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Plants undergo continuous exposure to various biotic and
abiotic stresses in their natural environment. To survive
under such conditions, plants exhibit stress tolerance or
stress avoidance through acclimation and adaptation mech-
anisms that ultimately reestablish cellular and organismal
homeostasis or reduce episodic shock effects. These abilities
involve intricate and complex mechanisms of perception,
transduction, and transmission of stress stimuli, allowing
optimal response to environmental conditions. The per-
ception of stimuli and their expansion in cells involves
signalingmolecules such as intracellular calcium and reactive
oxygen species, which intensify the action of particular
signaling pathways. To date, the molecular mechanisms that
are involved in each stress have been revealed comparatively
independently, and so our understanding of convergence
points between biotic and abiotic stress signaling pathways
remains rudimentary. However, recent studies have revealed
several molecules as promising candidates for common
players that are involved in crosstalk between stress signaling
pathways.

This special issue aimed to join original research and
review articles related to understanding of plant responses to
abiotic and biotic stress conditions, identifying novel players
involved in plant responses to stress conditions, biotechno-
logical strategies to increase plant tolerance to abiotic and

biotic stresses, and understandingmolecular interactions and
crosstalks among different stress conditions.

M. Nourbakhsh-Rey and M. Libault in “Decipher the
Molecular Response of Plant Single Cell Types to Envi-
ronmental Stresses” explore omic studies to understand the
response of single cell types to environmental stresses in order
to clearly depict the contribution of each cell type composing
the sample in response to stress. Cellular complexity of
entire organs masks cell-specific responses to environmental
stresses and logically leads to the dilution of the molec-
ular changes occurring in each cell type composing the
tissue/organ/plant in response to the stress. Specifically, the
authors highlight that combining one or two omic analyses to
look at single cell system biology can provide more precise
molecular characterization and more dynamic models of the
interactions between the plant and its environment.

J. Ren et al. in “Drought Tolerance Is Correlated with
the Activity of Antioxidant Enzymes in Cerasus humilis
Seedlings” describe the correlation between the activities of
antioxidant enzymes and drought tolerance. By exploring
drought-resistant and drought-susceptible C. humilis acces-
sions, they compare the abilities of the contrasting genotypes
to induce antioxidant defense under drought conditions.
Their manuscript presents original data indicating that plants
exhibiting amore efficient reactive oxygen species scavenging
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system in response to drought conditions have enhanced
membrane protection, an ability that could be directly linked
to their higher adaptation to drought.

X. Tang et al. in “Reference Gene Selection for qPCR
Normalization of Kosteletzkya virginica under Salt Stress”
employed RT-qPCR to select the most stable reference gene
of the perennial halophytic plant K. virginica under salinity
stresses. The stable reference gene selected in this study will
be very helpful for revealing the gene expression profiles ofK.
virginica under salt stress, allowing a better understanding of
the salt-resistant mechanisms in halophyte plants.

Y. Oono et al. in “Genome-Wide Transcriptome Anal-
ysis of Cadmium Stress in Rice” used RNAseq strategy
to elucidate the molecular basis of the rice response to
cadmium (Cd) stress, a widespread heavy metal pollutant
that is highly toxic to living cells, negatively affecting nutrient
uptake and homeostasis in plants. In this work, rice plants
were hydroponically treated with low Cd concentrations,
revealing novel Cd-responsive transporters by analyzing gene
expression under different Cd concentrations. This study
could help to develop novel strategies for improving tolerance
to Cd exposure in rice and other cereal crops.

J. S. Rohila et al. in “Leaf Proteome Analysis Reveals
Prospective Drought and Heat Stress Response Mechanisms
in Soybean” investigate the effect of drought, heat, and cooc-
curring drought and heat stresses in the leaf proteome of two
contrasting soybean genotypes. The authors identified genes
involved in photosynthesis that were differentially expressed
during drought and heat stress conditions, suggesting that
photosynthesis-related proteins could be affecting RuBisCO
regulation, electron transport, and Calvin cycle during abi-
otic stress, which ultimately alter the carbon fixation in leaves.
The authors discuss the role of heat shock-related proteins
and ROS detoxification capacity via carbonic anhydrase as
heat and drought tolerance mechanisms, respectively.

J. M. Garcia-Mina et al. in “Involvement of Hormone-
and ROS-Signaling Pathways in the Beneficial Action of
Humic Substances on Plants Growing under Normal and
Stressing Conditions” review our current knowledge about
the mechanisms by which soil humus affects soil fertility.
In particular, they discuss the relationships between two
main signaling pathway families that are affected by humic
substances within the plant: hormone- and ROS-mediated
signaling pathways.The authors aim to integrate these events
in amore comprehensivemodel and point out future research
directions to unveil the complete mechanisms of regulation.

W. Fang et al. in “Cloning and ExpressionAnalysis of One
Gamma-Glutamylcysteine Synthetase Gene (Hb𝛾-ECS1) in
Latex Production inHevea brasiliensis” isolated a 𝛾-ECS gene
from the rubber tree and investigated its function linked to
thiol content in latex. To understand the relation between 𝛾-
ECS and thiols and to correlate these findings to latex flow,
the authors conducted RT-qPCR analysis and found that the
expression levels of Hb𝛾-ECS1 were induced by tapping and
ethrel stimulation, and the expression was related to thiols
content in the latex. When looking at long-term flowing
latex, the gene was related to the duration of latex flow.
This workmay have important biotechnological applications,

since rubber tree is amajor commercial source of latex, which
is used for rubber production.

A.Vian et al. in “Plant Responses toHigh Frequency Elec-
tromagnetic Fields” conducted an original review, looking
at the possible effects of HF-EMFs, which are increasingly
present in the environment (due to, e.g., cell phones, Wi-
Fi, and different types of connected devices) on different
essential plant metabolic activities, such as reactive oxygen
species metabolism, Krebs cycle, pentose phosphate pathway,
chlorophyll content, and terpene emission. They found that
not only are most of these pathways indeed modified by HF-
EMF exposure, but also radiation brings about alterations in
gene expression and plant growth. The authors propose to
consider nonionizing HF-EMF radiation as a noninjurious,
albeit influential environmental factor that induces signifi-
cant changes in plant metabolism.
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Rubber tree is a major commercial source of natural rubber. Latex coagulation is delayed by thiols, which belong to the important
type of antioxidants in laticifer submembrane, and is composed of glutathione (GSH), cysteine, and methionine. The rate-limiting
enzyme, 𝛾-ECS, plays an important role in regulating the biosynthesis of glutathione under any environment conditions. To
understand the relation between 𝛾-ECS and thiols and to correlate latex flow with one-time tapping and continuous tapping, we
cloned and derived the full length of one 𝛾-ECS from rubber tree latex (Hb𝛾-ECS1). According to qPCR analysis, the expression
levels of Hb𝛾-ECS1 were induced by tapping and Ethrel stimulation, and the expression was related to thiols content in the latex.
Continuous tapping induced injury, and the expression ofHb𝛾ECS1 increased with routine tapping and Ethrel-stimulation tapping
(more intensive tapping). According to expression in long-term flowing latex, the gene was related to the duration of latex flow.
Hb𝛾ECS1 was expressed in E. coli Rosetta using pET-sumo as an expression vector and the recombinant enzyme was purified; then
we achieved 0.827U/mg specific activity and about 66 kDamolecular weight.The present study can help us understand the complex
role of Hb𝛾-ECS in thiols biosynthesis, which is influenced by tapping.

1. Introduction

Rubber tree (Hevea brasiliensis) is amajor commercial source
of natural rubber [1]. Expelled from rubber tree’s laticifer,
latex contains laticifer cytoplasm, usual kinds of plastids,
characteristic organelles (lutoids and special plastids, such as
Frey-Wyssling particles), and rubber particles. In laticifers,
the thiols content is nearly 1mM/L [2], and it is one of the
main physiological indices related to the field [3, 4]. To meet
the growing demand for high quality rubber, it is important
to increase the yield of rubber trees.Therefore, the duration of
the latex flowmust be restricted to control the latex yield.Thi-
ols, which can delay coagulation of latex, belong to the impor-
tant type of antioxidants which act in the laticifer submem-
brane; thiols are closely related to the duration of latex flow.
Glutathione (GSH), cysteine, and methionine form thiols in
the latex ofHevea brasiliensis [4]. In the latex, the concentra-
tion of glutathione and cysteine is about 0.72 and 0.44mM,

respectively [5]. The total thiol groups expressed in cytosol
amounted to 2.2 ± 0.5mM [6]; in the latex, the concentration
of thiol-related cytosol is about 0.5–0.9mM [4]. Thiols
are primarily associated with the redox potential of latex;
moreover, GSH accounts for a major proportion of thiols in
latex of rubber tree.

In previous studies, it has been reported that GSH is
involved in various processes, including storage and transport
of reduced sulphur. Furthermore, GSH serves as an electron
donor in biochemical reactions; it is released as a stress
response to reactive oxygen and heavy metals; it is also
involved in the detoxification of xenobiotics [7–12]. In addi-
tion, GSH influences the tolerance of abiotic stresses, such as
frost, salt, and chill [13–15]. Recent studies have also eluci-
dated how GSH becomes one of the important players in
biotic stress management as it interacts with various estab-
lished messengers [16]. Interestingly, GSH is synthesized by
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two ATP-dependent steps, which are catalyzed by the consec-
utive action of gamma-glutamylcysteine synthetase (𝛾-ECS);
this enzyme forms gamma-glutamylcysteine (𝛾-EC) from
cysteine and glutamate, and glutathione synthetase (GSHS)
adds glycine to the 𝛾-EC. Therefore, 𝛾-ECS is regarded as a
key enzyme in the biosynthesis of GSH [17–19].

In plants, gene of 𝛾-ECS was first isolated from Arabidop-
sis thaliana [20]. The expression analysis showed that the
transcripts of 𝛾-ECS genes accumulatewhen plants encounter
adverse environments, such as abnormal temperatures, salin-
ity, osmotic stress, and heavy metals [21–23]. To confirm the
functions of 𝛾-ECS, it was isolated from Brassica juncea in
previous study. According to this study, transgenic rice plants
with the overexpression of BrECS can tolerate high salinity.
In other words, an overexpression of BrECS enhances the
growth, development, and yield of rice [24]. An overexpres-
sion of bacterial 𝛾-ECS in the cytosol of Populus tremula and
Populus alba leads to elevated levels of GSH [17]. This indi-
cates that transgenic plants exhibit higher Cd2+ uptaken in
their roots. In conclusion, transgenic poplars showhigher tol-
erance to Cd [25]. In the latex of rubber trees, thiols content is
one of the important physiological parameters, while 𝛾-ECS is
the rate-limiting enzyme forGSH synthesis [26].However, we
hardly know the underlying molecular mechanisms for the
thiols content in latex. Furthermore, we still need to decipher
the rubber tree’s response to stimulationswith different inten-
sities.Thus, it is necessary to isolate new genes involved in the
latex of rubber trees. The objective of this study is to isolate
𝛾-ECS genes from rubber tree and to investigate its possible
physiological functions against the thiols in the latex.

2. Materials and Methods

2.1. Materials. Latex is expelled and collected by successive
tapping. Rubber tree clones Reyan8-79, Reyan7-33-97, PR107,
and RRIM600 were grown in the Experimental Farm of the
Chinese Academy of Tropical Agricultural Sciences, Hainan
Province, China. Clones of Reyan8-79 latex samples were
collected from ten-year-old virgin trees without treatment.
Reyan7-33-97 was a young tapped rubber tree; for the first
year, it was subjected to 2% Ethrel stimulation. It was used
for collecting latex after being stimulated at different time
periods (four different treatments were applied during 0, 12,
24, and 48 h). For different tapping intensity (including no
tapping, routine tapping, and Ethrel stimulation), we used the
clone PR107 in a thirty-year-old tree. We collected latex sam-
ples at different time periods (morning latex, afternoon latex,
and next-day latex) from old rubber tree RRIM600.The sam-
ples of leaves, root, xylem, bark, and latex were collected from
virgin Reyan7-33-97 trees without treatments.

2.2. Cloning of Two 𝛾-ECSGenes. Theextraction of total RNA
was performed from 1mL of fresh latex from rubber tree
Reyan8-79 by the Plant RNAMini Kit (Bioteke, China).Then,
1 𝜇g of total RNA was annealed to an oligo (dT)18 primer
and reverse-transcribed at 42∘C for 1 h.Thus, we obtained the
first strand of complementary DNA (cDNA) using RevertAid
First Strand cDNASynthesis Kit (Fermentas, USA) according

to the manual. The homologously expressed sequence tags
(EST) of Hb𝛾-ECS1 were selected from the latex transcrip-
tome database, and their full length was determined by rapid
amplification of cDNA ends (RACE). Four primers (3RACE-
GSP: 5-AAACAGGGAAAGCAGAGCA-3, 3RACE-NUP:
5-ACATGCACTGTCCAGGTTAA-3/5RACE-GSP: 5-
TCTGCTTTCCCTGTTTGAGTCCTAT-3, and 5RACE-
NSP: 5-CCTCTTTGGTTAGCGGTTCT-3) were used for
3-terminus RACE and 5-terminus RACE, respectively. Fur-
thermore, PCR products were purified using the Agarose Gel
DNA Purification Kit Ver. 2.0 (TaKaRa, Japan) and then they
were sequenced. The open reading frame (ORF) region was
identified using http://www.ncbi.nlm.nih.gov/gorf/gorf.html.
Thereafter, the ORF region was verified by high fidelity PCR
amplification (PrimeSTAR� HS DNA Polymerase, TaKaRa,
Japan).

2.3. Bioinformatic Analysis. From the NCBI databases, we
performed homology searches with BLAST (http://www.ncbi
.nlm.nih.gov/BLAST) as the default parameter. Furthermore,
the full length of amino acid sequences from 𝛾-ECS of six
organisms was aligned by ClustalW and imported into the
Molecular Evolutionary Genetics Analysis (MEGA) package
version 5 [27]. Then, the neighbor-joining method was used
for performing phylogenetic analysis in MEGA. Bootstrap
tests were conducted by 1000 replicates; the branch lengths
were proportional to phylogenetic distances.

2.4. Analysis of Thiols Content. The thiols content in latex
was measured by dithionitrobenzoic acid (DTNB) in a
colorimetric method according to the protocol described in
a previous study [2].

2.5. Gene Expression Analysis. Gene expression levels were
detected by quantitative real-time PCR (qPCR) using 18S
rRNA (GenBank Accession Number: AB268099) as an inter-
nal control (18s rRNA primers: 5-GGTCGCAAGGCTGAA-
ACT-3/5-ACGGGCGGTGTGTACAAA-3). Total RNA
(1 𝜇g) was isolated from Reyan8-79, Reyan7-33-97, PR107,
and RRIM600 latex. Single-stranded cDNA was prepared by
1.0 𝜇g of total RNA which was reverse-transcribed from each
sample using a one-step RT-PCR kit (Fermentas, USA). The
primers’ sequences were as follows: 5-GAAAGCTGTTGC-
AGAGGAAATG-3/5-TCATATCTTCCCTTGGGCATA-
AC-3. The SYBR Green real-time PCR assay was carried out
in a total volume of 20𝜇L, containing 10 𝜇L of 2x SYBRGreen
Master Mix (Applied Biosystems), 0.2 𝜇M (each) of specific
primers, and 100 ng of template cDNA.The amplification was
achieved by the following PCR protocol: denaturation was
carried out at 95∘C for 30 s; then we performed 40 cycles of
denaturation at 95∘C for 5 s, annealing at 60∘C for 20 s, and
extension at 72∘C for 20 s. During each analysis, a negative
control without a cDNA template and a reference gene
18SrRNA were run to normalize the data and to evaluate the
overall specificity. All the reactions were carried out in tripli-
cate in 96-well plates of aCFX96Real-TimePCRSystem (Bio-
rad). The PCR products were analyzed using 2.0% agarose
gels, which were stained with ethidium bromide to ensure
that their sizes were within acceptable limits. The expression
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(a)

119–132 Hevea brasiliensis (Hb𝛾-ECS1)
122–133 Ricinus communis (XP_002509800.1)
122–133 Vitis vinifera (XP_002273626.1)
118–131 Arabidopsis thaliana (NP_001190808)
119–132

88–101 Oryza sativa (NP_001054541.1)

GFELGTLRPMKYEQ
GFELGTLRPMKYEQ
GFEFRTLRPMRYEQ
GFEVNTLRPMKYDQ
GFEFGTLRPMKYDQ
GFEVDTLRPIKYDQ

Solanum lycopersicum (NP_001234010.1)

(b)

Figure 1: Analysis of deduced amino acid sequence: (a) the deduced amino acid sequence of Hb𝛾-ECS1, showing the 74 amino acids in a long
transit peptide of chloroplast, and its putative cleavage site (VAA). (b) Comparison of the deduced amino acid sequence ofHevea brasiliensis
and other plant sources with a putatively oxidized GSH binding site.

levels are presented as a ratio relative to the control sample,
which was set as 1.

2.6. Statistical Analysis. All the experiments were repeated at
least three times using three biological replicates and every
replicate contained at least five trees. The significant differ-
ences between data sets were evaluated by Student’s 𝑡-test (5%
significance, 𝑃 < 0.05). The calculations were carried out by
Microsoft Excel software.

2.7. Expression of Recombinant Hb𝛾-ECS1 in E. coli Rosetta.
The purified double-restricted PCR product (primer: 5-
gactATGGCGCTTGTTTCTCAGGCAGGC-3; 5-ggcctT-
TAGTACAGTAGTTCCTCAAAAAC-3) of Hb𝛾-ECS1 was
ligated within pET-sumo using T4 DNA ligase in its specific
buffer. Ligation mixture transfected with competent cells
E. coli DH5𝛼 and positive clones were confirmed by PCR
and gene sequencing. The recombinant plasmid DNA was
extracted and transformed E. coli Rosetta. The transformed
Rosetta cells were grown in a 100mL LBmedium to an optical
density of 0.5–0.7 at 37∘C. The cells were induced by 0.5mM
Isopropyl𝛽-D-1-thiogalactopyranoside (IPTG) andwere har-
vested by centrifugation (8000×g 180 s). Pellet obtained was
resuspended in NTA-0 buffer and disrupted by ultrasonic
wave. Expression ofHb𝛾-ECS1was determined in both intra-
cellular and extracellular fractions by 12%SDS-PAGEandwas
visualized after staining with a Coomassie Brilliant dye.

2.8. Fermentation, Purification of Inclusion Body, and Renat-
uration of Protein. 100mL bacterium suspension was culti-
vated and centrifuged. Pellet was resuspended and disrupted
by ultrasonic wave. The inclusion body was vibrated and
resuspended until dissolved. Dissolved body was centrifuged
and the supernatant was denatured protein. Purified protein
was added in renaturation buffer (0.2% PEG 4000, 1mM
GSSG, and 2mMh GSSH) for 12 h at 4∘C and dialyzed in
TE buffer for 3 days.The renaturation protein estimation was
performed by the method of Bradford.

2.9. Enzyme Activity. The purified renaturation protein was
assayed according to Rüegsegger and Brunold [28, 29]. For
𝛾-ECS activity, the reaction was started by addition of the
enzyme extract (140 𝜇L) to give 500𝜇L assay mix containing
100mM Hepes (pH 8.0), 50mM MgCl

2
, 20mM glutamate,

1mM cysteine, 5mM ATP, 5mM phosphoenolpyruvate,
5mM DTT, and 10UmL pyruvate kinase. The reaction mix-
ture was incubated at 37∘C for 45min, and the reaction was
stopped by addition of 100𝜇L of 50% TCA. The mixture was
centrifuged, and the supernatant was used for estimation of
phosphate content by the phosphomolybdate method.

3. Results

3.1. Bioinformatic Analysis. A new cDNA of 𝛾-ECS homolo-
gous gene, Hb𝛾-ECS1, was isolated from Hevea brasiliensis.
The obtained sequence included the translation start site
(ATG) along with 223 bp of 5UTR region and 168 bp of
3UTR region, which were downstream to the stop codon
(TAA). The complete ORF was composed of 1572 bp, encod-
ing a polypeptide of 523 amino acids. The TargetP and the
ChloroP software predicted the presence of a putative transit
peptide of 74 amino acids in the Hb𝛾-ECS1 putative protein
sequence of chloroplast. It also detected the presence of con-
served cleavage site Val AlaAla (VAA) (Figure 1(a)).The puta-
tive Hb𝛾-ECS1 protein displayed 90%, 82%, 78%, 81%, and
71% sequence similarity with 𝛾-ECS protein sequence, which
was isolated from Ricinus communis, Vitis vinifera, Ara-
bidopsis thaliana, Solanumly copersicum, and Oryza sativa,
respectively (Figure 2).

Upon multiple alignment of all the above six sequences,
we observed that, barring the exception of transit peptide
sequence, the remaining showed high similarity in their
sequences. Notably, the transit peptide cleavage site in the
plastids also had similar sequences. As shown in Figure 1(b),
the putatively oxidized GSH binding site was also conserved
[29].
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Hevea brasiliensis (Hb𝛾-ECS1)
Ricinus communis (XP_002509800.1)
Vitis vinifera (XP_002273626.1)
Arabidopsis thaliana (NP_001190808)
Solanum lycopersicum (NP_001234010.1)
Oryza sativa (NP_001054541.1)

0.12 0.10 0.08 0.06 0.04 0.02 0.00

Figure 2: Phylogenetic analysis of Hb𝛾-ECS1, Hb𝛾-ECS2, and five
other plants. The Latin name of the species and NCBI accession
number are provided. The phylogenetic tree is based on the genetic
distances of protein sequences, and it was generated by MEGA5.01
software using ClustalW for the alignment. We used a neighbor-
joining algorithm with a total of 1000 bootstrap replicates.

3.2. Gene Expression

3.2.1. Tissue-Specific Expression. Real-time PCR reactions
were carried out to determine the expression ofHb𝛾-ECS1 in
the five tissues (latex, xylem, bark, leaf, and root). The results
showed thatHb𝛾-ECS1 had a low expression level in the latex
and leaf tissues, but it was highly expressed in the xylem and
bark tissues (Figure 3(a)).

3.2.2. Expression Level Stimulated by Ethrel and Relation
between Gene and Thiols Content in the Latex. Ethrel (2-
chloroethylphosphonic acid) was used as a stimulation to
increase latex production and reduce labor productivity. The
expression level of Hb𝛾-ECS1 was promoted 4 times after
stimulation for 12 h and increased 8 times for 48 h. Ethrel
stimulation significantly regulated the expression of Hb𝛾-
ECS1 (Figure 3(b)).

Thiol is one of the main physiological indices which are
related to latex field.Thephysiological parameters (sugar con-
tent, inorganic phosphorus, etc.) of latex were comprehen-
sively analyzed to findoutwhy thiols content decreaseswithin
24 h Ethrel stimulation after the metabolism of laticifers
system was subjected to vigorous stimulation. We proposed
that the consumption of thiols wasmore active than synthesis
[27]. However, the thiols content increased due to the addi-
tion of thiols in 48 h Ethrel stimulation. It can be speculated
that, at the initial stages, the high level of expression of Hb𝛾-
ECS1 complements the thiols content that was consumed
previously by vigorous metabolism. This indicates that the
gene regulated by Ethrel is related to the thiols content in the
latex of rubber trees.

3.2.3. Gene Expression Level in Long-Term Flow Latex. The
long-term flow of latex was the result of intensive tapping
[30]. Based on ethylene gas-stimulation, long-term flowing
latex in old-age RRIM600 rubber tree began from the first day
of morning tapping until the morning of the next day, so the
time periods of latex flow were divided into morning latex,
afternoon latex, and next-day latex. The expression level of
Hb𝛾-ECS1 was higher in the afternoon latex than at the other
times (Figure 3(c)). It can be speculated that thiols were con-
sumed during the course of latex expulsion and the increasing
expression of related genes complemented the reductive
thiols.

3.2.4. Expression Level at Different Tapping Intensity. The
degrees of three tapping intensities varied from weak to
strong as follows: no tapping, routine tapping, and Ethrel-
stimulation tapping. The degree of tapping intensity repre-
sents the level of rubber tree injury that was subjected to
continuous tapping. Comparedwith the control (no tapping),
the expression ofHb𝛾-ECS1 increased significantly in the case
of routine tapping and Ethrel-stimulation tapping for three
months (Figure 3(d)).

3.3. Purification of Recombinant Enzyme. The purified frac-
tion of Hb𝛾-ECS1 was examined by running SDS-PAGE.
Distinct protein band of 66 kDa was perceived as purified
Hb𝛾-ECS1. No band at this position was observed in the
controls (noninduced strain Rosetta/pET-sumo-Hb𝛾-ECS1,
induced empty vector strain Rosetta/pET-sumo, wild E. coli
Rosetta, and cell supernatant of induced strain Rosetta/pET-
sumo-Hb𝛾-ECS1) (Figure 4).

