed environment. Another
possible reason for such increase might be due to increase in
the number of nuclei, which might have led an increase in
the mRNA synthesis. Our results are against the findings of
Ganesh et al. [57].

In our present experiment, we studied ROS-scavenging
antioxidants. The SOD activity as a whole increased up
to 50𝜇M Cr, while, at 100 𝜇M Cr, its activity significantly
decreased in all cultivars. Peroxidase (POD) activity in
Cr-stressed roots considerably stimulated over the related
controls, which was significant in Z905.TheAPX activity dif-
ferentially changed. In J208, its activity gradually decreased,
while, in Z905, it was significantly enhanced. However, in
their hybrid line, increase was found up to 50 𝜇M Cr, while
at 100𝜇M Cr there was a sharp decline. CAT activity was
almost similar to APX except in their hybrid line (ZD14).
Our experimental cultivars showed differential responses
regarding glutathione reductase activity. As awhole, activities
of ROS-scavenging antioxidants increased upon exposure
to Cr exceeding levels. Such increase has also been found
by Liu et al. [58] in P. sativum under Cr stress. However,
contrasting results were reported by [22] in rice and [55] in
Cr hyperaccumulator S. natans.
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Taken together, an overall increase in the activities of
these enzymes reveals that SOD might have been actively
involved in H

2
O
2
production. This hypothesis can be proved

by increase in H
2
O
2
contents in roots of all these cultivars.

And more importantly to detoxify H
2
O
2
, ROS-scavenging

enzymes were active as a whole. This might be one of
the reasons that these cultivars grew well in Cr-stressful
conditions and their Cr uptake by roots was appreciable.

5. Conclusions

Based on our present results, it is evident that Cr influenced
the physiology of our experimental cotton cultivars.However,
their growth and ultramorphology were least affected. Also,
therewas an increase in number of nuclei and vacuoles as well
as presence of Cr-dense granules in root cells. Antioxidative
metabolism was also upregulated. Increase in number of
nuclei and vacuoles, rise in antioxidant enzymatic activity,
lower translocation factor, and higher accumulation of Cr in
roots than in leaves show that these cultivars have greater
potential of Cr uptake and can be considered potential
candidates for reclamation of Cr-polluted areas.
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