3.4. Enzyme Activity. It was observed that the concentration
of renaturation protein was 0.3mg/mL. One enzyme activity
unit was defined as 1 𝜇mol inorganic phosphorus produced
by ATPase decomposing ATP per hour per mg tissue protein.
The enzyme activity calculation formula is as follows:

𝛾-ECS enzyme activity (U/mg)

=
measured OD − control OD
Standard OD − blank OD

× Concentration of standard sample × 60min
6min

÷ Concentration of sample protein.

(1)

According to the measured OD, the mean result of
enzyme activity was 0.827U/mg.

4. Discussion

More reactive oxygen species (ROS) were generated by
tapping [31], Ethrel stimulation [32], and latex flowing. The
release of reactive oxygen is claimed to be responsible for the
peroxidative degradation of the lutoid membrane. Lutoid is a
special organelle in latex, inwhich hevein proteins rich in cys-
teine occupied 70% in lutoid whole proteins and hydrophobic
groups with reduction activity exposed to protein surface.
Hydrophobic groups linked N-acetyl glucose on rubber
particlesmembrane under oxidation, which caused gathering
of rubber particle and stopping of latex flowing [33]. Thiols,
eliminating ROS through redox reaction, are important
antioxidants to laticifer submembrane and beneficial to latex
stability, prolonging flowing time and increasing production.
GSH accounts for a major proportion of thiols in latex of
rubber tree.

In higher plants, GSH is associated with protective mech-
anisms because it hasmultifaceted functions inside plant cells
[14, 34–36]. Our results focused on the cloning and sequence
analysis of 𝛾-ECS, a rate-limiting enzyme that is associated
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Figure 3: Expression analysis of two genes. (a) Expression profile of Hb𝛾-ECS1 in different tissues. (b) Expression patterns and relativemRNA
levels ofHb𝛾-ECS1 at different tapping times after Ethrel stimulation. (c) Expression patterns and relativemRNA levels ofHb𝛾-ECS1 andHb𝛾-
ECS2 in long-term flowing latex of RRIM600.The long-term flowing latex was divided into the following flow times: morning latex, afternoon
latex, and next-day latex. (d) Expression patterns and relative mRNA levels ofHb𝛾-ECS1 andHb𝛾-ECS2 after being subjected to three months
of every tapping intensity in PR107 (this figure expressed the difference in three months). Tapping system: half spiral tapping every 3 days
alongwith Ethrel stimulation (15 d). Quantitative RT-PCR analysis was carried out to determine the expression levels.The 18SrRNA (GenBank
Accession Number: AB268099) was used as the control. Data are expressed as mean ± SD for three individual experiments (𝑛 = 3).

with GSH biosynthesis. Thus, we comprehensively investi-
gated the regulation of mRNA expression levels in different
clones of rubber trees that were subjected to Ethrel stress. We
also determined the long-term flow of latex that is induced
by continuous tapping. In Arabidopsis thaliana, a single copy
of 𝛾-ECS gene is present; in the Oryza sativa genome, two 𝛾-
ECS genes are present. In this case, we isolated one 𝛾-ECS
from latex of rubber tree and denoted it as Hb𝛾-ECS1. An
identity analysis showed thatHb𝛾-ECS1 is identical to 𝛾-ECSs
found in other plants. Hb𝛾-ECS1 showed a similarity of 78%
and 71% with 𝛾-ECS of Arabidopsis and rice, respectively.
The putative target peptide cleavage sequences are highly
conserved, but the target itself is not conserved. AsHb𝛾-ECS1
has sequences that are highly similar to those of other plants,
we conclude that the 𝛾-ECS genes are highly conserved and
their functions were important for the protein. This finding
was in full agreement with the results of earlier studies [29].

When plants were challenged by heavy metals, salt,
herbicides, hormones, extreme temperatures, and osmotic

stresses, the expression levels of 𝛾-ECS genes were stimulated
[22, 37]. Owing to Ethrel stimulation, the latex yield increases
up to 1.5–2.0-fold in rubber tree. Ethrel can improve latex
yield, mainly by prolonging latex flow [4]. “Long-term flow”
is a distinct feature of rubber tree long-term flowing latex
(LFL); it has a longer flowing time than the normal flowing
latex (NFL), whose flowing time is less than 6 h. On the one
hand, the long duration of flowing time increases latex yield
per tapping; on the other hand, rubber tree expends a lot of
metabolic energy in case of long-term flow, so rubber plants
take longer time for their renewal under such circumstances
[30]. Our result indicated that Ethrel and long-term flow
could enhance the mRNA transcription of Hb𝛾ECS1 in the
latex. Consequently, as more thiols were synthesized in the
latex under the stimulating conditions, the GSH-synthesizing
capacity was also enhanced; thereby GSH levels were elevated
[23]. Indeed, more GSH was detected in the latex when
rubber tree was subjected to Ethrel stimulation.These results
indicated that the regulatory mechanisms of Hb𝛾-ECS1 in
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Figure 4: SDS-PAGE analysis of cloned Hb𝛾-ECS1 expression.
Partially purified recombinant Hb𝛾-ECS1, noninduced strain
Rosetta/pET-sumo-Hb𝛾-ECS1, induced empty vector strain
Rosetta/pET-sumo, wild E. coli Rosetta, cell supernatant of induced
strain Rosetta/pET-sumo-Hb𝛾-ECS1, and protein ladder are present
in lanes 1, 2, 3, 4, 5, and M, respectively.

Hevea brasiliensis are similar to those encountered in other
plants. Hb𝛾ECS1 was more sensitive to Ethrel and increased
significantly according to extending of Ethrel stimulation.
However, owing to Ethrel and LFL, the latex production was
higher than that witnessed in NFL. Hence, the expression of
this gene is related to latex production.

Owing to Ethrel stimulation and long-term flow, the
ephemeral stress response of Hb𝛾ECS1 was elicited in one
tapping.Tappingmeans a kind of continuous injury to rubber
tree. The expression level of Hb𝛾ECS1 varied with different
tapping intensities, showing a durable reaction to tapping.
Obviously, the expression levels of short-term and long-term
tapping were not similar. There was an increase in the tran-
scriptional levels of Hb𝛾ECS1 after the rubber tree was sub-
jected to three-month routine tapping, but not significantly in
Ethrel-stimulation tapping. This indicates that there was a
feedback regulation mechanism according to the more tap-
ping intensity; however, researchers had elucidated the role
of feedback inhibition by GSH in 𝛾ECS by a series of experi-
ments. The injury induced by tapping and Ethrel stimulation
could induce the generation of reactive oxygen in rubber
tree latex [38–40]. The release of reactive oxygen leads to
the peroxidative degradation of lutoid membrane. Moreover,
thiol was one of the substances scavenging reactive oxygen,
so it was closely related to the duration of latex flow. The
expression of Hb𝛾-ECS1 was regulated by the tapping inten-
sity on rubber tree.Hb𝛾ECS1 was expressed in E. coli Rosetta
using pET-sumo as an expression vector and the recombinant
enzyme was tested for its ability catalyzing 𝛾-EC biosynthesis
from cysteine and glutamate.Themolecular weight was about
66 kDa and frees up 7KD comparing to anticipation because
of his-tags.

On the basis of the information gathered in the present
study, it was suggested that Hb𝛾-ECS1 was a potential candi-
date that may be utilized in rubber tree genetic breeding for
prolonging latex flowing time and increasing resistance.
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[21] H. J. Schäfer, S. Greiner, T. Rausch, and A. Haag-Kerwer, “In
seedlings of the heavy metal accumulator Brassica juncea Cu2+
differentially affects transcript amounts for 𝛾-glutamylcysteine
synthetase (𝛾-ECS) and metallothionein (MT2),” FEBS Letters,
vol. 404, no. 2-3, pp. 216–220, 1997.

[22] J. Wu, T. Qu, S. Chen, Z. Zhao, and L. An, “Molecular cloning
and characterization of a 𝛾-glutamylcysteine synthetase gene
from Chorispora bungeana,” Protoplasma, vol. 235, no. 1–4, pp.
27–36, 2009.

[23] C. Xiang and D. J. Oliver, “Glutathione metabolic genes
coordinately respond to heavy metals and jasmonic acid in
Arabidopsis,” Plant Cell, vol. 10, no. 9, pp. 1539–1550, 1998.

[24] M.-J. Bae, Y.-S. Kim, I.-S. Kim et al., “Transgenic rice over-
expressing the Brassica juncea gamma-glutamylcysteine syn-
thetase gene enhances tolerance to abiotic stress and improves
grain yield under paddy field conditions,” Molecular Breeding,
vol. 31, no. 4, pp. 931–945, 2013.

[25] L. A. Ivanova, D. A. Ronzhina, L. A. Ivanov, L. V. Stroukova, A.
D. Peuke, and H. Rennenberg, “Over-expression of gsh1 in the
cytosol affects the photosynthetic apparatus and improves the
performance of transgenic poplars on heavy metal-contami-
nated soil,” Plant Biology, vol. 13, no. 4, pp. 649–659, 2011.

[26] C.-R. Wu, C.-W. Tsai, S.-W. Chang, C.-Y. Lin, L.-C. Huang, and
C.-W. Tsai, “Carnosic acid protects against 6-hydroxydopam-
ine-induced neurotoxicity in in vivo and in vitro model
of Parkinson’s disease: involvement of antioxidative enzymes
induction,”Chemico-Biological Interactions, vol. 225, pp. 40–46,
2015.

[27] H. Li, J.-L. Han, J. Lin, Q.-S. Yang, and Y.-H. Chang, “A
𝛾-glutamylcysteine synthetase gene from Pyrus calleryana is
responsive to ions and osmotic stresses,” Plant Molecular Biol-
ogy Reporter, vol. 33, no. 4, pp. 1088–1097, 2014.
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The importance of soil humus in soil fertility has been well established many years ago. However, the knowledge about the whole
mechanisms by which humic molecules in the rhizosphere improve plant growth remains partial and rather fragmentary. In this
review we discuss the relationships between two main signaling pathway families that are affected by humic substances within the
plant: one directly related to hormonal action and the other related to reactive oxygen species (ROS). In this sense, our aims are to
try the integration of all these events in a more comprehensive model and underline some points in the model that remain unclear
and deserve further research.

1. Humic Substances and Plant Development

Numerous studies have reported the beneficial effects of
dissolved organic matter (DOM) in both mineral nutrition
and development of plants cultivated in many different soil
types [1–3]. These effects of DOM are normally related to the
presence of a specific fraction of organic molecules known as
humic substances (HS). The presence of HS in DOM results
from the solubilization and/or runoff of a pool of soil organic
matter produced by the transformation of vegetal and animal
residues by the action of soil microorganisms and chemical
reactions (redox reactions, hydrolysis, and polymerization),
both influenced by the environmental conditions (tempera-
ture, humidity, soil texture, and pH) [4]. Depending on soil
chemical composition and physical features, in soil matrix
transformed organic matter is normally associated with min-
erals, mainly clays and silicates, forming organomineral com-
plexes [4]. These organomineral complexes play a key role in

the formation of soil microaggregates, which in turn improve
soil porosity, water permeation, and oxygen exchange, thus
enhancing soil fertility [2, 4]. In water solution, HS tends to
aggregate forming new stable multimolecular systems with
specific chemical and biological activities [5, 6]. In this sense,
these molecular aggregates can be considered as a family of
natural supramolecules or supermolecules [5, 6].

In terms of soil organic matter and more generally
due to the complexity and heterogeneity of the humic
supramolecules, their definition and classification are rather
operational and are based on the different water solubility
of HS components as a function of pH and ionic strength
[4]: humic acids (HA) (soluble at basic pH but insoluble
at acid pH), fulvic acids (FA) (soluble at acid and basic
pH), and Humin (insoluble at all pH). Taking into account
that HS classification is merely operational, we proposed the
introduction in this classification the origin and/or chemical
nature of the organic material employed to obtain HA, FA,
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and Humin [7]. Thus, in this modified classification we have
the following.

(i) Artificial HS (AHS). This indicates organic substances
extracted by IHSS-method (IHSS, International Humic Sub-
stances Society) from organic materials modified or trans-
formed by using diverse alternative or complementary pro-
cess different from composting, such as controlled pyroly-
sis (biochar), chemical oxidation, and anaerobic digestion
(digestates). These HS may be named Artificial HS (AHS),
and their fractions are as follows: artificial humic acids (AHA)
and artificial fulvic acids (AFA).

(ii) Fresh HS (FHS). This indicates organic substances
extracted by IHSS-method from intact, non-biologically or
chemically modified, fresh (living) organic materials, such
as plant or animal fresh residues (leaves, whole shoot, root,
animal or fish flour, wood, and seaweed). These HS may be
named Fresh HS (FHS) and their fractions are as follows:
fresh humic acids (FHA) and fresh fulvic acids (FFA).

(iii) Compost HS (CHS). This indicates organic substances
extracted by IHSS-method from composted organic materi-
als. These HS may be named Compost HS (CHS) and their
fractions are as follows: compost humic acids (CHA) and
compost fulvic acids (CFA).

(iv) Sedimentary HS (SHS). This indicates organic substances
extracted by IHSS-method from naturally humified organic
matter with sedimentary origin present in terrestrial (soils,
coal, leonardite, and peats) and aquatic (lakes, rivers, and
sea) environments.These HSmay be named Sedimentary HS
(SHS), and their fractions are as follows: sedimentary humic
acids (SHA) and sedimentary fulvic acids (SFA).

In principle, only SHS and, by analogy, CHS should
properly be considered as HS since they are produced from
fresh organic materials and processes both present in natural
environments.

A number of studies have reported that HS in solution,
mainly SHS and CHS, can affect plant development [1–3,
7]. These effects of HS have normally been differentiated
in indirect effects and direct effects [7, 8]. The indirect
effects are linked to the action of HS on plant growth by
modifying soil or substrate features in the rhizospheric area,
principally the pool of potentially bioavailable nutrients and
physical texture [7, 8].The direct effects result from the direct
interaction of HS with plant roots or leaves [7, 8]. These
effects are reflected in significant changes in metabolic and
developmental processes within the plant at transcriptional
and posttranscriptional levels [7]. On the other hand, the
whole action of HS on plant growth is also influenced by
factors that are intrinsic and/or extrinsic to HS in itself. The
former is related toHS functional and structural composition
and spatial conformation, while the latter is associated with
environmental conditions (abiotic and biotic stresses, soil
fertility, and crop type), as well as agronomic practices and
management (moment of application, doses, and type of
application) [7].

In general, the HS concentrations in the rhizosphere that
is necessary to affect plant development and mineral nutri-
tion through indirect effects and/or direct effects mediated
mechanisms are different to each other [8].Thus, HS indirect
effects can be observed for very lowHS concentrations in soil
solution (HS < 5mg L−1) since their effects on plant growth
are normally linked to their ability to provide complexed
micronutrients to plants grown in soils prone to micronutri-
ent deficiency [8–10]. However, consistent HS direct effects
are associated with relatively high concentrations of HS in
soil solution in the rhizospheric area (HS concentration
range: 50–300mg L−1) [8]. Consequently, HS indirect effects
mediated actions are probably the main general mechanism
involved in the beneficial action of HS in nonirrigated crops
growing in dry land types of soils (e.g., Mediterranean
climate), while HS direct effects are probably present, along
with HS indirect effects, in irrigated crops (pivot, drip,
or sprinkle irrigation), where HS are applied through the
irrigation system and therefore localized to the root area
(greenhouses and open field irrigated crops).

It is well known that HS have beneficial effects on plant
developmentwhen applied to both the rhizosphere and leaves
(foliar sprays) [3, 8]. In this review we deal with the signaling
pathways involved in the direct effects on plant development
of HS present in the rhizosphere. Taking into account the
relevance and novelty of recent results stressing the important
role of reactive oxygen species- (ROS-) related signals in HS
action on plant roots and plant development under abiotic
stresses [11], we also focus our discussion on the crosstalk
between the hormonal signaling pathways and ROS-related
pathways related to the action of rhizospheric HS.

2. Main Signaling Pathways Involved in
HS Action in Plants

Although themechanismof action ofHS has extensively been
studied for many years, the knowledge about them is rather
fragmentary and it has not been integrated in a comprehen-
sive model yet [7]. In general, all findings reported so far
clearly show that HS direct effects mediated action involves
several different, but probably interconnected, mechanisms
integrated into a complex network of events occurring at both
transcriptional and posttranscriptional levels [7].

2.1. HS-Mediated Enhancement of Shoot Growth. In the case
of rhizospheric HS, direct effects mediated actions have
to derive from the interaction of HS with plant roots.
Although the possible penetration of some HS fraction into
root apoplast and epidermal cell areas has been proposed,
results are not very conclusive yet [7]. However, the physical
accumulation of HS on root surface has been proved and,
therefore, some biological effects on plant development,
either on root or on shoot, resulting from it cannot be ruled
out [7, 11, 12].

Regarding shoot growth promotion, studies carried out
in cucumber with a sedimentary humic acid (SHA) obtained
from leonardite reported the important roles of cytokinins
(CKs) andmineral nutrient root to shoot translocation in the
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conductance (gs), cytokinins (CKs), and nitrate (NO

3

−), finally setting off on effects on leaf growth, photosynthesis, and chloroplasts.

shoot growth promoting effect of SHA [13]. This effect was,
in turn, linked to an increase in plasma membrane (PM) H+-
ATPase activity andnitrate root to shoot translocation [13, 14].
In line with this potential role of CKs in HS action on plants,
further studies on rapeseed showed significant improvements
in chloroplast functionality and photosynthesis upon the
root application of a SHA obtained from black peat [15].
These physiological effects of SHA were consistent with the
upregulation of gene-clusters directly linked to all abovemen-
tioned developmental functions such as photosynthesis, CKs
signaling perception, and N, S, and C metabolisms [15].

On the other hand, the shoot growth promoting action
of SHA in cucumber was dependent on the increase in
indoleacetic acid (IAA) and nitric oxide (NO) concentrations
in roots caused by SHAroot application [14]. Recently, further
studies also stressed the crucial role played by an abscisic
acid- (ABA-) mediated increase in root hydraulic conduc-
tance and aquaporin gene expression in the shoot growth
enhancement caused by SHA root application [12]. We have
not found any information about the role of a HS-mediated
increase in ROS, whether in the root or in the shoot, in the

beneficial action of HS on shoot growth. Ongoing studies
might throw light on this issue.

Overall, these results indicate that several interconnected
hormone-dependent signaling pathways as well as physiolog-
ical events are involved in the shoot promotion caused by HA
with sedimentary origin (Figure 1).

2.2. HS-Mediated Enhancement of Root Growth. Regarding
HS direct effects on root development, twomain types of phe-
notypic effects might be distinguished: micromorphological
effects (an increase in both absorbent hairs and lateral roots
proliferation) andmacromorphological effects (an increase in
root dry weight, secondary roots number, and primary and
secondary roots thickness) [20–23].

Several research groups working with HA obtained from
vermicomposts of various vegetal residues (CHA) have
reported their ability to promote lateral root proliferation and
modify root architecture [21–23]. These studies showed that
this effect was associated with an activation of root PM - H+-
ATPase activity and expressed through auxin (indoleacetic
acid, IAA) and probably NO dependent pathways [21–25].
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Further studies also suggested that these signaling pathways
activated by CHA are expressed at posttranscriptional level
through calcium-dependent protein phosphorylation [26].
These effects mediated by hormonal signaling pathways have
been shown to be dominated by an upregulation of genes
responsive to the synthesis of auxin in both roots (corn
and tomato) as whole plant (Arabidopsis), as well as other
genes encoding metabolic pathways belonging to the taking
of nutrients [21–25] (Figure 1).

The effect of CHA has been explained in view of their
suprastructural organization. Studies show that the HS may
be present and may be released structural fragments and/or
molecules to the rhizosphere, with auxin activity and/or
structural arrangements similar to auxins [21]. In fact, it is not
surprising that composted or vermicomposted fresh vegetal
materials have low concentrations of several plant hormones
in their molecular systems [21].

The results obtained in studieswithHA from sedimentary
origin (SHA) also showed the involvement of relevant phy-
toregulators in SHA-mediated effects on root development
[7, 12–15].The application of SHA to roots of cucumber plants
was associated with significant phenotypic effects in roots
both at micro- and at macromorphologic scales; these effects
were associatedwith an increase in IAA, ethylene (ETH),NO,
and abscisic acid (ABA) concentration in roots. However,
further studies showed that the macromorphological effects
of SHA could not be explained as a result of its action
increasing IAA, ETH, or NO in roots. In consequence,
other factors different from IAA, NO, or ETH have to be
involved in SHA-mediated increases of root dry weight,
secondary roots proliferation, and root thickness [20]. These
results are consistent with other results showing that some
effects on root architecture of a water soluble fraction of HS
obtained from peat were not explained by auxin and/or ETH-
dependent pathways in Arabidopsis [27] (Figure 1).

Regarding the physical and/or chemical events occurring
at root surface as a result of the interaction of SHA with cell
walls, the hypotheses proposed for CHA consisting of the
presence of hormones and/or auxin-like structural domains
in SHA superstructure are not suitable. This is because an
extensive analysis of the main plant phytoregulators in SHA
by using LC/MS/MS revealed that all these compounds were
under detection limits [7, 12–15, 20]. Recent results suggest
that the first events caused by SHA at root surface could result
from a fouling-mediated transient blockage of cell wall pores,
which in turnwould be associated with a transientmild water
stress, a beneficial stress, “eustress,” that triggers downstream
SHA-mediated effects on hormonal signaling pathways and
plant development. This mechanism would be linked to the
supramolecular conformation of SHA [12].

In this context, recent complementary studies suggest
the potential role of a new family of molecules involved
in signaling in plants [11, 16, 19, 28]. Several studies have
shown the relevant role of ROS as an alternative signaling
pathway for the regulation and expression of the effects of
CHA on lateral root proliferation in rice [16, 19]. Although
these results concerning ROSwill be discussed belowmore in
depth in connectionwith other hormonal regulated pathways
affected by CHA, these studies clearly showed that CHA

increased ROS production and accumulation in roots as well
as the antioxidative enzyme network needed to modulate
ROS final concentration [16, 28].The CHA-mediated balance
between ROS production and ROS scavenging seemed to be
crucial for the signaling role of ROS in CHA direct effects
on lateral root proliferation. Interestingly, the CHA-mediated
effect on ROS homeostasis in rice roots was associated with
a concomitant increase in root dry weight, an effect that
was not explained by the increases of IAA, NO, or ETH
mediated by SHA in cucumber [16, 19, 20]. This fact suggests
that the whole effects caused by HS on root phenotype,
both macro- and micromorphological, may involve two
pathways, one hormonal-dependent (micromorphological
effects) and the other ROS-dependent (macromorphological)
(Figure 2).

The involvement of these two pathways is compatible
with the role of Ca2+-dependent protein kinase activity
and protein phosphorylation as second messengers in the
posttranscriptional expression of HS activity [26] (Figure 2).

3. Crosstalk between Hormone-Mediated
Signaling and ROS-Mediated Signaling
Pathways in HS Beneficial Effects on
Plant Development

As commented above a number of studies have shown the
ability of HS to promote plants shoot and root growths [3].
Studies carried out with HA obtained from vermicomposted
materials and sediments reported that these HS’s beneficial
action in plants was functionally linked to an activation of
several, interconnected, hormone-mediated signaling path-
ways; these effects of HS in roots involving some signaling
pathways dependent on the hormonal network formed by
IAA(ETH)-NO-ABA have been observed in several plant
species and have been confirmed using the reporter gene
DR5:GUS and the expression of auxin-responsive genes,
including IAA19 in Arabidopsis [7, 14, 22, 23, 29–32].

Root morphological auxin-like effects and their relation-
ships with other mechanisms of action were investigated by
Schmidt et al. [27], who demonstrated that nomorphological
changes in secondary roots or root hair defective (rhd6)
mutant recovery occur in Arabidopsis with the application
of low-molecular-weight HS. This study also showed that
Arabidopsis strains transformed with the reporter gene uidA
(GUS) fused to auxin-responsive promoters (DR5:uidA and
BA3:uidA) showed no change or a low response to HS
application, concluding that the effects of low-molecular-
weight HS may alter root morphology, by increasing the root
surface through auxin-independent signaling pathways. In
this line, Mora et al. [20] demonstrated that increases in IAA
and ETH levels as well as NO in cucumber plant roots had
no decisive role in root macromorphological changes (root
growth, secondary root proliferation, and root thickness)
upon SHA application. The authors conclude that other
effects different from those related to IAA, ETH, or NO could
act coordinately or independently in stimulating root growth.

In parallel with these studies, other studies reported
metabolic changes of reactive oxygen species (ROS) in



BioMed Research International 5

Lateral roots
Roots architecture 
Root dry weight 

Shoot
growth

???

???

???
ROS

(ETH)

CKs

(1)
(2)

(3)

IAA-NO-ABA

Figure 2: Hypothetical mechanism integrating hormonal-dependent and ROS-dependent signaling pathways in the whole action of humic
substances on plant root and shoot. (1) ROS-dependent pathway, (2) hormonal ROS crosstalk pathway, and (3) hormonal-dependent pathway.
???: the causal relationships between IAA-NO-ABA and ROS are yet unknown.

rice plants upon vermicompost (VC) HA root application.
Studies conducted by Garćıa et al. [11, 16, 19] demonstrated
that the application of cattle manure VC-extracted HA
(CHA) to rice plants stimulates certain oxidative metabolism
components. CHA application regulates the activity of the
enzymes peroxidase (POX), ascorbate peroxidase (APOX),
catalase (CAT), and superoxide dismutase (SOD) differently
depending on the concentration and exposure time, and
this redox regulation simultaneously modulates leaf and
root O

2

∙− levels [16]. Regulation of oxidative metabolism
in rice plants was demonstrated by the protective effects
of CHA when applied to plants subjected to polyethylene
glycol (PEG) induced water stress. The presence of CHA
at concentrations of 40mg (C) L−1 increased the levels of
H
2

O
2

and decreased lipid peroxidation, possibly via the
transformation and control exercised by POX enzymes [19].

These studies also showed that CHA application pro-
moted lateral root proliferation, in line with a large number
of other studies [20, 22, 23, 29]. However, this study also
observed an increase in root dry matter associated with no
increase in endogenous root IAA levels in response to this
application. This result is consistent with results reported by
Mora et al. [20] showing that root growth SHA-mediated
increase was independent of IAA, NO, and ETH. Conversely,
significant increases in root H

2

O
2

levels and POX enzymatic
activity were found in young rice plants (Figure 3).

Taken together, these results show that CHA can, at least
in part, regulate the oxidative metabolism associated with
root growth. Accordingly, many studies have demonstrated

the regulatory role of ROS in many signaling pathways,
especially in plants growing under abiotic stresses [33].

The results discussed above on the regulation and control
of ROS in roots by the action of HA indicate involvement
of redox metabolism in the HS mode of action. These
forms of action could occur in association (dependent or
independent) with known hormonal signaling pathways. In
this sense, studies have reported regulatory relationships
between hormone and redox metabolism, specifically in
signaling pathways related to both auxin metabolism and
ROS [34, 35] (Figure 4).

Figure 4 shows three key points for understanding the
auxin signaling pathways that may be affected by HS in their
action on plant roots. Point 1 in Figure 4 identifies hormone
recognition by the ABP1 receptor. Although recent studies
showed that the role of this receptor in auxin-mediated
recognitionmust be reevaluated [36], studies have also shown
that the auxin signaling pathway is triggered by a perception
complex composed of ABP1 and transmembrane kinases
(TMK) [36]. However, there is no experimental evidence
showing an activation of this ABP1 receptor or ABP1-TMK
receptor complex by HS. The lack of evidence of HS binding
to this receptor does not invalidate the fact that HS might act
by increasing plant auxin synthesis or that auxin-like com-
pounds present in HS, or even auxins themselves released by
the structure of HS, might be recognized by these receptors.

Point 2 in Figure 4 shows auxin transport. Cellular influx
(AUXIN1/LIKE-AUX1) and efflux (PIN-FORMED (PIN) and
P-GLYCOPROTEIN (PGP)) auxin transporters have been
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Figure 3: Relationship between rice plant root growth (root length) (a), indole-3-acetic acid (IAA) root levels (b), components of the root
redox regulation system (H

2

O
2

levels) (c), and the relative activity of peroxidases (POX) (d). The stimulation of root growth is dependent on
the concentration of humic acid; in this case, 40mg (C) L−1 stimulates the growth of the radicle (a) without the increase of indoleacetic acid
concentrations in the roots (b); however, it is possible to observe increase in hydrogen peroxide concentrations (H

2

O
2

) and the peroxidases
activity (POX). Different letters represent significant differences between the average values of treatments, as determined by Tukey’s test;
𝑝 < 0.05. The error bar represents the mean ± standard error (SE) of three replicates. (Figures were modified from the original papers
published at Garćıa et al. [16] for better adapting to this review.)

identified in the literature, wherein AUX1 is involved in
secondary root growth [37]. Although the action of HS on
secondary root growth and emission aswell as the root stimu-
lation ofH+-ATPase enzymes has already been demonstrated,
studies showing the involvement of auxin transporters inHS-
mediated signaling pathways have not been published so far.

Point 3 in Figure 4 relates auxin signaling pathways to
redox regulation. Plant oxidative system regulation by HS
application was established decades ago by Vaughan et al.
[38, 39], who showed that HA and fulvic acid (FA) inhibit the
activity of POX in wheat plant roots and stimulate in vitro
O
2

∙− production [39]. In this line, HA application to maize
plants also stimulated CAT activity and ROS production [28].
ROSproduction and stimulation of oxidative system enzymes
have also been shown in rice plants [11]. In this context,
few studies have investigated the gene expression codifying
this enzymatic system. However, 9% of transcripts produced

and stimulated by HA application in Arabidopsis have been
shown to correspond to stress response metabolism using
large-scale gene expressionmethods (microarray and cDNA-
AFLP) [40]. The same response was observed in Brassica
napus, wherein HA application stimulated 5.8% and 6.6% of
stress response-related genes in shoots and roots, respectively
[15].

3.1. Roles of ROS in Plant Root Growth and the Effects of HS
on Plant Development. Most studies have shown a beneficial
morphological effect on root system growth, albeit with
different metabolic pathways involved in the HS mechanism
of action in plants [20, 21]. The involvement of ROS in root
cell elongation viaCa2+ channel activation is currently known
[41]. ROS activation of Ca2+ channels is a key step in the
regulation of other important processes, including antistress
regulation and hormone signaling [42]. ROS produced by
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NADPH oxidase enzymes create a Ca2+gradient in the apical
root region, leading to secondary root growth [43]. Stimu-
lation of calcium-dependent protein kinase (CPDK) activity
in rice plant roots and increased OsCPK7 and OsCPK17 gene
expression upon CHA application have been reported [26].

Although studies on the role of ROS as signaling
molecules involved in root growth regulation remain ongo-
ing, it has been reported that OH∙ species resulting from an
increase in apoplast H

2

O
2

may increase membrane perme-
ability and therefore cellular Ca2+ influx [44]. O

2

∙− andH
2

O
2

are apparently directly related to secondary root growth and
emission acting on different regions. Thus, O

2

∙− predomi-
nantly accumulates in root elongation regions, whereas H

2

O
2

accumulates in root differentiation regions [45].
Root CHA application has shown that several compo-

nents of the redox regulation system are simultaneously
stimulated during the root growth promoted by CHA. Root
CHA application to rice plants generates increases of ROS
located in different root regions depending on the species.
The O

2

∙− anions are detected at higher concentrations in
the root elongation region of plants, whereas H

2

O
2

is more
concentrated in the root differentiation region (Figure 5(a)).

The CHA was also able to increase membrane perme-
ability, as assessed by the release of electrolytes (Figure 5(b)).
Simultaneously, the relative activities of SOD and CAT
enzymes directly linked to the transformation and regulation
of O
2

∙− and H
2

O
2

species, respectively, also responded to
CHA application (Figures 5(c) and 5(d)).

The roles of ROS in metabolic processes related to
plant cell differentiation, specifically those related to redox
regulation and cell signaling pathways, are currently an open
field of study. However, their involvement in secondary root
growth and development is more evident today [46, 47].

Simultaneously, high ROS concentrations in plant tissues,
primarily due to the presence of stresses, are known to have
toxic effects and may trigger lipid peroxidation and protein
denaturation reactions and occasionally lead to cell death
[48, 49].

Therefore, the role of ROS as signaling molecules or
intermediate species in the HS mode of action in plants
seems to respond to a fine adjustment action of redox
homeostasis, where the final result is in beneficial effects,
including root growth. It is known that this mechanism may
be highly dependent on the HS concentration applied to
plants. Adverse effects on the root system have been observed
in Brachiaria upon HA application at high concentrations,
and a redox imbalance caused by the high concentrations
applied may lead to impaired root growth (Figure 6).

3.2. ABA and Aquaporins as Important Factors Involved in
the Effects of HS in Plants. ABA is a hormone that plays
a key role in plant signaling pathways. ABA regulates and
participates in H

2

O
2

production and Ca2+ channel signaling
for stomata opening and closing [46, 47]; at the same time,
ABA regulates plasma membrane intrinsic protein (PIP) in
rice plants under water stress conditions [50]. Others studies
have shown that application to rice plants also stimulates the
expression of genes of the tonoplast intrinsic aquaporin (TIP)
subfamily [51], where the involvement of the TIP subfamily in
osmoregulation and water flow through tonoplasts has been
demonstrated [52].

Both ABA and TIP-PIP subfamilies are involved in
the mechanisms of action of HS in plants. Thus, the root
application of SHA to cucumber plants caused a differen-
tial increase in ABA levels in roots and shoots [12–14].
Conversely, the application of vermicompost CHA to rice
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Figure 5: Effect of HA application in roots of rice plant. Histochemistry for determining the location of reactive oxygen species (ROS)
(O
2

∙− and H
2

O
2

) (a); membrane integrity (release of electrolytes) (b); superoxide dismutase (SOD) (c); and catalase (CAT) (d) enzymatic
activity. The root application HA in plants modulates ROS content in the roots where superoxide anions (O

2

∙−) appear to be greater in cell
elongation content region, while the H

2

O
2

content seems to have greater differentiation in region (a). The presence of ROS seems to modify
the permeability of the membrane (b) but under control exercised by the antioxidant metabolism (c and d). (These figures were modified
from the original papers published at Garćıa et al. [18] for better adapting to this review.)

plants subjected to PEG-6000-inducedwater stress decreased
the high levels of ABA in roots under stress [16]. This
evidence indicates the involvement of ABA in the hormonal
signaling pathways regulated by HA in plants growing under
normal and stress environmental conditions. In this line,
Olaetxea et al. [12] indicated the crucial role of root ABA

and its regulation of root hydraulic conductivity in the
shoot growth promoting action of a SHA in cucumber. On
the other hand, the relationships between HA mediated
effects in plants and root ABA signaling pathways also
suggest a potential role of ABA-regulated aquaporins in
HS action on plant development. In fact, Olaetxea et al.
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Figure 6: Root system growth and development in Brachiaria plants upon application of different concentrations of HA (unpublished data).
HA were extracted from vermicompost of cattle manure. Images were recorded using the WinRHIZO software packet (Regent Instruments
Inc., Quebec, Canada). Images are the representation of bioactivity experiments (nutrient solution) and reflect the first harvest (eight days
after the transplant).

[12] reported that the ABA-mediated action of SHA was
related to the regulation ofABA-dependent PIPs in cucumber
roots.

In this sense, studies performed using CHA applied to
roots of rice plants under normal and water stress growth
conditions have shown that CHA regulates the gene expres-
sion of these isoforms both in leaves and in roots [16, 19]
(Figure 7). Garćıa et al. [16] also observed that PEG-6000-
induced water stress resulted in increased expression of
OsTIP1;2 isoform in rice roots (Figure 7(a)) in line with pre-
vious results showing the involvement ofOsTIP1;2 isoform in
water flux through vacuoles [50].

Conversely, under normal growth conditions, high CHA
concentrations caused increased expression of this isoform,
suggesting that CHA application at high concentrations may
induce physiological stress [16] (Figure 7(b)). This result
confirms that, upon root application, HS concentrations
unsuitable for plant growth may trigger physiological pro-
cesses similar to those developed by plants under stress
conditions [53] and can stimulate growth root under normal
conditions [54] (Figure 7(b)).

4. Concluding Remarks

Overall, all results discussed above show that the whole
mechanism responsible for the beneficial direct effects of HS
on plant growth probably involves several complementary
and interconnected signaling pathways related to both rele-
vant hormonal networks and secondary messengers such as
ROS and Ca2+ [7, 11, 21, 54]. In this sense, ROS probably
play a pivotal role, either dependent on or independent of
hormone signaling, which becomes much more relevant in
plants subjected to abiotic stress.

Regarding the relevance of the origin of HS, it was
noteworthy that both SHS andCHSpresentedmany common
hormone-mediated mechanisms regardless of their potential
differences in structure [3, 4]. As for the signaling pathways

involved in the mechanism of action of AHS or FHS on
plant growth [3], we have not found consistent studies on
this subject. However, even though these HS types may be
used as biostimulants, their “humic nature” is very ques-
tionable. In this framework, studies oriented to better define
what we can consider as “humic nature” become of great
importance.

Thus, it becomes also clear that much further research is
needed in order to integrate all signaling pathways affected by
HS with different origins in a more comprehensive, holistic,
model.

Abbreviations

ROS: Reactive oxygen species
DOM: Dissolved organic matter
HS: Humic substances
HA: Humic acids
FA: Fulvic acids
AHS: Artificial humic substances
AHA: Artificial humic acids
AFA: Artificial fulvic acids
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FHA: Fresh humic acids
FFA: Fresh fulvic acids
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SFA: Sedimentary fulvic acids
CKs: Cytokinins
PM-H+-ATPase: Plasma membrane proton pumping
IAA: Indoleacetic acid
NO: Nitrogen oxide
ABA: Abscisic acid
ETH: Ethylene
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Figure 7: Tonoplast aquaporin gene expression in rice plants subjected to treatments with HA under normal (b) and stress growth conditions
(a). (a) (T1) − P–HA: no application of PEG-6000 or HA (control); (T2) + P–HA: PEG-6000 and no HA; (T3) + P + HA20: PEG-6000 and
20mg (C) L−1 HA; (T4) + P + HA40: PEG-6000 and 40mg (C) L−1 HA; (T5) + P + HA80: PEG-6000 and 80mg (C) L−1 HA. (b) HA20
(20mg (C) L−1), HA40 (40mg (C) L−1), and HA80 (80mg (C) L−1) (adapted from [16, 19]). Different letters represent significant differences
between the average values of treatments, as determined by Tukey’s test; 𝑝 < 0.05. The error bar represents the mean ± standard error (SE) of
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LC MS/MS: Liquid chromatography-tandem
mass spectrometry

DR5:GUS/uida and
BA3:uida:

Auxin-responsive promoters fused
with 𝛽-glucuronidase reporter gene

IAA19: Indoleacetic acid-induced protein 19
rhd6: Root hair defective 6 (A. thaliana

mutant)
POX: Peroxidases
APOX: Ascorbate peroxidase
CAT: Catalase
SOD: Superoxide dismutase
ABP1: Auxin binding protein 1
TMK: Transmembrane kinase family
AUXIN1/LIKE-
AUX1
(AUX/LAX):

Family of major auxin influx carriers

PIN-FORMED
(PIN) and P-
GLYCOPROTEIN
(PGP):

Families of proteins are major auxin
efflux carriers

cDNA-AFLP: Complementary DNA-amplified
fragment length polymorphism

NADPH: Nicotinamide adenine dinucleotide
phosphate, reduced form

CPDK: Calcium-dependent protein kinases
PIP: Plasma membrane intrinsic protein
TIP: Tonoplast intrinsic protein.
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húmicas isoladas de turfeiras,” Revista Brasileira de Ciência do
Solo, vol. 35, no. 5, pp. 1609–1617, 2011.

[32] L. B. Dobbss, L. P. Canellas, F. L. Olivares et al., “Bioactivity of
chemically transformed humic matter from vermicompost on
plant root growth,” Journal of Agricultural and Food Chemistry,
vol. 58, no. 6, pp. 3681–3688, 2010.

[33] R.Mittler, S. Vanderauwera,N. Suzuki et al., “ROS signaling: the
new wave?” Trends in Plant Science, vol. 16, no. 6, pp. 300–309,
2011.

[34] H. Hirt, “Connecting oxidative stress, auxin, and cell cycle
regulation through a plant mitogen-activated protein kinase
pathway,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 97, no. 6, pp. 2405–2407, 2000.

[35] H. Tsukagoshi, W. Busch, and P. N. Benfey, “Transcriptional
regulation of ROS controls transition from proliferation to
differentiation in the root,” Cell, vol. 143, no. 4, pp. 606–616,
2010.

[36] Y. Gao, Y. Zhang, D. Zhang, X. Dai, M. Estelle, and Y. Zhao,
“Auxin binding protein 1 (ABP1) is not required for either
auxin signaling or Arabidopsis development,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 112, no. 7, pp. 2275–2280, 2015.
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The analysis of themolecular response of entire plants or organs to environmental stresses suffers from the cellular complexity of the
samples used. Specifically, this cellular complexity masks cell-specific responses to environmental stresses and logically leads to the
dilution of the molecular changes occurring in each cell type composing the tissue/organ/plant in response to the stress.Therefore,
to generate a more accurate picture of these responses, scientists are focusing on plant single cell type approaches. Several cell
types are now considered as models such as the pollen, the trichomes, the cotton fiber, various root cell types including the root
hair cell, and the guard cell of stomata. Among them, several have been used to characterize plant response to abiotic and biotic
stresses. In this review, we are describing the various -omic studies performed on these different plant single cell type models to
better understand plant cell response to biotic and abiotic stresses.

1. Use of Plant Single Cell Types to Study Plant
Response to Environmental Stresses

The multicellular complexity of the samples collected to
characterize plant response to environmental stress is a
major limitation to clearly depict the contribution of each
cell type composing the sample in response to the stress.
In other words, -omic studies at the level of plant organs
reflect the average response of the different cell types com-
posing the organ (Figure 1). In order to fully understand
the exact contribution of each plant cell type in regulating
plant response to environmental stresses, the transcriptome,
epigenome, proteome, metabolome, and interactomes (e.g.,
protein-protein and protein-DNA interactions) of each plant
cell type composing the sample and their changes in response
to environmental stresses should be independently charac-
terized [1]. For instance, the characterization of the tran-
scriptional response of the soybean root hair cell to rhizobial
inoculation allowed the identification of almost two thousand
differentially expressed genes [2]. This single plant cell type
analysis represents a significant improvement compared to
previous studies describing few hundred genes differentially

expressed in root sections in response to rhizobial inocula-
tion [3, 4].Ultimately, the integration of these various datasets
will lead to a global understanding of the molecular adapta-
tion of plants to environment changes through the precise
characterization of transcriptional regulatory networks [5].
Currently, the construction of these networks in response
to environmental stresses is highly dependent on the nature
of the samples used to collect biological information. For
instance, working at the level of entire organs cannot depict
the specific networks existing in each cell type composing the
organ supporting the idea to study plant biological networks
at the level of single cell types. Accordingly, this review
highlights the recent progress in the field of plant adaptation
in response to both biotic and abiotic stresses at the level of
single cell types (Table 1).

2. Isolation of Plant Single Cell Types

The isolation of plant single cell types is limited by the cell
wall, which provides both rigidity and structure to the plant
and acts as a first barrier against pathogenic organisms. To
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t1

t2

t3t4t5

Environmental
stress

Rt = 6t1 + 3t2 + 6t3 + 4t4 + 1t5

Rt = 6t1 + 3t2 + 6t3 + 4t4 + 1t5

t1
t3

t2

t4t5

Figure 1: Root transcriptomic response to a stress (Rt and Rt) is
the sum of the individual responses of each cell type composing
the root (t1 to t5; t1 to t5). Because plant cell transcriptomes are
different between cell types, the cellular complexity of plant roots is
not suitable to characterize gene networks. A single cell type model
must be used to better characterize plant gene networks.

overcome this difficulty, different strategies were applied to
isolate various cell types. These technologies include the use
of cell sorting laser capture microdissection [6–9], sorting of
single plant cell types upon cell type-specific GFP labeling
and protoplastization [10, 11], and the application of the
INTACT (Isolation of Nuclei TAgged in specific Cell Types)
method which includes the labeling of single plant cell
nuclei with a biotinylated nuclear envelope protein before
their isolation using streptavidin-coated magnetic beads [12,
13]. Other methods have been applied to access in large
quantities easily accessible single plant cell types such as
cotton fiber and root hair cells [14–16]. More recently, an
innovative methodology named Meselect which combined
both a mechanical and an enzymatic treatment of the plant
cells has been applied to isolate leaf epidermal, vascular,
and mesophyll cells [17]. Lu et al. (2015) also developed
another methodology allowing the isolation of generative
cells (GCs), the sperm cells (SCs), and the vegetative nuclei
(VN) from tomato pollens [18]. In this method GCs, SCs,
and VN were isolated from germinated tomato pollen grains
and growing pollen tubes and purified by Percoll density
gradient centrifugation. Microscopic examination of fluores-
cein diacetate-stained samples confirmed the purity of GCs
and SCs, respectively. Propidium iodide staining was used to
confirm VN integrity.

Currently, only a limited number of single plant cell types
have been isolated in quantities compatible with the applica-
tion of -omic technologies.Themost noticeable examples are

the cotton fiber, pollen cells, and root hair cells [14, 16, 19–
22]. Various root cell types from the model plant Arabidopsis
thaliana have also been isolated preliminary to their molec-
ular analyses including response to environmental stresses
[23–26]. Our understanding of the biology of the plant female
gametophyte which is composed of antipodal, central, egg,
and synergid cells is also beneficiating from single cell type
analyses [27].

3. Single Cell-Specific Transcriptomes in
Response to Biotic and Abiotic Stress

Compared to other -omic datasets, plant single cell type
transcriptomes and their changes in response to environmen-
tal stresses are currently the most complete. For instance,
multiple studies have characterized the transcriptomic profile
ofArabidopsis thaliana root cells and their response to abiotic
stresses including nutrient deprivation (i.e., iron and sulfur),
salinity, and low pH values as well as in response to stress-
signaling plant hormones such as abscisic acid [24, 25].

Among root cells and across plant species, the root hair
cell is likely the best transcriptionally characterized single
cell type based on the ease to isolate them from the rest of
the root. The root hair transcriptome has been characterized
across different plant species including A. thaliana [13, 26,
28–31], Glycine max (i.e., 451 root hair specific transcripts
characterized [2, 32]), and Medicago truncatula (i.e., 49 root
hair specific transcripts characterized [33]). In legumes, this
single plant cell type was also recently used as a model to
study plant cell response to biotic stress because it is the first
cell type infected by rhizobia, the nitrogen-fixing symbiotic
bacteria [2, 33]. 219 and 79 soybean and Medicago genes
were, repetitively, transcriptionally regulated in root hair cells
in response to rhizobia including many genes functionally
characterized for their role during nodulation [34]. Another
plant single cell type model recently used to characterize the
transcriptional changes occurring in response to pathogenic
microorganisms was the A. thaliana mesophyll cell infected
by the oomycete Hyaloperonospora arabidopsidis [35].

In addition to respond to various biotic stresses, plants
are also constantly interacting, responding, and adapting to
various abiotic stresses. Our understanding of those inter-
actions is also benefiting from a single plant cell type tran-
scriptomic approach. For instance, Sarah Assmann’s group
performed a transcriptomic analysis ofA. thaliana guard cells
in response to abscisic acid, a plant hormone acting on plant
water conservation. 909 genes were specifically regulated in
response to ABA in guard cells [36]. Plant resistance to heavy
metal has also been investigated at the level of single plant
cell types. For instance, trichomes are known to sequester
heavy metals such as cadmium. Accordingly, a comparative
transcriptomic analysis was conducted in Nicotiana tabacum
trichomes in response to cadmium treatment [37]. Together,
taking advantage of the specific biological function of single
plant cell types, their transcriptomic analysis has the potential
to reveal new plant regulatory genes in response to biotic and
abiotic stresses due to the gain of sensitivity of the analysis.
For instance, the barley 𝛽-extension EXPB7 gene which was
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Table 1: Various -omic analyses were conducted on different plant single cell types in response to both biotic and abiotic stresses.

Cell type Omics
Transcriptome Proteome Metabolome

Trichome Nicotiana tabacum L. cv. Xanthi
(pathogenic stress; [37])

Arabidopsis thaliana (cold, hormone
stimulus, and drought; [55])

Artemisia annua L. (dehydration stress,
detoxification; [53])

Nicotiana tabacum (oxidative stress;
[56, 57])

Guard cell Arabidopsis thaliana (dehydration
stress; [36])

Brassica napus (ABA response; [59])
Arabidopsis thaliana (ABA response;

[60])

Vicia faba L. (darkness and
drought; [89])

Arabidopsis thaliana (nitric
oxide response and ABA
response, pathogenal
infection, and UV
radiation; [90–94])

Mesophyll cell Arabidopsis thaliana (pathogenal
infection; [35])

Root hair

Hordeum vulgare L. ssp.
spontaneum (drought stress; [38])
Arabidopsis thaliana (heat, cold, salt
stress, oxidative stress, and abscisic

acid stimulus; [28–31])
Glycine max (rhizobial infection;

[2])
Medicago truncatula (rhizobial

infection; [33])

Glycine max (rhizobial infection; [61–63]) Glycine max (rhizobial
infection; [96–98])

Pollen, pollen tube Arabidopsis thaliana (heat and
osmotic stress; [19, 28])

Arabidopsis thaliana (pathogenic
infection, oxidative stress; [42, 44–47])

Zea maize (oxidative stress; [48])
Oryza sativa (pathogen infection,

oxidative stress; [43])

Epidermal cell Mesembryanthemum crystallinum
(salinity stress; [88])

Mesembryanthemum
crystallinum (salinity stress;

[85])

Cotton fiber Gossypium arboreum L. (drought
stress; [14, 15])

initially identified based on its differential expression in root
hair cells in response to drought stress has been demonstrated
to confer a better drought adaptation to the plant [38].

4. Characterization of the Proteomic
Response of Single Plant Cell Type to
Environmental Stresses

Proteins are the active molecules in the cells. The quantifi-
cation of their relative abundance is critical to understand
plant adaptation to environmental stresses. However, single
cell type proteomes are challenging to establish because of the
limited quantities of plant material available [39–41]. In addi-
tion, their posttranslational modifications are also affecting
protein function and should logically be characterized at the
level of single plant cell types.

A first effort in the establishment of single cell type
proteome was the characterization of the pool of proteins in
mature pollens. Pollen cell proteomics have been studied in

different plantmodels such asArabidopsis thaliana andOryza
sativa [42–45]. In Arabidopsis thaliana 130 differentially
expressed proteins involved in pollen germination and pollen
tube growth were identified via proteomic analyses [46].
Ultimately, proteomic analyses led to the establishment of the
first protein reference map of mature pollen in Arabidopsis
using two-dimensional gel electrophoresis (2DE), matrix-
assisted laser desorption/ionization time of flight (MALDI-
TOF), and electrospray quadrupole time of flight-mass spec-
trometry (EQ-TOF-MS) [47]. In maize, a comparative pro-
teomic analysis allowed the characterization of differentially
expressed proteins involved in pollen tube development and
plant defense [48]. Among those proteins, several participate
in pollen resistance to environmental stresses. For instance,
proteomic analysis in Arabidopsis pollen helped to reveal the
role of the ABI1 phosphatase 2C as a negative regulator of
ABA signaling [49]. Similarly, in response to osmotic stress,
glucose regulated (GRPs) and LEA-like A. thaliana proteins
were strongly induced to protect the cells [47, 50, 51].
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Trichome has also been subject to various proteomic
analyses across different plant species such as Artemisia
annua, Arabidopsis, and tobacco [52–54]. The establishment
of the trichome proteome in Arabidopsis thaliana confirms
the important role of this single cell type in sulfurmetabolism
and detoxification to enhance plant defense mechanisms
[55]. Upon the identification in 1543 proteins in tobacco leaf
trichomes [56], several enzymes also related to the detoxifi-
cation including glutathione-S-transferase (GST), ascorbate-
glutathione cycle enzymes, superoxide dismutases (SOD),
cytosolic Cu/Zn SOD, and peroxidases were characterized
in response to oxidative stress [56, 57]. The functional
categorization of the Arabidopsis trichome proteome based
on gene ontology (GO) terms also confirmed the role of
trichomes in plant adaptation to abiotic (cold, temperature,
drought, and heavy metal) and biotic stresses [54]. Similarly,
in tobacco, proteins were also identified for their role in biotic
stress responses such as chitinases and glucanases [56].

The guard cell proteome revealed the abundance of pro-
teins involved in signaling, membrane transport, glycolysis,
photosynthesis light reaction, and fatty acid biosynthesis
[58]. Using isobaric tag for relative and absolute quantitation
(iTRAQ) technology, several ABA-response proteins were
identified in Brassica napus and Arabidopsis guard cells [59,
60]. In B. napus, 66 ABA-dependent and 38 ABA-decreased
proteins were reported to have a special function in calcium
oscillation, ROS reaction, photosynthesis, and signaling [59].

Comparative proteomic analyses in soybean also led
to the identification of several root hair specific proteins
differentially accumulated in response to Bradyrhizobium
japonicum inoculation including more than 100 heat shock
proteins involved in protein folding and stress responses [61,
62]. To provide amore complete view about the changes in the
proteome of soybean root hair cells in response to rhizobium,
Nguyen et al. (2012) also established its phosphoproteome
and identified 273 root hair specific phosphopeptides regu-
lated in response to B. japonicum infection [63].

5. Metabolomic Response of Single Plant Cell
Types to Environmental Stresses

Similar to the other -omic approaches, the analysis of the cell
type-specific metabolomes is affected by multicellular com-
plexity of the tissues selected. In addition to their diversity,
metabolomic analyses also suffer from the low concentration
of many metabolites supporting the need for single plant cell
type metabolomic approaches.

Microcapillary method is applied for sampling plant sin-
gle cells content by using the oil-filled glass microcapillaries
mounted on the micromanipulator [64–67]. This method
benefits from cellular turgor pressure to study plant organ
water relations at the single cell level, which allows investigat-
ing cellular macromolecules [68, 69].The combination of the
microcapillary method with other physical or chemical ana-
lyticalmethods (e.g., gas chromatography-time of flight-mass
spectrometry (GC-TOF-MS) [70], laser capture microdis-
section (LCM), laser microdissection optionally coupled to
laser pressure catapulting (LMPC) [71], andRT-PCR [67, 69])

helps researchers to characterize the metabolome of fully
differentiated plant cell types [72]. Combined with the recent
improvement of analytical technologies, the quantitative and
qualitative analysis of plant single cell type metabolomes
would provide new insights into the environmental stress
responses of plant cells.

Various technologies are commonly used for metabo-
lomic profiling including infrared spectroscopy [73], nuclear
magnetic resonance (NMR) [74–76], mass spectrometry
(MS) and gas chromatography-MS (GC-MS) [77, 78],matrix-
assisted laser desorption/ionization (MALDI) [79], capil-
lary electrophoresis coupled with laser induced fluorescence
detection (CE/LIF) [80] or mass spectrometry (CE/MS) [81,
82], CE-negative electrospray ionization-MS, and electro-
spray ionization (ESI) [83]. These techniques vary in speed,
selectivity, and sensitivity.

Several metabolomic studies at the level of single plant
cell types have been described. For instance, focusing on
the epidermal bladder cell (EBC), a specialized trichome cell
from Mesembryanthemum crystallinum known to be mor-
phologically altered under salt stress [84], Barkla and Vera-
Estrella (2015) characterized their metabolomic response to
salinity [85]. Comparing M. crystallinum EBC metabolomic
salt-response with the metabolomes of other salt-tolerant
plant species [86, 87], specific classes of metabolites enhanc-
ing plant adaptation to high salinity such as sugars and sugar
alcohols have been identified. Similarly, having the goal to
enhance plant resistance in response to salinity and heavy
metals, metabolomic analyses revealed the accumulation of
sulfur and glutathione in Arabidopsis and tobacco trichomes
[88].

In the Arabidopsis thaliana and Vicia faba guard cells,
several metabolomic studies revealed the relationships exist-
ing between the accumulation of flavonoids, reactive oxygen
species, abscisic acid, nitric oxide, and auxin as impor-
tant components of the signaling cascade controlling the
stomatal movements in response to osmotic stresses and
pathogenic organisms such asPseudomonas syringae [89–94].
For instance, the increase in phenolic and flavonoid com-
pounds in the A. thaliana guard cells provides an additional
protection against pathogens, insects, and UV-B radiation
[90]. Lipidomic analysis of Commelina communis and A.
thaliana guard cells also revealed the role of fatty acids in the
stomatal response of plants to both abiotic and biotic stresses
[93, 95].

Plant single cell type metabolomic response to biotic
stresses has also been established such as the soybean
root hair metabolome and its regulation in response to B.
japonicum inoculation. A total of 2610 root hair metabolites
were identified using two biochemical methodologies: gas
chromatography-mass spectrometry (GC-MS) and ultraper-
formance liquid chromatography-quadrupole time of flight-
mass spectrometry (UPLC-QTOF-MS) [96]. Among them,
166 were highly regulated in response to B. japonicum
inoculation including various flavonoids, amino acids, fatty
acids, carboxylic acids compounds, and trehalose. The latter
has been well described for its essential role during the
nodulation process and, more specifically, its role on survival
of the soybean symbiotic bacteria [97, 98].
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New approaches are currently developed allowing the
noninvasive analysis of single plant cell metabolome associ-
ated with a robust quantification and detection of plant single
cell metabolites. Infrared-laser ablation electrospray ioniza-
tion (LAESI) and UV-laser desorption/ionization (LDI) are
two methods minimizing sample preparation and manipula-
tion.The latter does not require an external matrix providing
a larger spatial resolution of the single cell [99]. Complemen-
tary to LDI technology, LAESI highlights the colocalization
of metabolites and metabolomic networks in plant samples
such as Spathiphyllum lynise and Aphelandra squarrosa [100].
The LAESI was also successfully applied to analyze the
metabolome of single epithelial cells inAllium cepa, theCitrus
aurantium oil glands, and Narcissus pseudonarcissus bulbs
[101, 102]. As a conclusion, LAESI and LDI are new noninva-
sive analytical methods compatible with the analysis of single
plant cell metabolome. They represent attractive solutions
to image known and unknown metabolomic networks in
response to environmental stresses at the level of single plant
cells.

6. Conclusion

Recent technological advances are now enabling the char-
acterization of plant molecular responses to both biotic
and abiotic stresses at the level of single plant cell types. -
Omic studies on entire plant organs mask the cell-specific
characteristics and lead to a dilution of the molecular
changes. Accordingly, the scientific community highlighted
the need for single plant cell type approaches to provide a
more precisemolecular characterization of plants response to
the abiotic and biotic stresses. The combination of different
molecular approaches and their integration will reveal at a
systems level the complexity of plant cell adaptation to the
stresses.

For instance, using tomato pollen cell as a model, Lopez-
Casado et al. (2012) generated a proteomic analysis using
RNA-seq database [103]. Single cell system biology by com-
bination of one or two -omic analyses can also provide a
more dynamic model of the interactions between the plant
and its environment [104]. Therefore, integrating single cell
type-specific proteomes, transcriptomes, and metabolomes
would provide a better understanding of plant model reg-
ulatory networks in response to environmental stresses
[22].
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Drought and heat are among the major abiotic stresses that affect soybean crops worldwide. During the current investigation, the
effect of drought, heat, and drought plus heat stresses was compared in the leaves of two soybean varieties, Surge and Davison,
combining 2D-DIGE proteomic data with physiology and biochemical analyses. We demonstrated how 25 differentially expressed
photosynthesis-related proteins affect RuBisCO regulation, electron transport, Calvin cycle, and carbon fixation during drought and
heat stress. We also observed higher abundance of heat stress-induced EF-Tu protein in Surge. It is possible that EF-Tu might have
activated heat tolerance mechanisms in the soybean. Higher level expressions of heat shock-related protein seem to be regulating
the heat tolerance mechanisms. This study identifies the differential expression of various abiotic stress-responsive proteins that
regulate various molecular processes and signaling cascades. One inevitable outcome from the biochemical and proteomics assays
of this study is that increase of ROS levels during drought stress does not show significant changes at the phenotypic level inDavison
and this seems to be due to a higher amount of carbonic anhydrase accumulation in the cell which aids the cell to become more
resistant to cytotoxic concentrations of H

2
O
2
.

1. Introduction

Soybeans are one of the most important legume crops and
have a major impact on the US and global economies. Inter-
national markets use about half of the soybeans produced
in the US, and its production is expected to alleviate the
global demand for human consumption, biofuel production,
and high-protein meal for animal feed [1]. In 2011, the total
soybean production in the US was 83.29 × 1012 Kg with a
total trade value of $40.2 billion [2, 3]. Heat and drought
are the predominant abiotic stress factors that limit the
growth and development of soybean plants by causing a
reduction in carbon fixation by the photosynthetic apparatus
of the plants, resulting in net yield losses [4]. At the cellular
level, plants exhibit a variety of responses related to their
physiology and biochemistry to overcome the stress. Drought
stress causes reduced carbon assimilation due to stomatal

closure, membrane damage, and distressed activity of various
CO
2
fixation enzymes [5]. Heat stress increases membrane

damage and impairs metabolic functions [6–8]. As a result,
combination of drought and heat stress causes enormous
economic losses for farmers [9].

Proteomic evaluation for the purpose of differentially
regulated proteins identification in response to the drought,
heat, and the combined stress has been monitored in various
plants in context of the morphological and physiological
changes [10–12]. Particularly, changes in proteomic expres-
sion during drought stress have been observed in major
crops like rice and wheat which shows differential regulation
of various proteins [13–15]. Earlier studies using proteomic
and transcriptomic approaches also implicated the drought
stress response mechanisms including alteration in the sig-
nal transduction pathway and plant’s metabolism [16–19].
Moreover, in response to heat stress, many stress proteins
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were originally identified as HSP which indicates plant’s
tolerance threshold [20]. To improve the understanding of
the mechanisms underlying soybean responses to drought
and heat stress, in the present investigation we have used
a global proteomic approach combined with physiological
and computational analysis [10, 21, 22]. The two major
soybean varieties, Surge (yield 3,272Kg/ha) and Davison
(yield 4,074Kg/ha), showing distinct physiological charac-
teristics were used in this study. Proteomic analysis revealed
differentially expressed proteins related to key biological
processes (such as photosynthesis and respiration), various
metabolic pathways (nitrogen metabolism and carbohy-
drate metabolism), and several other molecular processes
(protein biosynthesis and ATP synthesis). Computational
analysis predicted a protein network displaying the likely
interactions between protein abundances and plant stress
responses. These analyses will enable the development of
plant molecular improvement programs to produce more
effective strategies contributing to greater food security in the
coming years. Since the proteins are the translated version
of mRNA (proteomics approach may have advantage over
transcriptomics approach [4]) several research groups have
utilized the power of proteomic evaluations and combined
it with physiological studies to create a link between plant
physiology and the molecular signatory responses [10, 23].
The primary aim of this study was to investigate differential
protein expression between two contrasting genotypes for
drought and heat stress responses, and to reveal the drought
and heat stress-responsive mechanisms in soybean at early
stage of growth. Based on physiological analyses, we found
that drought and heat stress decrease photosynthesis and
reduce stomatal conductance and transpiration rates, which
ultimately alter the net CO

2
concentrations in leaves. The

proteomic analyses facilitated the characterization of a set
of proteins whose expressions were altered under heat and
drought stresses.We found that, in Surge, more proteins were
downregulated during drought stress than during heat stress,
but the combined stress conditions exerted a drastic effect at
both the molecular and the phenotypic levels. In this study,
we have identified genes involved in photosynthesis that
were differentially expressed during drought and heat stress
conditions. This differential expression is most likely the
result of blocked interactions between RuBisCO, RuBisCO
activase, electron transport chain, and downregulation of
various Calvin cycle enzymes, which ultimately results in a
net reduced level of photosynthesis [24].This study identified
greater accumulations of EF-Tu protein during heat stress in
Surge.The results also indicated the accumulation of a 70 kDa
stromal HSP, which we assume is crucial for plant survival
during heat stress by activating heat tolerance responses [25].
Previously, it has been reported that drought and heat stresses
may trigger the formation of reactive oxygen species (ROS)
[26, 27]. Likewise, we also examined the drought and heat
stress-induced changes in the production of ROS and found
that, during drought stress, soybeans exhibited a significant
increase in the level of hydrogen peroxide and an enhanced
ROS detoxification capacity via carbonic anhydrase, which
protects the plant against oxidative damage [28]. Plants use
ABA as a signaling molecule while maintaining a positive

water balance throughout the system, as physiological studies
have shown [29–31]. Elevated ABA levels during heat stress
are shown to protect the maize plant against heat-induced
oxidative damage [32]. We quantified the ABA levels in
soybean leaves during all the stress conditions and have dis-
cussed it in drought and heat stress contexts for soybean crop.
At the level of computational analysis, we have constructed a
protein-protein network to predict the interactions between
the differentially expressed proteins [17].

2. Materials and Methods

2.1. Plant Growth Conditions. Soybean (Glycine max L.
cultivars: Surge and Davison) seeds were planted in pots
filled withMetromix 360 (Sun GroHorticulture, Floodwood,
Minnesota, USA). A total of eight, 6.0-liter size pots, each
containing 4-5 individual soybean plants (biological replica-
tions), were placed in a growth chamber (Conviron, Canada)
illuminated with white fluorescent light and incandescent
bulbs (500 𝜇molesm−2 s−1, 12 h photoperiod) at 25∘C and
70% RH for 3 weeks. At this stage, 8 pots from each cultivar
were separated into 4 groups (control, drought, heat, and
drought plus heat; Figure S1 in Supplementary Material
available online at http://dx.doi.org/10.1155/2016/6021047).
Watering was done daily with 150mL tap water per pot until
the second trifoliate leaves emerged, afterwhich various stress
treatments were carried out. The first group was the control,
and it was maintained under the conditions described above.
For the second group, the plants were exposed to drought
stress (no watering for 7 days). The third group contained
plants that were exposed to heat stress (42∘C daytime/35∘C
night time, 50% humidity) with normal watering schedules.
The fourth group contained plants that were exposed to
drought plus heat stress. Soil moisture sensors (SM 100,
Spectrum Technologies) were inserted into all of the pots on
the day the plants were exposed to abiotic stress to measure
the % VWC for each treatment. The % VWC value was
measured throughout the entire experimental period using
a microstation data logger [33].

2.2. Measurement of Photosynthesis, Stomatal Conductance,
Transpiration, and Leaf Water Potential. Photosynthesis,
stomatal conductance, and the transpiration rate were mea-
sured, every day at noon, on the first and second trifoliate
stage leaves for all the plants in each group and with three
replications (following the rationale from previous published
drought stress time point studies [34, 35]). We used CI-510
Photosynthesis System (CID Bio-Science) with the following
parameters: leaf chamber area: 6.25 cm2; flow rate: 0.3; time
interval: 1 second; delay: 2 seconds; system: open; tempera-
ture: 25∘C, as per the manufacturer’s recommendations. Leaf
water potential wasmeasured using a pressure chamber (PMS
Instrument) following the manufacturer’s recommendations.

2.3. Sample Preparation for 2D-DIGE. Leaf samples collected
from all treatments were snap-frozen under liquid nitrogen
and stored in −80∘C freezer until further use. Total pro-
tein was isolated according to the procedure of Hurkman
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and Tanaka [36]. Ground soybean leaf tissue (500mg)
was homogenized in 5mL of 2D cell lysis buffer (30mM
Tris-HCl, pH 8.8, 0.9M sucrose, 10mM EDTA, 0.4% 2-
mercaptoethanol, 7M urea, 2M thiourea, and 4% CHAPS)
and an equal volume of Tris-saturated phenol, vortexed
for 30 seconds and incubated for 30min at 4∘C. Following
homogenization and mixing, centrifugation was carried out
for 15min at 4∘C at 6,000 rpm, and the phenol phase was
collected in a fresh tube. Now, the proteins in the collected
phase were precipitated overnight by adding 5 volumes of ice-
cold 0.1M ammonium acetate in 100% methanol at −20∘C.
Next day, after 20min of centrifugation at 10,000 rpm, the
protein pelletwaswashed in 5mLof 0.1Mammoniumacetate
in 100% methanol followed by a wash in 5mL of ice-cold
80% acetone, and then a final wash in 4mL of 70% ethanol.
The protein pellet was air-dried and stored at −80∘C until
downstream experiments. Protein quantification assays were
performed using the Bio-Rad reagent (catalog# 500-0006) on
the Bio-Rad SmartSpec Plus spectrophotometer.

2.4. 2D-DIGE, Trypsin Digestion, and MALDI-TOFMS Anal-
ysis. 2D-DIGE analysis was performed by Applied Biomics
(Hayward, CA, USA). For each sample set (either Surge
or Davison with respective treatments, Figure S1), 30 𝜇g of
sample protein was mixed with 1.0 𝜇L of diluted Cy3 or Cy5
dye (1 : 5 dilution in a 1 nmol𝜇L−1 DMF stock) for labeling.
A pooled protein sample containing equal amounts of all
samples in the experiment was labeled with Cy2 using the
same protocol. After vortexing, the tubes were incubated in
the dark for 30min on ice. Next, 1.0 𝜇L of 10mM lysine was
added to each sample. After that, the samples were vortexed
and incubated in the dark for 15min on ice. Next, the Cy2,
Cy3, and Cy5 labeled samples were mixed by adding 2X 2D
sample buffer (Bio-Rad), followed by the addition of 100 𝜇L
of DeStreak solution and a rehydration buffer (Bio-Rad) up
to 350 𝜇L for the 13 cm gradient (pH 4–7) IPG strip. Upon
completion of IEF, the IPG strips were incubated in freshly
made equilibration buffers I and II (Bio-Rad) for 15 minutes
with gentle shaking. The IPG strips were rinsed in Tris-
glycine-SDS running buffer (Bio-Rad) and then transferred
to 12% SDS-polyacrylamide gels, followed by sealing with
0.5% agarose solution for second-dimension electrophoresis.
The SDS gels were electrophoresed at 175 volts at 15∘C
for 8 hrs. Gel images were scanned using Typhoon TRIO
(GE Healthcare, PA, USA) and were analyzed using Image
QuantTL software (version 6.0, GE Healthcare, USA) and
then subjected to in-gel analysis and cross-gel analysis using
DeCyder software, version 6.5 (GE Healthcare). The dif-
ferential expression of the proteins was obtained from in-
gel DeCyder software analysis [37]. This way, a total of 12
gels (Table S1) were run comprising protein samples from 8
different sets of treatments (Figure S1) and 3 replications each.
The spots of interest were selected based on the in-gel analysis
and statistical analyses (Table S2), 𝑝 value of ≤0.1 and cut-
off value of 1.5-fold, and were picked up using the Ettan Spot
Picker (GE Healthcare). The picked gel spots were washed
and digested in-gel using modified porcine trypsin protease
(Trypsin Gold, Promega). The digested tryptic peptides were
desalted using Zip-tip C18 (Millipore) and spotted on the

MALDI plate. MALDI-TOF MS and TOF/TOF tandem MS
were performed on a 5800mass spectrometer (AB Sciex).The
MALDI-TOF mass spectra were generated in the reflectron
positive ion mode, and TOF/TOF tandemMS fragmentation
spectra were acquired for each sample. On average, 4,000
laser shots per fragmentation spectrum were applied to each
of the 5–10 most abundant ions present in each sample,
excluding the trypsin autolytic peptides and other known
background ions [38]. Both the resulting peptide mass and
the associated fragmentation spectra were submitted to the
MASCOT (version 2.4,Matrix Sciences, UK) inOctober 2014
to search the SwissProt database with 546,790 sequences.The
searches were performed following the details of Poschmann
et al. [39], for example, without constraining the protein
MWor the pI value and with variable carbamidomethylation
of cysteine and oxidation of methionine residues, a mass
tolerance of 100 ppm, and allowing only one missed and/or
nonspecific cleavage. Proteins with a protein score > 62 were
considered to be assigned correctly. Candidates with either
a protein score of CI % or an ion score of CI % greater
than 95 were considered to be statistically significant. The
protein peptide summary for all identified spots is listed in
Supplementary Material Table S4.

2.5. ROS Measurement (Hydrogen Peroxide Quantification).
The levels of H

2
O
2
in leaves were measured using the

Amplex� Red Hydrogen Peroxide/Peroxidase Assay Kit
(Molecular Probes, catalog# A-22188) [40]. For this assay,
manufacturer’s protocol was followed. Briefly, 50mg of the
ground leaf powder was mixed with reaction buffer (pH
7.4), vortexed, and incubated on ice for 15min. Then, the
samples were centrifuged at 10,000 rpm for 10min at 4∘C,
and the supernatant was collected. Next, 50 𝜇L of the samples
was loaded into a multiwell plate (clear bottom, black sides)
followed by the addition of 50 𝜇L of 100 𝜇M Amplex� Red
reagent and 0.2UmL−1 HRP. The samples were incubated
in the dark for 30min at room temperature. Afterward,
the fluorescence was measured at an emission wavelength
of 620 nm using a Synergy 2 multimode microplate reader
(BioTek); the blank value (buffer only) was subtracted from
the sample’s florescence values. Then, based on the standard
curve, the H

2
O
2
concentration was calculated in terms of

nmol𝜇L−1 sample [41].

2.6. Quantification of Abscisic Acid. ABA quantification was
performed as outlined by Kim et al. [42]. Two hundred
mg of ground leaf powder was suspended in 1mL of sterile
deionizedwater and incubated overnight at 4∘Cwith constant
shaking. The solution was centrifuged at 4,000 rpm for
20min. Then, the supernatant was transferred to a clean
microfuge tube ensuring that no leaf pieces were transferred.
The solution then was dried completely using a vacuum con-
centrator. The dried precipitate was resuspended with 60𝜇L
sterile deionized water and a 1 : 1000 dilution of the sample
was made with TBS. ABA concentration was determined
using a Phytodetek� ABA Test Kit (Agdia, USA) following
the manufacturer’s recommendations. A standard curve was
generated using ABA standards (100, 20, 4, 0.8, 0.16, and
0.32 pmolesmL−1). 100𝜇L of diluted sample per standardwas
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Figure 1: Bar diagrams showing the effect of various abiotic stresses on leaf water potential in two soybean cultivars Surge (a) andDavison (b).
𝑥-axis defines various abiotic stress treatments (drought, heat, and drought + heat) including control and 𝑦-axis defines leaf water potential
in MPa (megapascal unit). Each value represents the mean ± SE of three replicates and the asterisks designate the significance of changes
from their corresponding control (∗∗∗𝑝 < 0.01).

loaded onto an ABA-antibody coated multiwell plate, and
the ABA concentration was determined according to manu-
facturer’s guidelines. The absorbance values at 405 nm were
read using Spectromax M3 (Molecular Devices). The ABA
concentration was calculated using the slope of the standard
curve based on the manufacturer’s recommendations.

2.7. Computational Analysis and Protein-Protein Interaction
Predictions. First, we mapped protein ID (using UniProt
database) to the Arabidopsis accession numbers and per-
formed a multiple sequence alignment of Arabidopsis
homologs usingCLUSTALO [43] to obtain the protein identi-
ties. To search the variety of functional connections between
the 44 differentially expressed proteins, we used the online
database resource STRING (http://string-db.org/) version
9.1 [44]. Then, after obtaining the primary interactions in
STRING, we portrayed our different protein networks using
Cytoscape software, version 3.0.1 [45].

2.8. Clustering and Statistical Analyses. For the clustering
data, the log

2
-transformed expression values of the protein

spots were used. Hierarchical clustering of the proteins
was performed using Gene Cluster 3.0 [46] with Euclidean
distance similarity metrics and the complete linkage method.
The clusters were visualized using JAVA TREEVIEW [47].
The statistical significance of the results was evaluated using
Student’s 𝑡-test and a level of significance of 𝑝 ≤ 0.05
for the two group comparisons. Data analyses and graph-
ical representations were performed using Microsoft Excel
2013.

3. Results

Understanding the mechanisms by which plants respond to
drought, heat, and cooccurring drought and heat stresses
plays a major role in optimizing crop performance under
drought and high temperature conditions [16]. Figure S2

shows the phenotypic changes between soybean plants on the
sixth day of the stress experiment.

3.1. Soil Moisture Content and Physiological Responses of
Plants to Different Abiotic Stresses. To keep track of the
soil moisture levels during the stress experiments, the soil
water content was measured [48]. Figure S3 shows the soil
moisture levels from Day 0 (prestress) to the sixth day of
stress treatment. The leaf water potential is considered as
a reliable parameter for quantifying the plant water stress
response [49]. It was found (Figure 1) that, in Surge, stress
reduced the leaf water potential from −1.63MPa (control
plants) to −2.70MPa in drought-stressed plants, −2.35MPa
in heat-stressed plants, and −3.83MPa in drought plus heat-
stressed plants on the sixth day of stress. InDavison, we found
that stress reduced the leaf water potential from −1.82MPa
(control plants) to −3.60MPa in drought-stressed plants,
−2.65MPa in heat-stressed plants, and −3.80MPa in drought
plus heat-stressed plants, on the sixth day of stress.

Photosynthesis is among the primary processes affected
by drought and heat stresses [50, 51]. In Surge control plants
(Figure 2), it was found that there was no decrease in
photosynthesis, whereas in drought-stressed plants a 19%
decrease in photosynthesis was detected on the sixth day of
stress. Interestingly, in heat-stressed plants, we found that the
level of photosynthesis was identical to prestress condition;
and in drought plus heat-stressed plants, we detected a
27.28% decrease in photosynthesis on the sixth day of stress
compared to prestress (Day 0) conditions. In the Davison
control plants, there was a 9% decrease in photosynthesis
most likely due to a developmental effect and the water use
efficiency of the plant on that particular day; in drought-
stressed plants, there was a 34.36% decrease in photosyn-
thesis; in heat-stressed plants, photosynthesis decreased to
6.55%; and in drought plus heat-stressed plants, we detected
a huge decrease (28.13%) in photosynthesis on the sixth day
of stress compared to prestress (Day 0) conditions.
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Figure 2: Bar diagram showing the effect of various abiotic stresses on photosynthesis in two soybean cultivars Surge (a) and Davison (b).
𝑥-axis defines various abiotic stress treatments (drought, heat, and drought + heat) including control and 𝑦-axis defines measurement of net
photosynthesis (𝜇mol/m2/s). Each value represents the mean ± SE of three replicates and the asterisks designate the significance of changes
from their resultant control (∗∗∗𝑝 < 0.01, ∗∗𝑝 < 0.03).

Several studies have suggested changes in the transpira-
tion rate or stomatal conductance in response to different
stress conditions. Altering stomatal conductance causes a
fluctuation in the leaf water potential by shifting the tran-
spiration rate [52]. The results (Figure 3) revealed that, in
Surge control plants, stomatal conductance was increased by
36.44% (at the same time, the transpiration rate increased
by 59.84%), whereas in drought-stressed plants stomatal
conductance was decreased by 21.18% (while the transpira-
tion rate decreased by 73.02%) on the sixth day of stress
compared to prestress (Day 0) conditions. In heat-stressed
plants, stomatal conductance decreased by 15.94% (the tran-
spiration rate decreased by 77.48%); and in drought plus heat-
stressed plants, stomatal conductance decreased by 41.81%
(the transpiration rate decreased by 130.35%) on the sixth day
of stress compared to prestress (Day 0) conditions. InDavison
control plants, we found that stomatal conductance decreased
by 3.62% (the transpiration rate increased by 96.13%); in
drought-stressed plants, stomatal conductance decreased by
13.05% (the transpiration rate decreased by 77.37%); in heat-
stressed plants, stomatal conductance decreased by 1.53%
(the transpiration rate decreased by 14.06%); and in cooccur-
ring drought plus heat-stressed plants, stomatal conductance
decreased by 15.45% (the transpiration rate decreased by
133.43%) on the sixth day of stress compared to prestress (Day
0) conditions.

Stomatal conductance also depends on the leaf tem-
perature via the transpiration rates [52]. The analysis

of present investigation indicated that leaf temperature
increased in a nonproportional manner with stomatal con-
ductance (Figure 4). We found that stomatal conductance
reduced under all conditions in which the leaf temperature
increased.

3.2. 2D-DIGE Analysis Followed by MALDI-TOF MS to
Identify the Differentially Expressed Proteins in Response to
Drought and Heat Stress. The comparison of the leaf proteins
from the two soybean cultivars among the control, heat,
drought, and drought plus heat stress conditions via 2D-
DIGE analysis revealed a broad distribution in the pI range
and in themolecular weight range. Figure 5 is a representative
image ofmaster gel, and supplemental Figures S4 and S5 show
the Cy2/Cy3/Cy5 overlay images of all 12 gels run during
the experiment. The protein spots were selected from the
preparative gels for protein identification. Among the control
and three treated groups, based on in-gel analysis, on average
a total of 2600 spots were detected using DeCyder software.
Of these, on average a total of 1,900–2,000 protein spots were
matched among all other gels (Table SI); from here, a total
of 108 spots were selected based on statistical analyses (𝑝
values; Table S2), and 92 differential spots were successfully
identified using a threshold of significance of 𝑝 ≤ 0.1, and
with a cut-off value of 1.5-fold increase/decrease in protein
expressions. Of these identified spots, we determined the
protein identity of 88 spots with high confidence (Tables S3
and S4), corresponding to 44 nonredundant differentially
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Figure 3: Bar diagram showing the comparison of stomatal conductance and transpiration rate profiles between Day 0 (prestress) and Day 6
under various stress conditions in two soybean cultivars Surge ((a), (c)) andDavison ((b), (d)). 𝑥-axis defines various abiotic stress treatments
(drought, heat, and drought + heat) including control and𝑦-axis defines percentage change of stomatal conductance atmmol level. Each value
represents the mean ± SE of three replicates.
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Figure 4: Bar diagrams showing temperature profiles of leaves between Day 0 (prestress) and Day 6 in two soybean cultivars Surge (a)
and Davison (b). 𝑥-axis defines various abiotic stress treatments (drought, heat, and drought + heat) including control and 𝑦-axis defines
measurement of leaf temperature OC. Each value represents the mean ± SE of three replicates and the asterisks designate the significance of
changes from their subsequent control (∗∗∗𝑝 < 0.01, ∗∗𝑝 < 0.03, and ∗𝑝 < 0.05).

expressed proteins in both soybean varieties exposed to
different stress conditions.

3.2.1. Genotypic Comparison at Molecular Levels for Different
Stresses. For the genotypic comparisons between Surge and
Davison soybean varieties, we examined three different stress
conditions (heat, drought, and drought plus heat) and a con-
trol condition. Under drought stress conditions, out of the 44
differentially expressed proteins in Davison, 16 proteins were
upregulated and 28 proteins were downregulated compared

to Surge. Under heat stress conditions, 19 proteins were
upregulated and 25 proteins were downregulated in Davison
compared to Surge. Furthermore, when the soybean leaves
were exposed to combined drought plus heat stress, 21 pro-
teins were upregulated and 23 proteins were downregulated
in Davison compared to Surge. To determine how these soy-
bean leaf proteins vary under specific stress conditions, Venn
diagramanalysis of the number of differentially expressed leaf
proteins was conducted (Figures 6(a) and 6(b)).
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Figure 5: A representative figure showing 2D-DIGE analysis of differentially expressed soybean leaf proteins in response to heat, drought,
and drought plus heat stresses. For each sample set, 30 𝜇g of sample protein was mixed with 1.0𝜇L of diluted Cy3 or Cy5 dye for labeling. A
pooled protein sample containing equal amounts of all samples was labeled with Cy2. Labeled samples were subjected to isoelectric focusing
(pH 4–7) followed by 12% SDS-polyacrylamide gels. Gel images were scanned using Typhoon TRIO (GE Healthcare, PA, USA) and were
analyzed using Image QuantTL software (version 6.0, GE Healthcare, USA) and then subjected to in-gel analysis and cross-gel analysis using
DeCyder software, version 6.5 (GE Healthcare). The spot numbering on the merged 2D-DIGE image indicates the protein spots that were
found statistically significant between various treatments for mass spectrometric identification.

Hierarchical clustering analysis was performed on the
expression data for the 92 differentially expressed protein
spots in Surge compared to Davison under control, heat
stress, drought stress, and drought plus heat stress conditions
to identify trends (Figure 7). Clustering analysis revealed
the assignment of the 92 protein spots into 6 prominent
clusters (I–VI). Cluster I contained two proteins that were
downregulated in leaves when exposed to drought, and
drought plus heat conditions, but were upregulated under
heat stress conditions. Cluster II was comprised of leaf
proteins that were downregulated under drought conditions
but were not altered under the other conditions. Cluster
III consisted of proteins that were upregulated in response
to heat stress to a lesser extent than those in cluster I.
Cluster IV included proteins that were not significantly
altered in response to stress. The expression of protein spots
in cluster V displayed remarkable variability; under heat

stress conditions, these proteins were downregulated, but
under combined drought and heat stress conditions, these
proteins were upregulated. The proteins included in cluster
VI displayed prominent downregulation under heat stress
conditions but upregulation under combined drought and
heat stress conditions.

3.2.2. Comparison of the Effects of Stress on Different
Genotypes. To examine the molecular changes that occur
under stress conditions, the leaf proteomes of both vari-
eties were analyzed (Figure 6(c)). Under drought stress
conditions, it was found that 11 proteins (stromal 70 kDa
heat shock-related protein, ATP-dependent zinc metallopro-
tease, RuBisCO large subunit-binding protein subunit beta,
elongation factor Tu, glutamine synthetase, photosystem
II stability/assembly factor HCF136, malate dehydrogenase,
fructose-bisphosphate aldolase, ferredoxin-NADP reductase,
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Figure 6: Venn diagram showing the proteins which are unique to respective genotype and stress. The number of downregulated (a) and
upregulated (b) proteins and comparison of two genotypes in relation to number of proteins that get affected as a result of various stresses
(c).

and chlorophyll a-b binding protein 6A) were upregulated in
Davison but were downregulated in Surge.

Under heat stress conditions, 13 proteins were down-
regulated in Surge, whereas 31 proteins were downregu-
lated in Davison compared to the control condition. The
results revealed significant downregulation of 20 proteins
in Davison. The most downregulated proteins include stro-
mal 70 kDa heat shock-related protein, ATP-dependent zinc
metalloprotease FTSH 8, elongation factor Tu, and ribulose
bisphosphate carboxylase large chain, but all of these proteins
were upregulated in Surge.

When the plants were exposed to drought plus heat stress,
it was found that 22 proteins were downregulated and 22
proteins were upregulated in Davison, whereas 24 proteins
were downregulated and 20 proteins were upregulated in
Surge compared to plants under the control conditions.
Under the drought plus heat stress conditions, 9 proteinswere

downregulated in Surge (the most downregulated proteins
include stromal 70 kDa heat shock-related protein, ATP-
dependent zinc metalloprotease FTSH 8, ribulose bisphos-
phate carboxylase small chain, and carbonic anhydrase 1).
However, these proteins were upregulated in Davison.

3.3. Functional Correlation among the Identified Proteins
under Drought and Heat Stress. To attain a better under-
standing of the early proteomic responses, a majority of
the differentially expressed proteins identified were classified
into various functional categories. This analysis (Figure 8(a))
indicated that the 92 significantly altered protein spots iden-
tified were found to be involved in different metabolic path-
ways and processes, including photosynthesis (65.56%), ATP
synthesis (7.78%), protein biosynthesis (4.44%), superoxide
dismutase activity (3.33%), protein folding (2.22%), lipid
metabolism (2.22%), photorespiration/response to hypoxia
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(2.22%), respiration (2.22%), carbonate dehydratase activity
(2.22%), acid phosphatase activity (2.22%), nitrogen fixation
(1.11%), one-carbon metabolism (1.11%), calcium ion binding
(1.11%), serine protease inhibitor (1.11%), and response to cold
stress (1.11%).

An analysis was performed to elucidate the subcellular
localization of the differentially expressed proteins (Fig-
ure 8(b)). A large portion of the differentially expressed
proteins identified were predicted to be chloroplastic (86%),
whereas most of the remaining proteins were predicted to
be localized to the cytoplasm (5.55%), mitochondria (2.22%),
vacuoles (2.22%), peroxisomes (1.11%), or ribosomes (1.11%).

3.4. Identified Proteins Affecting Photosynthesis under Drought
and Heat Stress Conditions. In this study, 25 proteins that
are directly or indirectly involved in photosynthesis were
discovered as differentially expressed in soybeans in response
to various stress conditions. Protein upregulation and down-
regulation in Davison compared to Surge are presented in
Figure 9.The proteomic analysis revealed that, under drought
stress, photosynthesis-related proteins, including ribulose
bisphosphate carboxylase large chain (Spot 22), ribulose bis-
phosphate carboxylase/oxygenase activase (Spot 41), trans-
ketolase (Spot 40), sedoheptulose-1,7-bisphosphatase (Spot
37), fructose-bisphosphate aldolase 1 (Spot 48), phospho-
glycerate kinase (Spot 43), oxygen-evolving enhancer protein
2-1 (Spot 74), chlorophyll a-b binding protein 3 (Spot 75),
ATP-dependent zinc metalloprotease (Spot 9), ATP synthase
subunit alpha (Spot 17), ATP synthase subunit beta (Spot 19),
photosystem II stability/assembly factor HCF136 (Spot 45),
and ferredoxin-NADP reductase (Spot 54), were downreg-
ulated in both soybean varieties (Figure 9). This indicates
that drought stress favors a reduction in the activities of
photosynthetic carbon reduction cycle enzymes, specifically
ribulose-1,5-bisphosphate (RuBP) regeneration and inhibi-
tion of RuBisCO activity [53–55].These findings also support
the current physiological analysis of the photosynthesis.

The photosynthesis rate in higher plants depends on the
activity of RuBisCO and the regeneration of RuBP. It has been
reported that drought stress results in a rapid decrease in
the abundance of RuBisCO small subunit (rbcS) in tomato
[56]. Similarly, our analysis also revealed a decreased (2–4-
fold) synthesis of RuBisCO large and small chain enzyme
under drought stress which may have direct effect on pho-
tosynthesis. The literature suggests that this inhibition of
RuBisCO activity was due to the binding of inhibitors such
as 2-carboxyarabinitol 1 phosphate (CA1P) to RuBisCO [57].
However, the interactions between RuBisCO and inhibitors
are known to be prevented by ATP hydrolysis and RuBisCO
activase, which regulates the active site conformation of
RuBisCO, removes the inhibitors and the bound inactive
RuBP, and allows RuBisCO to undergo rapid carboxylation
[58]. Furthermore, we found that, in response to drought
stress, RuBisCO activase is also downregulated by 2-fold
under stress conditions compared to the control conditions.
This result suggests that, under drought stress, RuBisCO acti-
vase cannot prevent the interaction between RuBisCO and
its inhibitors and cannot remove the bound RuBP to activate
RuBisCO. Along with the downregulation of RuBisCO and

RuBisCO activase, we found that, under drought stress, other
key Calvin cycle enzymes that play a crucial role in car-
boxylation were downregulated, including transketolase (2-
fold compared to the control condition), sedoheptulose-1,7-
bisphosphatase (1–2.4-fold), fructose-bisphosphate aldolase
1 (1.5-fold), and phosphoglycerate kinase (4–17-fold). This
result suggests that carboxylation is also reduced due to the
inhibition of these enzymes, thereby decreasing the level
of photosynthesis and ultimately affecting the growth and
development of these soybean plants.

We found that, due to heat stress, crucial proteins that
regulate electron transport activity were also downregulated
including ATP synthase subunit alpha (2.18-fold in Surge
compared to Davison), ATP synthase subunit beta (1.74-
fold in Davison compared to Surge), photosystem II stabil-
ity/assembly factor HCF136 (1.15-fold in in Davison com-
pared to Surge), oxygen-evolving enhancer protein 2-1 (1.8-
fold in Surge compared to Davison), and ferredoxin-NADP
reductase (1.57-fold in Davison compared to Surge). These
results suggest that, in both soybean cultivars, heat stress
negatively affects electron transport activity, including PSII
downregulation, thereby reducing the level of photosynthesis
[59].

3.5. Upregulation of EF-Tu during Heat Stress in Surge and the
Role of EF-Tu in Protecting the PhotosynthesisMachinery. 2D-
DIGE analysis revealed that the chloroplast protein synthesis
elongation factor, EF-Tu protein (Spot 31), was upregulated
by 4.6-fold in Surge compared to Davison under heat stress.
Additionally, we found that, in Surge, under heat stress, fewer
(13) proteins were downregulated than under drought stress,
whereas 31 proteins were downregulated in Davison under
heat stress. Chloroplast EF-Tu is a protein that is involved
in the elongation of polypeptides during the translational
process, and it belongs to a nuclear-encodedmultigene family
[60, 61]. The heat stress-induced accumulation of EF-Tu
in mature plants is thought to protect the photosynthesis
machinery [62]. It has been reported that maize EF-Tu plays
a crucial role in heat tolerance by acting as a molecular
chaperone, and it has been found to protect heat-labile citrate
synthase, RuBisCO activase, and malate dehydrogenase from
thermal accumulations [63, 64]. The results indicate that,
upon heat stress, EF-Tu assembles in the cytosol in Surge
(as seen by an increase in the protein levels of Spots 29–
31). Therefore, based on these results, EF-Tu could serve as
a biomarker of heat stress in soybeans.

Bioinformatics analysis of protein-protein interactions
of this study revealed that the EF-Tu protein undergoes
chaperone-mediated interaction with all photosynthesis-
related enzymes, including RuBisCO activase, malate dehy-
drogenase, phosphoglycerate kinase, and sedoheptulose-1,7-
bisphosphatase (Figure 12). An interaction between cpn60𝛽
and RuBisCO activase has been reported in Arabidopsis
for acclimating photosynthesis to heat stress [65]. Conse-
quently, it was found that, in Surge variety under heat stress,
the expression of most proteins related to photosynthesis
was conserved, that is, either upregulated or unchanged;
in particular, RuBisCO activase (Spot 41) was upregulated
8.71-fold in Surge compared to Davison. We propose that
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Figure 9: Bar diagrams showing differential regulation of photosynthesis-related proteins. This response is to various stress treatments in
two soybean cultivars Surge and Davison. Dv = Davison; Sur = Surge; D = drought, H = heat, and D + H = drought plus heat stress. The
protein abundance is presented as protein ratio (𝑦-axis) compared to control in response to various abiotic stress treatments (drought, heat,
and drought + heat) on 𝑥-axis.
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Figure 10: Bar diagram showing hydrogen peroxide levels under various stress treatments among Surge (a) and Davison (b). 𝑥-axis defines
various abiotic stress treatments (drought, heat, and drought + heat) including control and the 𝑦-axis defines measurement of hydrogen
peroxide concentration in nmol/𝜇L. Each value represents the mean ± SE of five replicates and the asterisks designate the significance of
changes from their subsequent control (∗∗∗𝑝 < 0.01, ∗∗𝑝 < 0.03, and ∗𝑝 < 0.05).

EF-Tu is synthesized upon heat stress and protects the
heat-induced degradation of all photosynthesis-related pro-
teins and enzymes, especially RuBisCO activase, maintaining
the photosynthesis levels.

3.6. Role of Stromal Heat Shock-Related Protein during Severe
Heat Stress. Based on 2D-DIGE analysis, we found that
the stromal 70 kDa heat shock-related protein (Spot 8) was
upregulated in Surge by 4.15-fold compared to Davison
(Figure S6), and, compared to the control conditions, it was
upregulated by 2.33-fold in Surge under heat stress condi-
tions. This molecular chaperone maintains cellular home-
ostasis in cells under adverse abiotic stress conditions. It has
been found that stromal 70 kDa heat shock-related protein
of Arabidopsis thaliana is responsible for protein folding and
can assist in protein refolding under heat stress conditions
[66].The results also indicate that, under heat stress, proteins
related to the photosynthesis machinery are protected. Taken
together, the analysis indicates that stromal 70 kDa heat
shock-related protein plays a role in the maintenance or
biogenesis of chloroplast proteins, thereby maintaining the
level of photosynthesis [20, 67].

A further bioinformatics analysis of protein-protein
interactions revealed that this HSP protein undergoes two-
way interactions, one with a molecular chaperone (GrpE)
and one directly with phosphoglycerate kinase. As discussed
above, under heat stress, most proteins related to photo-
synthesis are more abundant in Surge than in Davison.
Thus, we propose that stromal 70 kDa heat shock-related
proteinmight activate amultiprotein interaction cascade that
maintains the biogenesis of chloroplast proteins under heat
stress and protects against the heat-induced degradation of
all photosynthesis-related proteins and enzymes, preserving
the photosynthesis levels.

3.7. Quantification of ROS and the Role of Carbonic Anhydrase
in Plant Protection. Studies have shown that increasing levels
of water stress in Vigna plants may increase ROS levels

by means of hydrogen peroxide [28]. Results of present
study (Figure 10) indicate a 5.4-fold elevation in the H

2
O
2

level under drought stress compared to the control condi-
tions in Surge (62.67 nmol𝜇L−1 to 339.62 nmol𝜇L−1) and
a nearly 6.3-fold elevation in Davison (63.77 nmol𝜇L−1 to
404.70 nmol𝜇L−1) on the sixth day of stress. Under heat
stress, we found no significant difference in the H

2
O
2
level

in Surge, but in Davison, the H
2
O
2
level was increased by 1.8-

fold.
The proteomic analysis shows that carbonic anhydrase

1 (Spot 72) is upregulated by 1.8-fold due to drought stress
and by 1.6-fold due to combined drought plus heat stress in
Davison (Figure S7). Carbonic anhydrase is a zinc-containing
metalloenzyme, and the specific association between car-
bonic anhydrase and RuBisCO enables CO

2
to interact

with RuBisCO and maintains the functional machinery of
RuBisCO [68]. Under drought stress conditions, when plants
detect a limitation of water availability, stomatal closure is
triggered, which limits the entrance of CO

2
, resulting in a

net reduction of photosynthesis. This confers increased ROS
accumulation with oxidative stress [69]. It has been reported
that higher expression of carbonic anhydrase in the cell
increases its resistance to cytotoxic concentrations of H

2
O
2

[70].Thus, it is possible that, under drought stress conditions,
the upregulated expression of carbonic anhydrase in Davison
principallymakes the plant cells resistant to toxic H

2
O
2
levels

and protects the plant from oxidative stress. Although we
detected a higher level of hydrogen peroxide in drought-
stressed Davison plants, no significant phenotypic changes
were detected on the sixth day of stress.

3.8. Quantification of ABA under Different Abiotic Stress
Conditions. ABA is a phytohormone critical for plant growth
and plays a key role in integrating various stress signals [71].
Several studies suggested that, in response to the water and
high temperature stress, stomatal movement is controlled by
ABA signaling [72]. In this study, we quantified the ABA
concentration in the leaf under all the stress conditions
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Figure 11: Bar diagram showing quantification of ABA in different abiotic stress conditions in Surge and Davison. 𝑥-axis defines various
abiotic stress treatments (drought, heat, and drought + heat) including control and the 𝑦-axis defines measurement of ABA concentration
(pmol/mL). Each value represents themean± SE of five replicates and the asterisks designate the significance of changes from their subsequent
control (∗∗∗𝑝 < 0.01, ∗∗𝑝 < 0.03, and ∗𝑝 < 0.05).

(Figure 11). We found that, compared to the control plants,
the highest level of accumulation of ABA occurred during
the drought plus heat stress conditions. In Surge, it was 26-
fold higher, and in Davison, it was 132-fold higher compared
to the control conditions. In the drought-stressed leaves, we
found ABA levels to be 7-fold higher in Surge and 58-fold
higher in Davison compared to the control plants. Under
heat stress, ABA is upregulated by 2-fold in Surge and 10-
fold in Davison compared to the normal plants. Through
investigating the change of abscisic acid (ABA) levels, we
found that drought plus heat stress has the highest level of
ABA accumulation, which also correlates with the stomatal
conductance measurements.

3.9. The Identified Protein “Glutamine Synthetase” and Its
Association with Nitrogen Metabolism. Based on the analy-
sis of the soybean leaf proteome, we found that cytosolic
glutamine synthetase leaf isozyme (Spot 33) was downregu-
lated by 4-fold in Davison under drought stress conditions
compared to Surge. This enzyme catalyzes a major reaction
of nitrogen metabolism, that is, the assimilation of ammo-
nium to glutamine using the substrate glutamic acid [73].
Reduction of glutamine synthetase expression under drought
conditions has been reported as a protective mechanism
for plants because the intermediate nitric oxide is an active
radical.Thus, we predict that the same protective mechanism
also occurs in soybean leaves [21, 74]. Additionally, it has
been reported that the overexpression of cytosolic glutamine
synthetase in poplar enhances the photorespiration under
drought stress and that it also contributes to the protection
of photosynthesis [75, 76].

3.10. Protein-Protein Interaction Analysis. For any systems-
level understanding of cellular functions, it is crucial to
appropriately elucidate all functional interactions between
the proteins in the cell at a given time. We searched for
a variety of functional protein-protein interactions between
the differentially expressed proteins in soybeans in response
to abiotic stress to obtain an improved understanding of
these protein-protein interactions, including stable com-
plexes, metabolic pathways, and a wide range of regula-
tory interactions [44] (Figure 12 and Table 1). From the
network, we discovered 10 major proteins (most signifi-
cantly, ribulose bisphosphate carboxylase, ribulose bispho-
sphate carboxylase/oxygenase activase, ATP synthase sub-
unit alpha/beta, sedoheptulose-1,7-bisphosphatase, photosys-
tem II stability/assembly factor HCF136, ferredoxin-NADP
reductase, elongation factor Tu, and carbonic anhydrase 1)
having more than 9 interactions that are considered to be
at the central body of the network. Drought or heat stress
mediated downregulation or upregulation of those central
body proteins of the network may also affect their predicted
partners, which ultimately could affect the molecular signal-
ing by collapsing the whole cellular network.

4. Discussion

Drought and high temperature stress conditions cause exten-
sive losses to crops’, including soybean, productionworldwide
[77, 78]. Individually, the effect of drought or heat stress
conditions on soybeans has been the subject of intense
research [79, 80], but to the best of our knowledge, no such
detailed proteomics-based study attempt has been made to
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Table 1: Data used to predict protein-protein network. Protein spot numbers are corresponding to the 2D-DIGE gel and respective mass
spectrometry based protein identifications are given as UniProt ID.

Spot number Protein name UniProt accession number
1 Acyl-[acyl-carrier-protein] desaturase 6 Q0J7E4
2 Lipoxygenase Q43440
3 Ribulose bisphosphate carboxylase large chain Q01873
4 Transketolase, chloroplastic O20250
7 Stromal 70 kDa heat shock-related protein Q02028
9 ATP-dependent zinc metalloprotease FTSH 8 Q8W585
13 RuBisCO large subunit-binding protein subunit beta P08927
16 ATP synthase subunit alpha Q2PMS8
19 ATP synthase subunit beta Q2PMV0
28 Ribulose bisphosphate carboxylase/oxygenase activase Q40281
29 Elongation factor Tu, chloroplastic Q43467
33 Glutamine synthetase leaf isozyme P15102
34 S-adenosylmethionine synthase 4 A7PRJ6
35 Probable calcium binding protein CML33 Q9SRP4
37 Sedoheptulose-1,7-bisphosphatase O20252
42 Phosphoglycerate kinase P12782
44 Photosystem II stability/assembly factor HCF136 O82660
46 Fructose-bisphosphate aldolase 1 Q01516
49 Malate dehydrogenase 1 Q9ZP06
50 Trypsin inhibitor 1 Q43667
52 Chloroplast stem-loop binding protein of 41 kDa b Q9SA52
53 Ferredoxin-NADP reductase, leaf isozyme 1 Q9FKW6-1
56 Oxygen-evolving enhancer protein 1 P14226
58 Chlorophyll a-b binding protein of LHCII type I P08221
59 Chlorophyll a-b binding protein Q10HD0
60 Chlorophyll a-b binding protein 13 P27489
61 2-Cys peroxiredoxin BAS1-like Q9C5R8
62 Ribulose bisphosphate carboxylase small chain PW9 P26667
63 Ribulose bisphosphate carboxylase small chain 2A P26575
64 Superoxide dismutase [Fe] P28759
66 Carbonic anhydrase 1 P46512
67 RuBisCO-associated protein P39657
71 Stem 31 kDa glycoprotein P10743
73 Stem 28 kDa glycoprotein P15490
74 Oxygen-evolving enhancer protein 2-1 Q7DM39
76 Chlorophyll a-b binding protein 6A P12360
77 Ribulose bisphosphate carboxylase large chain (fragment) P28416
80 Ribosomal protein L7/L12 Q4BZ06
81 Glycine cleavage system H protein 1 P25855
87 Ribulose bisphosphate carboxylase small chain 1 P00865

date.The cooccurrence of drought plus heat stress is of special
interest because they occur together in the field. Recent stud-
ies have revealed that the responses of plants to two different
abiotic stresses that occur simultaneously are exclusive and
cannot be directly inferred from the response of plants to
each of the different stresses applied independently [81].Thus,
to emphasize the molecular, physiological, and proteomic
aspects of stress combination and to unravel the underlying
mechanisms of soybean responses to drought, heat stress,
and cooccurring stresses, we performed a proteomic study

combined with physiological and computational analysis to
facilitate the discovery of genes that can enhance the tolerance
capabilities of soybean crops to the stress conditions [82].

Reduced stomatal conductance is one of the most sensi-
tive responses to drought stress, observed in kidney beans and
various C3 plants [48, 83]. At the level of soybean physiology,
we concluded that drought stress, heat stress, and drought
plus heat stress reduce stomatal conductance, which is caused
by decreasing the leaf water potential via transpiration rate
alterations in both varieties. Stomatal conductance is also
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reliant on leaf temperature via transpiration rate, and we
observed that the increase of leaf temperature is correlated
to the stomatal conductance and transpiration rates. Pho-
tosynthesis is among the primary processes affected by the
drought and heat stresses [16, 84, 85]. As soil moisture
decreases during drought stress and cooccurring drought
and heat stress, the water content of mesophyll tissue also
reduces, ultimately affecting the photosynthetic physiology,
principally carbon assimilation and energy use of the plant.
Surprisingly, there was no such significant effect observed
during heat stress alone, which actually establishes the fact
that consequences of water deficiency have an enormous
impact on altering the photosynthetic machinery [86].

Gel-based proteomic separation is widely used in various
plants’ studies to decipher abiotic stress-responsive mech-
anisms for its high precision exclusively for comparative
proteomics [87]. Likewise, we used a gel-based proteomic
approach to elucidate the mechanisms underlying the early
responses of soybeans to various abiotic stresses. To propose a
functional relationship among proteins in response to abiotic
stress, we performed functional categorization and subcel-
lular localization of various differentially expressed proteins
[88, 89]. Our proteomic analysis revealed that a total of 44
proteins were significantly changed in soybean leaves after 6
days of different stress exposures (drought, heat, and drought
plus heat), and their functional categorization showed that

most of the differentially changed proteins were related to
photosynthesis, ATP synthesis, and protein biosynthesis.The
subcellular localization study reveals that most of the pro-
teins are actively synthesized in chloroplast and cytoplasm.
We found that 25 proteins related to photosynthesis were
downregulated during stress conditions in both the soybean
varieties. Most importantly, downregulation of RuBisCO and
RuBisCO activase enzymes during drought stress reduces the
carboxylation process because the limitation of the RuBisCO
activase prevents the reactivation of RuBisCO molecules
[53, 90]. Previous reports on Phaseolus vulgaris and drought
stress showed that the Calvin cycle enzymes’ activities are
affected significantly [91]. Similarly, our study also indicates
that, under drought stress, key enzymes ofCalvin cycle—such
as transketolase, sedoheptulose-1,7-bisphosphatase, fructose-
bisphosphate aldolase 1, and phosphoglycerate kinase—that
play major roles in carboxylation are also downregulated,
resulting in reduced levels of photosynthesis, thus affecting
the development and growth of the soybean plant. Figures 13
and 14 show models for how the photosynthesis level could
be reduced after drought/heat stress via alternated protein
expressions and protein-protein interactions. It was found
that salt stress-induced effects in cowpea plants negatively
affect nitrogen assimilation and overexpressed glutamine
synthetase gene in rice modifies nitrogen metabolism during
abiotic stress [92, 93]. Surprisingly, our soybean leaf proteome
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Figure 13: Predicted analysis of the mechanism by which the photosynthesis rate is reduced. (a) In normal condition, RuBisCO activase
removes the RuBP from RuBisCO and photosynthesis is not affected. (b) During drought stress, RuBisCO activase and ATP-dependent
zinc metalloprotease are downregulated and CA1P (2-carboxyarabinitol 1 phosphate, a potent inhibitor of RuBisCO) is upregulated; thus no
removal of RuBP from RuBisCO occurs, and with that the Calvin cycle and pentose phosphate pathway (PPP) enzymes are downregulated
which ultimately results in reduced level photosynthesis and retarded growth.

analysis revealed that cytosolic glutamine synthetase leaf
isozyme, which is responsible for assimilation of ammonium
to glutamine using substrate glutamic acid, was highly down-
regulated in Davison as compared to Surge during drought
stress conditions, resulting in negatively affected nitrogen
assimilation.

Studies have shown that heat stress reduces yields by lim-
iting electron transport activity in cotton [94] andArabidopsis
[95]. The physiological and proteomic data of our study
reveal that the PSII could be damaged during heat stress, and
this damage reduces net photosynthesis levels in soybeans.

Crucial proteins—for example, ATP synthase, HCF136,
oxygen-evolving enhancer protein 2-1, and ferredoxin-NADP
reductase that regulate the electron transport activity—were
found to be downregulated during heat stress. Figure 14
shows the predicted analysis of irreversible inhibition of
photosynthesis during heat stress and the protein-protein
interplay that negatively affects the electron flow. During
heat stress, we observed that the EF-Tu protein is highly
upregulated in Surge, which is consistent with the earlier
findings in heat tolerant maize [96]. So we predict that high
levels of heat stress-induced expression of EF-Tu in Surge
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Figure 14: Predicted heat stress and electron transport block mechanism. Predicted analysis of irreversible inhibition of photosynthesis
during heat stress and the protein-protein interplay that negatively affects the electron flow. (a) In normal condition, there is normal electron
flow and no reduction in carbon fixation. (b) Due to heat stress effect, all key proteins that mediate electron flow are downregulated and block
the electron flow, and as a result downregulation of ATP synthase reduces the production of ATP and as a result carbon fixation process slows
down.

activate the heat stress tolerance mechanisms, which might
actually be a safeguard for the heat-labile proteins such as
citrate synthase, RuBisCO activase, and malate dehydroge-
nase from thermal degradation; and finally, this action at
the cellular level enables the protection of photosynthetic
machinery. In support of the heat tolerance mechanism
in Surge, we found a higher accumulation of a stromal
70 kDa HSP, which we predict might regulate functionally
vital processes crucial for the plant’s survival. This finding
is relevant to the earlier reports reporting that HSP family
of chaperons can promote the protein refolding to maintain
protein homeostasis under heat stress conditions [97]. The
physiological study also indicates that, in Surge, there is

no significant change of photosynthesis levels due to heat
stress.

One of the inevitable outcomes from the biochemical
assays is the increase of ROS level (hydrogen peroxide)
during drought stress in both Surge and Davison. We also
found higher amounts of carbonic anhydrase accumulation
in the cell which probably aid the cell in becoming more
resistant to cytotoxic concentrations of H

2
O
2
in drought-

stressed Davison plants; thus, significant changes at the
phenotypic level were not noticed at the sixth day of the
stress [70]. While investigating the changes in ABA levels
during stress, we found that the cooccurrence of drought
and heat stresses causes the highest accumulation of ABA in
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soybeans compared to control plants, which is consistent with
earlier findings in brassica and rice [98, 99].This observation
also correlates with the stomatal conductancemeasurements,
statistical analysis by scatter plot of ABA concentration,
and stomatal conductance measurement that shows a linear
relationship with 𝑅2 > 0.95, which indicates that an increase
in ABA levels and a decrease in stomatal conductance have
a kind of cause and effect relationship. While comparing
the ABA measurement analysis and stomatal conductance
measurement, we found that, in cooccurring drought and
heat stress, stomatal conductance value is lowest while ABA
levels are at the highest compared to drought-stressed and
heat-stressed plants. After correlating the two observations,
we concluded that the more severe the stress is, the more the
ABA synthesis ultimately results in the stomatal closure, that
is, lesser stomatal conductance. In response to the drought,
heat, and cooccurring drought plus heat stresses, calcium
levels elevate as probable calcium binding protein CML33
accumulates at higher levels [100]. These consequences acti-
vate the phosphoprotein cascade, which ultimately activates
the transcription of ABA biosynthesis precursors and finally
synthesizes ABA that aids in stomatal closure to reduce the
transpiration levels, CO

2
assimilation, and photosynthesis for

the sake of survival of the plant under adverse environmental
conditions [71].

Finally, for the better understanding of the crosstalk
between complex sets of abiotic stresses responsive pro-
teins, we applied system biology approaches to determine
the holistic outlook of the molecular responses [17, 101].
Our computational analysis of protein-protein interaction
networks identifies 10 major proteinsthat havemore than 9
interactions considered to be at the central body of the
network system. This protein network forecasts that drought
or heat stress mediated downregulation or upregulation of
those central body proteins of the network may also affect
their predicted partners, which ultimately could affect the
molecular signaling by collapsing the whole cellular network.
This systems biology study will assist in the breeding of
more abiotic stress tolerant soybean varieties having high
nutritional value.

Proteomics study on rice by Kim et al. has shown that
proteomic data can be used for crop improvement which
eventually leads to food security [42]. A clearer understand-
ing of differential expression of various stress-related proteins
and inclusion of this knowledge to breed better varieties
may trigger a speedy improvement of crop plants [26, 42].
The extensive application of such quantitative proteomic
approaches together with mapping of posttranslational mod-
ifications will provide us with comprehensive insights of the
regulation of various stress-responsive proteins in complex
biological systems [102]. The agronomical perspective of the
current study will support the soybean breeders to develop
heat and drought tolerant soybean varieties.

Taken together, our study results identify the differential
expression of a number of drought-, heat-, and cooccurring
drought and heat-responsive proteins. The observed changes
in leaf protein expressions suggest that the regulation of
various molecular processes and signaling alters due to
drought and heat stresses.

5. Conclusions

This study shows how drought, heat, and cooccurring
drought and heat stresses alter the soybean leaf proteome.
Differential expression of 44 abiotic stress-responsive pro-
teins suggests that various signaling cascades and molecular
processes are affected due to drought and heat stresses.
Furthermore, the result suggests that many differentially
expressed photosynthesis-related proteins perturb RuBisCO
regulation, electron transport, and Calvin cycle during abi-
otic stress. These findings, as well as upregulation of EF-
Tu and higher level expressions of HSP, will help in better
understanding of the heat tolerance mechanisms in the
soybean varieties. The biochemical and proteomic assays
also explain how higher amount of carbonic anhydrase
accumulation in the cell alleviates cytotoxic concentrations
of H
2
O
2
during drought stress. Moreover, we found that

cooccurring drought and heat stresses have the highest level
of ABA accumulations in Davison, which also correlates with
our stomatal conductancemeasurements. Taken together, the
results presented provide a proteomic level explanation for
the abiotic stress effects on physiological processes of soybean
plants during abiotic stress conditions.
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Cerasus humilis, grown in the northern areas of China, may experience water deficit during their life cycle, which induces oxidative
stress. Our present studywas conducted to evaluate the role of oxidative stressmanagement in the leaves of twoC. humilis genotypes,
HR (drought resistant) andND4 (drought susceptible), when subjected to a long-term soil drought (WS).TheHRplantsmaintained
lower membrane injury due to low ROS and MDA accumulation compared to ND4 plants during a long-term WS. This is likely
attributed to global increase in the activities of superoxide dismutase (SOD) isoenzymes and enzymes of the ascorbate-glutathione
(AsA-GSH) cycle andmaintenance of ascorbate (AsA) levels. Consistent closely with enzymes activities, the expression of cytosolic
ascorbate peroxidase (cAPX) and dehydroascorbate reductase (DHAR) followed a significant upregulation, indicating that they
were regulated at the transcriptional level for HR plants exposed to WS. In contrast, ND4 plants exhibited high ROS levels and
poor antioxidant enzyme response, leading to enhanced membrane damage during WS conditions. The present study shows that
genotypic differences in drought tolerance could be likely attributed to the ability of C. humilis plants to induce antioxidant defense
under drought conditions.

1. Introduction

Drought is one of the most important manifestations of
abiotic stress in plants. It is the major yield-limiting factor
of crop plants and it actively and continuously determines
the natural distribution of plant species [1]. To meet the
needs of the growing world population, it is essential to
effectively utilize dehydrated soil in drought-prone areas.
However, the progress towards developing drought-tolerant
crops is significantly hampered by the lack of highly tolerant
genetic resources and the complexity in physiological and
genetic traits. It is therefore important to identify the genetic
resources and to understand the mechanisms of drought
tolerance in plants that could result in high levels of tolerance
to drought stress [2]. Plants evolve adaptations to different
growth conditions and there exist great differences in their
tolerance towards a variety of growth conditions. In fact, great
differences are also observed within species, since different

cultivars suited for different ecosystems or growing seasons
have been developed by breeders [3].

Reactive oxygen species (ROS), also called active oxygen
species (AOS) or reactive oxygen intermediates (ROI), are the
result of the partial reduction of atmospheric O

2
. Although

the role of ROS production and control during drought
stress is yet to be resolved, ROS seem to have a dual effect
under abiotic stress conditions that depend on their overall
cellular amount. If kept at relatively low levels they are likely
to function as components of a stress-signaling pathway,
triggering stress defense/acclimation responses. However,
when reaching a certain level of phytotoxicity ROS become
extremely deleterious, initiating uncontrolled oxidative cas-
cades that damage cellular membranes and other cellular
components resulting in oxidative stress and eventually
cell death [4–6]. Plants have also developed strategies to
minimize the deleterious effects of ROS which cause lipid
peroxidation, protein denaturation, and DNA mutation [7].
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Among them, the ROS-scavenging mechanism has received
an increasing amount of attention. This mechanism consists
of such enzymes as superoxide dismutase (SOD) and catalase
(CAT) and the enzymes of the ascorbate-glutathione cycle
(e.g., ascorbate peroxidase (APX), monodehydroascorbate
reductase (MDAR), dehydroascorbate reductase (DHAR),
and glutathione reductase (GR)) and nonenzymatic com-
ponents such as ascorbate, glutathione, carotenoids, and
tocopherol [8–10]. It is known that organelles with a highly
oxidizing metabolic activity or an intense rate of electron
flow, such as chloroplasts, mitochondria, and microbodies,
are major sources of ROS. In accordance with this, different
isoenzymes such as Cu/Zn-SOD, Fe-SOD, Mn-SOD, cytosol
APX (cAPX), andmicrobody APX (mAPX) have been found
in different organelles [11]. Although it has been generalized
that the tolerance of a species to different stresses is closely
correlated with its ROS-scavenging capacity [12], other tol-
erance (or avoidance) mechanisms have been suggested to
modify genotype-dependent responses to stress, along with
the different degrees of stress experienced, species, and plant
ages [13–15].

Cerasus humilis (Bge.) Sok is a species of small, peren-
nial, deciduous shrub belonging to Rosaceae family. It is
distributed in the Inner Mongolia, Shanxi, and the northern
areas of China. C. humilis fruits contain a variety of mineral
elements beneficial to human health, especially a higher cal-
cium content of fruit. In the early seedling periods, however,
C. humilis not only grows slowly but is vulnerable to the
environmental changes [16, 17]. Our previous studies found
contrasting C. humilis genotypes Huai’rou (HR, drought-
tolerant) and Nongda4 (ND4, drought-sensitive) in response
to drought stress. However, the basic physiological, biochem-
ical, and molecular mechanisms involved in stress tolerance
are still unclear.Themain objective of the present studywas to
compare the physiological effects of drought stress on the two
C. humilis genotypes and to test the hypothesis that genotypic
differences in growth response to drought are related to ROS-
scavenging activity.

2. Material and Methods

2.1. Plant Material. Two C. humilis genotypes were used in
this study. Huai’rou (HR) is a drought-tolerant genotype
developed for arid areas while Nongda4 (ND4) is a drought-
sensitive genotype developed for humid areas. All cuttings
of 3-year-old plants were cut at the beginning of March
in 2012, then transplanted into a container (35 × 35 ×
25 cm) filled with organic soil, and irrigated regularly by half-
strength Enshi nutrient solution under a 12 h photoperiod at
temperatures ranging from about 17 to 25∘C, photosynthetic
photon flux density (PPFD) of 60𝜇mol (photon) m−2 s−1,
and the relative humidity of 70–75% in the greenhouse. At
the end of May in 2015, plants at the 35–40-leaf stage were
randomly allocated to one of two treatments: control plants
(control) were watered daily to field capacity, while water was
withheld from water-stressed plants (drought). The drought
treatment lasted for 21 d; two mature leaves for each plant
were removed and quickly frozen in liquid nitrogen, stored
at −80∘C for subsequent measurements of all physiological

and biochemical parameters, with at least 30 plants per treat-
ment.

Relative growth rate (RGR) was calculated by

RGR =
(ln𝑊
2
− ln𝑊

1
)

𝑡
2
− 𝑡
1

, (1)

where 𝑊
2
and 𝑊

1
were dry weight for seedlings at the

beginning and at the end of the experiment, respectively,
while 𝑡

2
− 𝑡
1
was the time duration for the treatment

[18].

2.2. Determination of Reactive Oxygen Species and Lipid
Peroxidation Level. O

2

∙− wasmeasured bymonitoring nitrite
formation from hydroxylamine in the presence of O

2

∙−,
as described in [19] with slight modifications. Each 0.5 g
of frozen leaf segment was homogenized in 3mL of
65mm potassium phosphate buffer (pH 7.8) and centrifuged
at 5000 g for 10min. The incubation mixture contained
0.9mL of 65mm phosphate buffer (pH 7.8), 0.1mL 10mm
hydroxylamine hydrochloride, and 1mL of the supernatant.
Absorbance in the aqueous solution wasmeasured at 530 nm.
H
2
O
2

content was measured by monitoring A
410

of a
titanium-peroxide complex, following the method described
by [20]. As for the lipid peroxidation level, measured as
the content of malondialdehyde (MDA), leaves were homog-
enized with 5mL of 50mM solution containing 0.07%
NaH
2
PO
4
⋅2H
2
O and 1.6% Na

2
HPO
4
⋅12H
2
O and centrifuged

at 20,000×g for 25min in a refrigerated centrifuge. For
measurement of MDA concentration, method of Heath and
Packer was used [21].

2.3. Assay of SOD Isoenzymes Activities. To determine the
activities of antioxidant enzymes, a crude enzyme extract was
prepared by homogenizing 500mg of leaf tissue in extraction
buffer (0.5% Triton X-100 and 1% polyvinylpyrrolidone in
100mM potassium phosphate buffer, pH 7.0) using a chilled
mortar and pestle. The homogenate was then centrifuged at
15,000×g for 20min at 4∘C, and the supernatant was used for
the enzymatic assays described below. SOD (EC 1.15.1.1) activ-
ity was assayed by monitoring the inhibition of photochem-
ical reduction of nitro blue tetrazolium (NBT), according
to [22]. Activities of different forms of SOD were identified
by adding KCN and/or H

2
O
2
in the reaction mixture [23].

KCN inhibits Cu/Zn-SOD but does not affect Mn-SOD nor
Fe-SOD, whereas H

2
O
2
inactivates Cu/Zn-SOD and Fe-SOD

without affecting Mn-SOD. In addition, peroxidases might
interfere with the SOD assay in the presence of exogenous
H
2
O
2
[24]. After extensive preliminary testing of a range of

concentrations, KCN was added to the reaction mixture to a
final concentration of 3mM before the addition of H

2
O
2
to

a final concentration of 5mM to eliminate interference from
peroxidase and catalase enzymes [25].

2.4. Assay for APX-GSH Cycle Enzymes Activities and Con-
tents of AsA and GSH. APX (EC1.11.1.11) activity was deter-
mined by monitoring the decrease in A

290
according to [26].

MDAR (EC1.6.5.4) activity was measured by monitoring the
decrease in A

340
due to the NADH oxidation [27]. DHAR

(EC1.8.5.1) was measured according to [28]. GR (EC1.6.4.2)
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was determined following the procedure described by [29].
CAT (EC 1.11.1.6) activity was assayed in a reaction mixture
containing 25mM phosphate buffer (pH 7.0), 10mM H

2
O
2
,

and the enzyme. The decomposition of H
2
O
2
was followed

at 240 nm [30]. Ascorbate (AsA) and GSH content were
determined according to [31, 32], respectively.

2.5. qRT-PCR Analysis. For qRT-PCR, duplicate samples
were analysed in a Quantitative PCR instrument (Roche
LightCycler 480 II, Switzerland). Total RNA was prepared
using Trizol; then RNA was treated with RNase-free DNase
I according to the manufacturer’s instruction. One-micro-
gram total RNA was performed in reverse transcription
with RevertAid Reverse Transcriptase (Fermentas) andOligo
d(T)primers (TaKaRa). PCR amplification was performed
with 40 cycles as follows: 94∘C for 30 s, 58∘C for 30 s, and
72∘C for 30 s, followed by 72∘C for 10min.The relative expres-
sion levels of genes were presented by 2−ΔΔCT. PCR reactions
employed the following primers, actin-F (5-GTGAAG-
GCTGGGTTTGCT-3), actin-R (5-CCCATCCCAACC-
ATAACA-3), DHAR-F (5-CTCCTCCACCATCAAACA-
3), DHAR-R (5-TTAGCCAAGTCCACCAAC-3), cAPX-
F (5-AGCCCATCAAGCAACAGT-3), and cAPX-R (5-
AGGGTCCTTCAAATCCAG-3), respectively.

2.6. Statistic Analysis. Data are the average of at least three
independent replicates. ANOVA, using PC SAS version 8.2
(SAS Institute, Cary, NC, USA), was conducted for all data
and Duncan’s Multiple-Range Test (DMRT) was used to
evaluate treatment effects (𝑃 < 0.05) by using the data pro-
cessing system statistical software package.

3. Results

3.1. Growth Response. First of all, we investigated changes in
the relative growth rate (RGR) of two genotypes in response
toWS (Figure 1).There was no significant difference between
the two genotypes in RGR for C. humilis plants under control
conditions. However, exposure toWS resulted in a significant
reduction in RGR in ND4 from 0.9 to 0.6 g day−1. In sharp
contrast, no such decrease in RGR was observed for HR
plants (Figure 1).

3.2. ROS Generation and Lipid Peroxidation. Exposure to
WS resulted in O

2

∙− production rate changes between the
two C. humilis genotypes. The rate increased by 36% for
ND4 while no significant change was observed for HR
(Figure 2(a)). Meanwhile, HR plants showed a lower H

2
O
2

content compared to ND4 when they were grown under WS.
WS resulted in a 13% increase in H

2
O
2
content in ND4 but

not in HR (Figure 2(b)).
The lipid peroxidation level in the leaves grown under

either WS or control conditions, measured as the content
of malondialdehyde (MDA), is given (Figure 2(c)). Similar
to the changes in H

2
O
2
content, MDA content significantly

increased in ND4 plants after exposure to a long-term WS
while it was independent of the drought condition in HR
seedlings.
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Figure 1: Effects of water stress (WS) on relative growth rate (RGR)
as measured by dry matter production of Cerasus humilis leaves of
Huai’rou (HR) and Nongda4 (ND4). Samples were collected after
21 d of treatment. The data are the mean of at least three replicates
with standard errors shown by vertical bars. Asterisk (∗) indicates
significant difference with control groups (well-watered) at the 0.05
level of probability by Duncan’s Multiple-Range Test.

3.3. SOD Activity. Total SOD activity remained almost
unchanged for both genotypes throughout the experiment
when the plants were grown at optimal growth conditions.
However, a 67% increase in SOD activity was observed in
HR plants under WS. In contrast, no significant increase was
found in ND4 plants exposed to WS (Figure 3(a)).

A detailed examination was carried out to determine the
response of three SOD isoenzymes to WS. There were no
significant differences in the activity of Cu/Zn-SOD between
the two genotypes (Figure 3(b)), while Fe-SOD andMn-SOD
were a little higher (but not significant) in HR than in ND4
for plants grown in optimal growth conditions (Figures 3(c)
and 3(d)). A long-termWS resulted in a significant increase in
Mn-SODand Fe-SODactivity but not inCu/Zn-SODactivity
for HR plants. In contrast, there was a remarkable decrease
in Cu/Zn-SOD activity for ND4 plants. WS had little effect
on the activities of the Mn-SOD and Fe-SOD in ND4 plants
(Figures 3(b), 3(c), and 3(d)).

3.4. CAT and AsA-GSH Cycle System Enzymes. Similar to the
changes in total SOD activity, exposure to a long-term WS
led to a significant increase in CAT activity in HR plants.
However, for ND4 plants, there were no changes in CAT
activity under either WS or control conditions (Figure 4(a)).
APX activity showed changes very similar to CAT, increasing
under WS in HR but not in ND4 plants (Figure 4(b)). For
HR plants, WS resulted in a sharp increase by 79% in DHAR
activity under WS. There was no significant difference in
MDAR and GR activities under either WS or control condi-
tions. ForND4 plants, however, a decrease by 63% inGR acti-
vities, with no changes in MDAR and DHAR activities, was
observed under WS compared to the control plants (Figures
4(c), 4(d), and 4(e)).
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Figure 2: Effects of water stress (WS) on O
2

∙− (a), H
2
O
2
(b), and lipid peroxidation (expressed as malondialdehyde, MDA) (c) in Cerasus

humilis leaves of Huai’rou (HR) and Nongda4 (ND4). Samples were collected after 21 d of treatment. The data shown are the mean of at least
three replicates with standard errors shown by vertical bars. Asterisk (∗) indicates significant difference with control groups (well-watered)
at the 0.05 level of probability by Duncan’s Multiple-Range Test.

3.5. AsA and GSH Levels. As regards antioxidant contents,
there were no significant differences in AsA contents between
the two genotypes when grown under control conditions.
However, WS induced higher AsA contents for HR (41%)
than that for ND4 plants (12%). In comparison, WS had no
measurable effect on GSH contents for both genotypes under
either WS or control conditions (Figure 5).

3.6. cAPX and DHAR Transcript Levels. Furthermore, to
examine the change in expression levels for some antiox-
idative enzymes in both C. humilis genotypes during WS,
transcript levels of DHAR and cAPX genes were analysed
by qRT-PCR in the same samples as used in the enzyme
activity analysis. A sharp increase in transcript level of DHAR
and cAPX was observed for HR plants under WS-period.

However, for ND4, there were no changes in DHAR and
cAPX expressions between treated and control seedlings
(Figures 6(a) and 6(b)).

4. Discussion

Water stress is considered a detrimental factor for the pro-
duction of crops worldwide. Thus, it is imperative to identify
genetic resources tolerant to drought stress in an effort to
stabilize agricultural production [2]. The present study was
carried out to elucidate the physiological mechanism of two
C. humilis genotypes by comparatively examining growth
parameters, the O

2

∙− and H
2
O
2
concentrations, the level of

lipid peroxidation, ROS metabolism, and gene expression
responses.
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Figure 3: Effects of water stress (WS) on the activities of total SOD (a) and SOD isoenzymes including Cu/Zn-SOD (b), Fe-SOD (c), and
Mn-SOD (d) in Cerasus humilis leaves of Huai’rou (HR) and Nongda4 (ND4). Samples were collected after 21 d of treatment.The data shown
are the mean of at least three replicates with standard errors shown by vertical bars. Asterisk (∗) indicates significant difference with control
groups (well-watered) at the 0.05 level of probability by Duncan’s Multiple-Range Test.

In the present study, HR plants exhibited a higher relative
growth rate than ND4 plants after exposure toWS (Figure 1),
indicating that HR is more drought-tolerant than ND4. HR
appears to have acquired greater adaptation to water shortage
compared to ND4. ND4 plants show a more significant
accumulation of ROS (Figures 2(a) and 2(b)), indicating that
the oxidative stress occurred. A relatively less increase of ROS
in HR implied that antioxidative system was likely, at least in
part, involved in balancing the ROS levels. As an indicator of
membrane lipid peroxidation, the MDA content of tolerant
genotype HR showed less elevation under WS than in ND4
plants (Figure 2(c)), suggesting that the recovery ability of
the tolerant genotype was higher than the sensitive genotype.
Under stress conditions, the level of MDA accumulation is
different in plant genotypes with contrasting tolerance. The

formed MDA is capable of reacting with free amino groups
of proteins and phospholipid components and initiating the
appearance of ethylene in membranes. This may lead to
alterations of the properties of whole membrane and also of
the individual cell components under stress [33, 34].

SOD is one of the key components of the cell protec-
tion system against oxidative stress. It is known that SOD
has three different isoenzymes distributed between different
organelles. Cu/Zn-SOD is mostly located in chloroplasts,
cytosol, and peroxisomes, while Fe-SOD and Mn-SOD are
found mostly in chloroplasts and mitochondria, respectively
[11]. As several isoforms of SOD differently contributing to
the total activity of the enzyme are present in C. humilis
leaves, it was important to assess the contribution of each
isoform to the total activity of the enzymeunder drought.Our
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Figure 4: Effects of water stress (WS) on the activities of catalase (CAT) (a) and ascorbate-glutathione (AsA-GSH) cycle enzymes including
ascorbate peroxidase (APX) (b), dehydroascorbate reductase (DHAR) (c), monodehydroascorbate reductase (MDAR) (d), and glutathione
reductase (GR) (e) in Cerasus humilis leaves of Huai’rou (HR) and Nongda4 (ND4). Samples were collected after 21 d of treatment. The data
are the mean of at least three replicates with standard errors shown by vertical bars. Asterisk (∗) indicates significant difference with control
groups (well-watered) at the 0.05 level of probability by Duncan’s Multiple-Range Test.
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Figure 5: Effect of water stress (WS) on ascorbate (AsA) (a) and glutathione (GSH) (b) contents in Cerasus humilis leaves of Huai’rou (HR)
and Nongda4 (ND4). Samples were collected after 21 d of treatment. The data are the mean of at least three replicates with standard errors
shown by vertical bars. Asterisk (∗) indicates significant difference with control groups (well-watered) at the 0.05 level of probability by
Duncan’s Multiple-Range Test.
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Figure 6: Effects of water stress (WS) on expression pattern of cytosol APX (cAPX) (a) and dehydroascorbate reductase (DHAR) (b) in
Cerasus humilis leaves of Huai’rou (HR) and Nongda4 (ND4) by qRT-PCR. Data are the means of at least five replicates with standard errors
shown by vertical bars. Asterisk (∗) indicates significant difference with control groups (well-watered) at the 0.05 level of probability by
Duncan’s Multiple-Range Test.

results on SOD isoenzyme activities (Figure 3) suggested that
Fe-SOD andMn-SOD could play the main role in detoxifica-
tion of superoxide radicals in chloroplasts andmitochondria.
Similar report has been shown in wheat varieties subjected
to continuous soil drought [34]. Indirect evidence has been
reported by Zhang et al. who found that overexpression of
Tamarix albiflonumTaMnSOD increases drought tolerance in
transgenic cotton [35]. The decrease of Cu/Zn-SOD activity
for ND4 plants exposed to WS (Figure 3(b)) was likely

attributed to the influence of H
2
O
2
. Similar results have been

reported by Smirnoff [36].
CAT andAPX in theAsA-GSH cycle enzymes are respon-

sible for the decomposition of H
2
O
2
generated by SOD in

different cellular organelles.We found that the activity ofCAT
and APX showed similar patterns of change to that observed
for SOD activity in HR plants (Figures 4(a) and 4(b)),
suggesting that CAT and APX work in a coordinated manner
to scavenge H

2
O
2
. Themaintenance of CAT activity in leaves
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of drought-stressed plants likely allowed the removal of
photorespiratory H

2
O
2
produced when plants are subjected

to water deficit, especially under severe degrees of stress
[37]. An analysis of the recent literature pointed out that an
increase in CAT activity is generally positively related to the
degree of drought experienced by plants [38–40] and that
APX plays a positive key role in drought stress responses and
following recovery from drought [38, 41, 42].

DHAR activity was increased significantly for HR plants
exposed to WS (Figure 4(c)), indicating that DHAR is
responsible for AsA regeneration in plant tissues.The results,
along with the increased expressions of DHAR and cAPX
(Figure 6), suggested that the two antioxidant enzymes
were regulated in the transcript levels. In sharp contrast
with the changes in SOD, APX, and DHAR activity, GR
activity decreased in ND4 plants after the exposure to WS
(Figure 4(e)). This decrease could be attributed to reduced
NADPH availability since stress usually results in a decrease
in the supply of reductants such asATP andNADPH. It is also
possible that ROS accumulation resulted in the inhibition
of enzymes involved in the ROS-scavenging system [43].
Furthermore, our results also found that WS induced greater
increases in AsA level in HR plants (Figure 5(a)), implying
that it was likely involved in the operation of the ROS detox-
ification machinery assumed by APX/GSH cycle [44, 45].

In a brief conclusion, our findings demonstrate that the
oxidative stress is differentially expressed in ND4 and HR in
response to drought stress, with higher tolerance exhibited by
the latter.
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Rice growth is severely affected by toxic concentrations of the nonessential heavy metal cadmium (Cd). To elucidate the molecular
basis of the response to Cd stress, we performed mRNA sequencing of rice following our previous study on exposure to high
concentrations of Cd (Oono et al., 2014). In this study, rice plants were hydroponically treated with low concentrations of Cd and
approximately 211 million sequence reads were mapped onto the IRGSP-1.0 reference rice genome sequence. Many genes, including
some identified under high Cd concentration exposure in our previous study, were found to be responsive to low Cd exposure,
with an average of about 11,000 transcripts from each condition. However, genes expressed constitutively across the developmental
course responded only slightly to low Cd concentrations, in contrast to their clear response to high Cd concentration, which causes
fatal damage to rice seedlings according to phenotypic changes. The expression of metal ion transporter genes tended to correlate
with Cd concentration, suggesting the potential of the RNA-Seq strategy to reveal novel Cd-responsive transporters by analyzing
gene expression under different Cd concentrations.This study could help to develop novel strategies for improving tolerance to Cd
exposure in rice and other cereal crops.

1. Introduction

Cadmium (Cd) is a widespread heavy metal pollutant that
is highly toxic to living cells. Accumulation of the nonessen-
tial metal Cd in plants is a major agricultural problem.
Specifically, Cd is absorbed by the roots from the soil and
transported to the shoot, negatively affecting nutrient uptake
and homeostasis in plants, even in very small amounts.
Many agricultural soils have become contaminated with
Cd through the use of phosphate fertilizers, sludge, and
irrigation water containing Cd. Cd exposure inhibits root
and shoot growth and ultimately reduces yield. Furthermore,
Cd accumulation in the edible parts of plants such as seed
grains places humans at a risk because of its highly toxic
effects on human health. Reducing the Cd concentration in
plants below the maximum level indicated by the Codex
Alimentarius Commission of FAO/WHO [1] is necessary to
avoid negative impacts on humanhealth.Thus, it is important
to study the mechanisms of plant responses and defenses to
Cd exposure to overcome this problem.

Cd causes oxidative stress and generates reactive oxygen
species, which can cause damage in various ways such as
reacting with DNA causing mutation, modifying protein
side chains, and destroying phospholipids [2]. Various bio-
chemical and physiological processes associated with defense
systems are active in plants under Cd exposure. Many genes
such as glutathione S-transferase (GST) for detoxification
and cysteine-rich metallothioneins (MT) for defense against
Cd toxicity respond to Cd stress in plants and might confer
Cd tolerance in rice. Transporters with heavy metal binding
domains are key factors for root uptake of Cd from soil and
efflux pumping of Cd at the plasma membrane; however, the
manner in which these genes respond to low Cd concentra-
tions has not been well investigated in rice.

In a previous study, we investigated the gene expression
of rice plants (Oryza sativa L. cv. Nipponbare) under a high
Cd concentration using the RNA-Seq platform. A clear and
detailed view of the transcriptomic changes triggered by Cd
exposure is important to understand the gene expression
network of the basal response to Cd stress. This could not be
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obtained frompast studies using themicroarray platform, but
RNA-Seq can accurately quantify gene expression levels over
a broad dynamic range with high resolution and sensitivity
[3]. We found that drought stress signaling pathways were
activated under Cd exposure through the responses of many
drought-related genes [4]. Thus, the recently elucidated scaf-
folding mechanisms for Cd signaling pathways are complex
but of great importance. In this study, we performed rice
transcriptome analysis under different lowCd concentrations
using the RNA-Seq platform to deepen our understanding of
Cd responses.

2. Materials and Methods

2.1. Sample Preparation. Rice (Oryza sativa ssp. japonica cv.
Nipponbare) seeds were germinated and grown by hydro-
ponic culture in Yoshida’s solution [1.425mM NH

4
NO
3
,

0.323mM NaH
2
PO
4
, 0.513mM K

2
SO
4
, 0.998mM CaCl

2
,

1.643mM MgSO
4
, 0.009mM MnCl

2
, 0.075mM (NH

4
)
6

Mo
7
O
24
, 0.019mM H

3
BO
3
, 0.155mM CuSO

4
, 0.036mM

FeCl
3
, 0.070mM citric acid, and 0.152mM ZnSO

4
] [5]. After

10 days, seedlings of uniform size and growth were subjected
to Cd stress treatment by transferring them to a similar
medium with 0.2, 1, or 50𝜇M Cd. These values were chosen
based on a report that the total dissolved Cd in 64 fields
with Cd-contaminated soils ranged from 0.03 to 182 𝜇g/L
[6] in previous experiences. The plants were maintained
under Cd stress conditions for 14 d. Root and shoot samples
were collected at approximately 9:00AM, frozen in liquid
nitrogen, and stored at −80∘C until subsequent analyses.
Total RNA was extracted from both root and shoot samples
using an RNeasy Plant Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Construction
of 34 cDNA libraries (2 tissues, 4 conditions, 2 treatments,
and 2-3 replicates) from total RNA using a TruSeq RNA
sample preparation kit and sequencing with the Illumina
Genome Analyzer IIx (Illumina Inc., San Diego, CA, USA)
was performed according to the manufacturer’s protocols as
a part of establishing TENOR (Transcriptome Encyclopedia
of Rice, http://tenor.dna.affrc.go.jp/) [7]. The resulting RNA-
Seq data were deposited in the DDBJ Sequence Read Archive
(Accession number DRA000959).

2.2. Identification of Differentially Expressed Transcripts. The
biological replicates (2-3) for each set of conditions were
highly correlated (coefficient > 0.95), so reads from the same
treatment were merged for subsequent analysis. Trimming of
Illumina adaptor sequences and low-quality bases (𝑄 < 20)
by Cutadapt [8] and mapping of preprocessed reads to the
IRGSP-1.0 genome assembly (http://rapdb.dna.affrc.go.jp/)
were performed as described previously [9]. To estimate the
expression levels of each transcript, all preprocessed reads
were mapped to the IRGSP-1.0 genome assembly by Bowtie
with default parameters [10]. The expression level for each
transcript was calculated as the RPKM- (Reads per Kilobase
Exon Model per million mapped reads-) derived read count
[11] based on the number of uniquely mapped reads that
overlapped with exonic regions. A 𝐺-test was performed to

detect differentially expressed transcripts in the control and
Cd treatments based on the statistical null hypothesis that the
proportions of mapped reads to the transcripts were the same
between the two conditions. A false discovery rate (FDR <
0.01) was used in multiple-hypothesis testing to correct for
multiple comparisons. When calculating fold changes, 1 was
added to avoid division by 0.

2.3. Hierarchical Clustering and Gene Ontology Enrichment
Analysis. The Cd-responsive transcripts in root and shoot
were used for hierarchical clustering analysis. We used the
heatmap.2 in the R package gplots (version 2.11.0) to perform
clustering analyses of transcripts. The 𝑍 scores were used
to compare significant changes in gene expression. A Gene
Ontology (GO) termwas assigned to each transcript based on
the GO annotations for biological process, molecular func-
tion, and cellular component in RAP-DB. GO enrichment
was evaluated by Fisher’s exact test with a FDR threshold
of 5% for responsive transcripts in the biological process
category of each cluster. The results were plotted as − log 10
of FDR values in a heatmap.

2.4. qRT-PCR Analysis. The expression of Cd upregulated
genes in root sample was confirmed by qRT-PCR analysis.
Rice seeds were germinated and grown in water in a growth
chamber. After 10 days, the seedlings were subjected to differ-
ent stress treatments by transferring them towater containing
different reagents. RNA was extracted from them and the
cDNA was synthesized according to the manufacturer’s pro-
tocol and it is used for the further analysis as described previ-
ously [4].The resulting cDNAwas used for PCR amplification
in the LightCycler 480 system (Roche, Basel, Switzerland)
with each primer set (Os04g0600300: 5-GGCGCTCTG-
AGAATCATCAC-3, 5-CATTCGGGAGCTCATCTCG-
3, Os01g0692100: 5-ATTCACGAGTCCGCGATG-3, 5-
CTCTCACCCGGATCACCC-3, Os12g0570700: 5-GCA-
CTCATCTCAAGCTTTTC-3, 5-GCAAGACATCTTCTT-
GG-3, Os12g0571000: 5-ATTTCCTGAAGAGTTAAA-3,
5-TTCCGCAGCCGCAGCTTA-3). The detection thresh-
old cycle for each reaction was normalized using Ubiq-
uitin1 primers (5-CCAGGACAAGATGATCTGCC-3, 5-
AAGAAGCTGAAGCATCCAGC-3).

3. Results and Discussion

3.1. LowCdConcentration Exposure of Rice Plants and Growth
Retardation during the Treatment. Weused rice plants grown
in hydroponic culture, which enabled us to control the Cd
exposure easily. High Cd concentration exposure has been
previously shown to elicit robust physiological responses and
gene expression as acute toxic responses in rice seedlings [12–
14]. Growth retardation of the shoot was slightly visible after
1 d (data not shown), the leaves turned yellow and the leaf tips
of the seedlings began to wilt after 4 d, and all leaf blades were
curled completely and the seedlings were wilting after 10 d
under high Cd concentration (50𝜇M) exposure (Figure 1).
While no visible symptoms were observed in shoots under
low Cd concentration exposure (0.2 and 1 𝜇M Cd) after



BioMed Research International 3

14d

C
on

tro
l

0
.2
𝜇

M

1
𝜇

M

5
0
𝜇

M

10d

4d

0d

Figure 1: Phenotypic changes in rice plants grown in culture
medium with low concentrations of Cd (0.2, 1𝜇M) and a high
concentration of Cd (50𝜇M) from 0 to 14 d.

1 d, growth retardation occurred gradually compared with
the control, with symptoms starting to appear after 7 d.
Plants in the same growth chamber exposed to different
Cd concentrations showed clear growth differences after
10 d (Figure 1). Even after 28 d, the seedlings under low
Cd concentration exposure did not show yellow leaves or
wilting (data not shown).These results suggested that highCd
concentration exposure causes fatal damage to plants while
low Cd concentrations lead to growth retardation (Figure 1),
which is supported by the fact that plant detoxification
processes are insufficient to copewith this toxicmetal beyond
a 10 𝜇M dose [15].

3.2. Gene Expression Profiles under Low Cd Concentra-
tion Exposure in Rice. We next analyzed the transcriptome
profiles of the response to Cd exposure using RNA-Seq
during plant growth, at 1, 4, and 10 d after Cd treat-
ment, and before treatment (0 d). For each set of con-
ditions, an average of approximately 15.1 million (92.2%)
quality-evaluated reads (total 211 million) were mapped
to the rice genome sequence and used for further anal-
ysis (Table S1 in Supplementary Material available online
at http://dx.doi.org/10.1155/2016/9739505). The number of
upregulated transcripts ranged from 4,529 to 6,515, whereas
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Figure 2: Distribution of upregulated and downregulated tran-
scripts in roots and shoots in response to Cd exposure. RPKM fold
changes at 1, 4, and 10 d were calculated for Cd-treated samples
compared with nontreated samples (0 d). The total numbers of
upregulated (upper) and downregulated (lower) transcripts in roots
and shoots identified by RNA-Seq were determined by𝐺-tests (FDR
< 0.01) at each stress time point (1, 4, and 10 d) under 0.2 𝜇M (left)
and 1 𝜇M (right) Cd exposure.The 𝑥-axis shows the time course and
the 𝑦-axis shows the number of transcripts.

the number of downregulated transcripts ranged from 2,359
to 8,734 under 0.2 𝜇M Cd (Figure 2). Twelve transcripts
including GST, MT, and DREB (drought responsive element
binding protein) 1E were upregulated more than 20-fold
among the upregulated transcripts in roots at 0.2 𝜇M Cd.
The number of upregulated transcripts ranged from 5,830
to 7,271 whereas the number of downregulated transcripts
ranged from 2,965 to 10,020 under 1𝜇M Cd (Figure 2).
Fifty-one transcripts including GST, MT, Prx (peroxidase),
and heat shock proteins were upregulated more than 20-
fold among the upregulated transcripts in roots at 1 𝜇M
Cd (Table 1). Induction of detoxification enzymes against
oxidation stress such as GST and Prx under Cd exposure
might be associated with the defense system that confers Cd
tolerance to plants [16–18] even at lowCd concentrations.The
cysteine-rich MT might function as a ligand for chelation of
metal ions to defend against Cd toxicity [19]. The DREB/C-
repeat binding factor (CBF) specifically interacts with the
DRE/CRT cis-acting element and controls the expression of
many stress-inducible genes in plants [20]. The activation
of gene expression in several drought stress signal pathways
under Cd exposure has been reported [4]. Five heat shock
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Table 1: Cadmium-upregulated transcripts identified in roots by RNA-Seq analysis.

Transcript Description
Fold change

Root Shoot
1 d 4 d 10 d 1 d 4 d 10 d

0.2 𝜇MCd
Os10t0527400-01 Tau class GST protein 3 27.8 21.4 27.5 1.2 2.0 1.7
Os03t0283000-00 In2-1 protein 27.5 2.8 1.0 1.3 1.1 1.5
Os08t0156000-01 Conserved hypothetical protein 26.4 21.4 25.3 1.3 1.6 1.7
Os01t0627967-00 Hypothetical protein 26.1 16.5 24.1 1.5 1.9 1.4
Os04t0178300-02 Syn-copalyl diphosphate synthase 20.1 8.0 20.3 0.6 4.2 1.4

Os04t0301500-01 HLH (helix-loop-helix) DNA-binding
domain containing protein 0.4 33.1 0.5 1.0 47.5 9.2

Os02t0676800-01 DREB1E (drought responsive element
binding protein 1E) 0.9 28.7 0.9 1.2 10.9 2.0

Os02t0179200-01 Glutamine amidotransferase class-I domain
containing protein 0.8 28.1 1.7 0.9 3.2 1.1

Os12t0154800-00 RmlC-like jelly roll fold domain containing
protein 4.0 21.4 5.7 1.0 1.4 1.2

Os12t0570700-01 MT (metallothionein)-like protein type 1 18.6 20.3 15.8 0.9 1.0 0.9
Os03t0836800-01 IAA-amino acid hydrolase 1 4.3 6.5 33.6 1.0 1.0 1.0

Os10t0333700-00 Plant disease resistance response protein
domain containing protein 9.7 6.0 21.6 1.0 1.0 1.0

1 𝜇MCd
Os04t0178300-02 Syn-copalyl diphosphate synthase 122.0 32.1 25.5 0.5 1.0 3.6

Os04t0178300-01 Isoform 3 of Syn-copalyl diphosphate
synthase 109.8 27.8 21.5 0.5 0.9 3.1

Os04t0178400-01 Cytochrome P450 CYP99A1 69.8 21.1 16.0 0.8 1.0 2.8
Os03t0267000-00 Heat shock protein 180 57.5 7.7 10.9 1.2 0.7 0.7
Os03t0266900-01 Heat shock protein 173 47.0 4.9 5.3 1.0 0.4 0.6
Os01t0136200-01 Heat shock protein 1 43.7 3.9 1.3 1.0 1.0 1.0

Os07t0190000-01 1-Deoxy-D-xylulose 5-phosphate synthase 2
precursor 42.4 11.5 8.6 0.7 1.1 3.9

Os07t0127500-01 PR-1a pathogenesis related protein precursor 40.0 5.6 5.0 0.8 0.8 2.1
Os07t0154100-01 Viviparous-14 38.8 5.2 1.5 1.1 1.4 2.3
Os07t0154201-00 Hypothetical gene 37.7 4.7 1.3 1.0 1.3 2.1
Os12t0555200-01 Probenazole-inducible protein PBZ1 37.7 13.5 10.9 0.3 0.5 2.2
Os06t0586000-01 Conserved hypothetical protein 37.6 9.3 6.5 0.6 0.9 1.4
Os10t0527400-01 Tau class GST protein 3 34.3 18.0 32.4 1.1 1.4 2.0
Os12t0555000-01 Probenazole-inducible protein PBZ1 33.2 13.5 11.0 0.6 0.7 2.5

Os03t0277700-01 Protein of unknown function DUF26
domain containing protein 32.8 7.6 3.4 1.0 0.6 1.0

Os11t0687100-01 von Willebrand factor (type A domain) 32.5 4.1 13.8 0.7 0.7 2.3
Os05t0211700-00 — 28.8 1.4 1.2 1.0 1.0 1.0
Os06t0662550-01 Conserved hypothetical protein 28.5 7.8 8.8 0.8 0.8 1.6
Os01t0944100-02 Conserved hypothetical protein 28.4 6.3 9.8 0.5 0.6 1.7
Os06t0568600-01 Ent-kaurene oxidase 1 27.1 28.1 11.0 0.6 1.4 4.7
Os12t0418600-01 Hypothetical conserved gene 26.7 2.0 1.3 1.0 1.0 1.0
Os12t0258700-01 Cupredoxin domain containing protein 26.2 14.7 10.6 0.7 1.1 7.1
Os01t0615100-01 Substilin/chymotrypsin-like inhibitor 25.6 9.5 7.9 0.7 1.0 1.8
Os04t0107900-02 Heat shock protein 81-1 25.6 2.5 1.6 1.0 1.0 0.9
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Table 1: Continued.

Transcript Description
Fold change

Root Shoot
1 d 4 d 10 d 1 d 4 d 10 d

Os09t0493000-01 Conserved hypothetical protein 25.3 2.6 1.8 0.9 1.2 0.9
Os01t0627967-00 Hypothetical protein 25.3 19.5 21.6 1.3 1.8 1.4
Os01t0944100-03 Conserved hypothetical protein 25.2 4.6 6.3 0.6 0.6 1.8
Os04t0180400-01 Cytochrome P450 99A2 24.4 4.3 6.0 0.5 0.5 3.1
Os04t0108101-00 Hypothetical protein 24.4 2.3 1.4 1.0 1.0 1.0
Os02t0269600-00 Subtilase 22.6 7.8 4.1 0.3 1.2 6.0
Os01t0136000-00 Heat shock protein 175 22.5 3.1 1.2 1.0 1.4 1.2
Os04t0180500-00 Hypothetical protein 22.2 4.0 5.4 0.5 0.6 3.1
Os01t0946600-01 Conserved hypothetical protein 21.8 16.6 8.0 0.7 0.7 0.8
Os09t0255400-02 Indole-3-glycerol phosphate synthase 21.4 5.1 3.8 0.7 0.9 2.3
Os01t0348900-01 SalT gene product 21.2 6.5 8.9 0.1 0.1 0.2
Os12t0491800-01 Ent-kaurene synthase 1A 21.1 1.5 1.7 0.4 0.8 5.5
Os01t0132000-01 Wound-induced protease inhibitor 21.0 8.8 11.6 1.6 0.5 0.2
Os11t0592200-01 Chitin-binding allergen Bra r 2 20.7 3.4 2.8 0.7 0.5 1.6
Os01t0963000-01 Prx (Peroxidase) BP 1 precursor 20.6 3.8 4.4 0.7 1.1 1.3
Os08t0189600-01 Oryza sativa germin-like protein 8-7 20.6 11.5 6.7 2.1 1.5 0.8
Os07t0496250-01 Expansin-like B1 20.5 2.2 2.2 1.5 1.2 4.5
Os01t0963000-04 Prx (Peroxidase) BP 1 precursor 20.3 3.7 4.4 0.7 1.1 1.3
Os09t0255400-01 Indole-3-glycerol phosphate synthase 20.2 5.2 3.7 0.7 0.9 2.3
Os11t0601950-01 cDNA clone:002-114-B06 20.0 1.7 1.9 0.7 1.0 1.1
Os03t0129400-01 Hypothetical protein 10.3 27.1 17.6 1.0 1.9 3.6
Os01t0322700-01 Nonprotein coding transcript 12.2 25.5 15.7 0.9 1.3 2.5

Os03t0129400-02 EST AU078206 corresponds to a region of
the predicted gene 9.4 24.3 16.3 1.1 1.4 2.8

Os12t0570700-01 MT (metallothionein)-like protein type 1 16.7 21.2 17.7 0.8 0.8 3.1
Os12t0571000-01 MT (metallothionein)-like protein type 1 13.9 20.0 13.0 0.9 1.0 3.6
Os08t0156000-01 Conserved hypothetical protein 15.4 17.9 26.0 1.1 1.5 1.6
Os03t0836800-01 IAA-amino acid hydrolase 1 0.7 4.0 23.7 1.0 1.0 1.0

Reads were mapped to the rice genome and responsive genes were identified by 𝐺-tests. Transcripts upregulated more than 20-fold in one or more
treatments/time points in roots are shown. Transcripts in bold were upregulated under both 1 and 0.2 𝜇MCd exposure.

proteins (Hsps) were strongly upregulated in roots under 1𝜇M
Cd, with the greatest relative expression at 1 d (Table 1).These
genes may contribute to cellular homeostasis by protecting
macromolecules such as enzymes, protein complexes, and
membranes under Cd exposure.This result suggested that the
roots of hydroponically cultured rice might be affected more
directly and earlier by Cd exposure. There was a difference
between the low Cd concentrations in that no Hsps were
strongly upregulated in roots at 0.2𝜇MCd (Table 1), suggest-
ing that the effect of this condition might be small or show
time lag. In shoots, 15 and 11 transcripts were upregulated
more than 20-fold among the upregulated transcripts under
0.2 and 1 𝜇M Cd, respectively (Table S2). Nine transcripts
includingNramp1 (natural resistance-associatedmacrophage
protein) were upregulated under both 0.2 and 1𝜇M Cd
(Table S2). In Arabidopsis, Nramp1 localizes to the plasma

membrane and functions as a high-affinity transporter for
manganese (Mn) uptake [21], while OsNramp5 uptakes Mn
and Cd [22]. Transporters with heavymetal binding domains
are often capable of transporting several metals, such as Fe,
Zn, Mn, and Cd, because of their low substrate specificity
[23–26]. We found that upregulation of a HLHDNA-binding
domain containing transcription factor (Os04g0301500) in
both roots and shoots peaked at 4 d under 0.2𝜇M Cd;
this protein may function as a regulatory factor under Cd
exposure (Table 1, Table S2). The number of downregulated
transcripts in roots peaked at 4 d after Cd exposure, while
the number in shoots gradually increased under low Cd
concentration exposure (Figure 2). A few dozen transcripts
were downregulated less than 0.05-fold among the down-
regulated transcripts in roots and shoots under Cd exposure
(Table S2).Therefore, a small part of transcripts were strongly
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up- or downregulated among several thousand responsive
transcripts under low Cd concentration exposure. Large-
scale changes in gene expression occurred in rice under Cd
exposure, even at low concentrations, possibly because Cd is
a nonessential metal for the plant.

To obtain a functional annotation of responsive tran-
scripts under Cd exposure, we used GO biological process
categories. The responsive transcripts in shoot and root were
clustered into several groups based on their expression pat-
terns. GO enrichment analysis was performed using clustered
transcripts assigned by GO terms in RAP-DB (The Rice
Annotation Project Database [http://rapdb.dna.affrc.go.jp/])
(Supplementary Figure S1). Enriched GO terms significantly
in each cluster may represent the functional categories in
rice under Cd exposure. Enriched GO terms of gradually
upregulated transcripts under Cd exposure include metal
ion transport (GO:0030001) (cluster 3 in root under 0.2 𝜇M
Cd, cluster 4 in root under 1𝜇M Cd), which may function
in Cd transport. Response to oxidative stress (GO:0006979)
and responsive to oxidative stress (GO:0006979) were also
included in cluster 3 and cluster 4, respectively.This suggested
that they might function in defense against Cd. Enriched
GO terms of gradually downregulated transcripts under
Cd exposure include translation (GO:0006412), translation
elongation (GO:0006414), DNA replication (GO:0006260),
andDNA repair (GO:0006281) (cluster 1 in root under 0.2𝜇M
Cd, cluster 2 in root under 1𝜇M Cd). Photosynthesis, light
harvesting (GO:0009765), and photosynthesis (GO:0015979)
were also included in both clusters. These may function in
plant growth.Thus, these correspond to the observed changes
in phenotype (Figure 1), which clearly validated the RNA-Seq
expression profiling data obtained from rice tissue under Cd
stress condition. However, the pattern of gene expression is
quite complex and would require more detailed analysis.

3.3. Constitutively Expressed Genes Responded Differently
under Low Cd Concentration to High Cd Concentration. As
many genes responded to both low and high Cd concentra-
tions [4], we assessed the effect of the stress degree on rice
seedlings through the expression of constitutively expressed
genes. We investigated the expression of 18 genes annotated
by the RAP that were expressed constitutively in 39 tissues
collected throughout the life cycle of the rice plant from
two varieties according to 190 Affymetrix GeneChip Rice
Genome Arrays, in addition to four genes annotated by the
RAP that have frequently been used as internal controls
in expression analyses [27]. The results showed that the
expression of more than half of them fluctuated drastically
(>2 or<2) in roots or shoots after 1 d of highCd concentration
exposure (Figure 3). This drastic response may be partly
because RNA-Seq can accurately quantify gene expression
levels over a broad dynamic range with high resolution and
sensitivity [10, 28, 29]. However, our results suggest that their
expression is greatly affected by strong stress, even though
they are expressed constitutively across the developmental
course. Note that a high Cd concentration can cause fatal
damage to rice seedlings, such as by affecting homeostasis,
which corresponds to the observed changes in phenotype
(Figures 1 and 3).

3.4. Comparative Gene Expression Analysis between Low and
High Cd Concentrations Reveals Novel Cd-Responsive Trans-
porters. We investigated the expression of metal transporter
genes containing metal ion binding Pfam domains [PF01554
(MatE), PF08370 (PDR assoc), PF01545 (Cation efflux),
PF02535 (Zip), PF00403 (HMA), and PF01566 (Nramp)]
that may function in Cd transport under Cd exposure.
The expression of 183 transport transcripts was compared
between low and high Cd concentration treatments in roots
and shoots at 1 d, because Cd uptake from the hydroponic
culture and efflux pumping are initial responses to Cd
exposure (Figure 4, Table S3). The transcripts tended to
be more responsive in roots and shoots under higher Cd
concentration exposure. This result indicated the potential
of the RNA-Seq strategy to reveal novel Cd-responsive
transporters by analyzing gene expression under exposure
to different Cd concentrations. The responsive transcripts
might function in roots at the early stage of Cd exposure.
No transcripts were upregulated more than 3-fold in shoots
under low Cd exposure (Figure 4, Table S3), suggesting that
the effect takes more time to appear in shoots.Os03g0667500
(Zip, root) encoding iron-regulated transporter 1 (IRT1) was
upregulated more than 5-fold under low Cd concentrations
but responded only slightly under the high Cd concentration.
IRT1s often transport Cd because of their low substrate speci-
ficity [24–26, 30].Os02g0585200 (HMA, root),Os03g0152000
(HMA, root), Os0g0584800 (HMA, root), Os01g0609900
(PDR assoc, shoot), and Os01g0609300 (PDR assoc, shoot)
showed the highest (32-fold) upregulation under high Cd
concentration exposure and responded only slightly to low
Cd concentrations (Table S3). The balance between Cd and
various other metal ions in the hydroponic culture might
affect the expression of these genes, because specific systems
for transporting Cd may have not developed in rice as it is a
nonessentialmetal.The effects of other ions on the expression
of transporters [4] and responsive genes associated with
defense systems against Cd (Supplementary Figure S2) have
been indicated.

4. Conclusions

We generated gene expression profiles for rice seedlings
grown under low Cd concentrations. Phenotypic observa-
tions and constitutive gene expression indicated that low Cd
concentrations cause growth retardation but are far from
being fatal in rice. Several genes associated with defense sys-
tems were strongly upregulated; the expression of metal ion
transporter genes tended to correlate with Cd concentration
and GO enrichment analysis of the clustered genes based on
their expression patterns, suggesting that our transcriptome
profiles reflect responses to Cd in rice. Our data also suggest
that it could be dangerous to eat plants that do not show
specificCd pollution symptoms growing in soil contaminated
by small amounts of Cd. Establishing the exact composition
and organization of the transcriptional network underlying
the response to Cd exposure will provide a robust tool for
improving crops in the future, for example, by creating low
Cd uptake plants.
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Figure 3: Response of constitutively expressed genes in roots and shoots to Cd exposure. The relative expression of constitutively expressed
genes [27] in roots (a) and shoots (b) is shownunderCd exposure at each stress time point (1, 4, and 10 d) during 0.2𝜇M(white, grey, and black)
and 1 𝜇M (light blue, light green, and green) Cd exposure compared with nontreatment (0 d). The red bar shows the relative expression at 1 d
under 50 𝜇M Cd exposure. The 𝑥-axis shows the genes and the 𝑦-axis shows relative expression. Wang et al. [27] suggested the following
genes as candidates for constitutive expression: glycine-rich RNA-binding protein (Os12g0632000), expressed protein (Os06g0686700),
profilin (Os06g0152100), ADP-ribosylation factor (Os05g0489600), triosephosphate isomerase (Os01g0147900), glycine-rich RNA-binding
protein (Os03g0670700), peptidyl-prolyl cis-trans isomerase (Os02g0121300), endothelial differentiation factor (Os08g0366100), ubiquitin
monomer (Os06g0681400), protein translation factor SUI1 (Os07g0529800), GAPDH (Os08g0126300), polyubiquitin (Os02g0161900), protein
elongation factor (Os02g0519900), translation initiation factor (Os03g0758800), ubiquitin-conjugating enzyme (Os01g0819500), GTP-binding
nuclear protein (Os05g0574500), peptidyl-prolyl isomerase (Os02g0760300), and 60S ribosomal protein L31 (Os02g0717800). Their paper
also introduced the following genes that have frequently been used as internal controls in expression analyses: elongation factor1-alpha
(Os03g0177500), ubiquitin fusion protein (Os03g0234200), GAPDH (Os02g0601300), and tubulin beta-6 chain (Os01g0805900).
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Figure 4: Expression profiling of metal ion transporter genes in roots and shoots under Cd exposure at 1 d demonstrates Cd concentration-
dependent differences. Heatmap analysis of metal ion transporters containing Pfam domains [PF01554 (MatE), PF08370 (PDR assoc),
PF01545 (Cation efflux), PF02535 (Zip), PF00403 (HMA), and PF01566 (Nramp)]. The relative expression values under 0.2, 1, and 50𝜇M
Cd (data from [4]) are presented. The color scale shows log2-transformed transcript levels for each gene.
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High frequency nonionizing electromagnetic fields (HF-EMF) that are increasingly present in the environment constitute a
genuine environmental stimulus able to evoke specific responses in plants that share many similarities with those observed after a
stressful treatment. Plants constitute an outstanding model to study such interactions since their architecture (high surface area
to volume ratio) optimizes their interaction with the environment. In the present review, after identifying the main exposure
devices (transverse and gigahertz electromagnetic cells, wave guide, and mode stirred reverberating chamber) and general physics
laws that govern EMF interactions with plants, we illustrate some of the observed responses after exposure to HF-EMF at the
cellular, molecular, and whole plant scale. Indeed, numerous metabolic activities (reactive oxygen species metabolism, 𝛼- and
𝛽-amylase, Krebs cycle, pentose phosphate pathway, chlorophyll content, terpene emission, etc.) are modified, gene expression
altered (calmodulin, calcium-dependent protein kinase, and proteinase inhibitor), and growth reduced (stem elongation and dry
weight) after low power (i.e., nonthermal) HF-EMF exposure. These changes occur not only in the tissues directly exposed but
also systemically in distant tissues. While the long-term impact of these metabolic changes remains largely unknown, we propose
to consider nonionizing HF-EMF radiation as a noninjurious, genuine environmental factor that readily evokes changes in plant
metabolism.

1. Introduction

High frequency electromagnetic fields (HF-EMF, i.e., fre-
quencies from 300MHz to 3GHz, wavelengths from 1m
to 10 cm) are mainly human-produced, nonionizing electro-
magnetic radiations that do not naturally occur in the envi-
ronment, excluding the low amplitude VHF (very high fre-
quency) cosmic radiation. HF-EMF are increasingly present
in the environment [1] because of the active development
of wireless technology, including cell phones, Wi-Fi, and
various kinds of connected devices. Since living material is
not a perfect dielectric, it readily interferes with HF-EMF
in a way that depends upon several parameters, including
(but not restricted to) its general shape, the conductivity
and density of the tissue, and the frequency and amplitude
of the EMF. The interaction between the living material

and the electromagnetic radiation may (or not) induce an
elevation of the tissue temperature, thus defining the thermal
(versus nonthermal) associated metabolic responses. In the
case of a thermal response, the resulting heat dissipation is
normalized with the specific absorption rate (SAR) index.
This has led to considerable research efforts to study the
possible biological effects due to exposure to HF-EMF.While
the vast majority of these studies have focused on animals
and humans because of health concerns, with contradictory
or nonconclusive results [2], numerous experiments have also
been performed on plants. Plants are outstanding models
compared to animals to conduct such investigations: they
are immobile and therefore keep a constant orientation in
the EMF and their specific scheme of development (high
surface area to volume ratio) makes them ideally suited to
efficiently intercept EMF [3]. It is also quite easy in plants to
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Figure 1: Electromagnetic wave and experimental set-up. (a) Schematic representation of an electromagnetic plane wave showing the
transverse and space varying electric (𝐸) and magnetic field (𝐵). The wavelength (𝜆) is the distance between two crests. DOP: direction
of propagation. (b) A TEM cell (transverse electromagnetic cell). (c) A GTEM cell (gigahertz transverse electromagnetic cell). (d) MSRC
(mode stirred reverberation chamber). Note the double-sided metallic walls, the emitting antenna, the rotating stirrer, and the specialized
culture chamber that stands in the “working volume” where the electromagnetic field characteristics have been extensively characterized.

achieve genetically stable plant lines through the selection of
species that favor asexual reproduction [4] or self-pollination
[5]. Furthermore, metabolic mutants are easily available for
several species and constitute invaluable tools to understand
the way the EMF signal is transduced [6]. Indeed, several
reports have pointed out that plants actually perceive HF-
EMF of even small amplitudes and transduce them into
molecular responses and/or alterations of their developmen-
tal scheme [3–9]. The way that HF-EMF interact with plants
remains essentially unanswered. However, since EMF evoke
a multitude of responses in plants, they might be considered
as a genuine environmental stimulus. Indeed, EMF exposure
alters the activity of several enzymes, including those of
reactive oxygen species (ROS) metabolism [7], a well-known
marker of plant responses to various kinds of environmental
factors. EMF exposure also evokes the expression of specific
genes previously implicated in plant responses to wounding
[5, 8] and modifies the development of plants [9]. Fur-
thermore, these responses are systemic insofar as exposure
of only a small region of a plant results in almost imme-
diate molecular responses throughout the plant [6]. These
responses were abolished in the presence of calcium chelators
[6] or inhibitors of oxidative phosphorylation [10] which
implies the involvement of ATP pools. In the present review,
we describe exposure devices, SAR determination methods,
and biological responses (at both the cellular/molecular and
whole plant levels) observed after plant exposure to EMF.We
focused this review on radiated (i.e., EMF that are emitted

through an antenna) HF-EMF (mainly within the range
of 300MHz–3GHz) and consequently will not address the
biological effects of static magnetic fields (SMF), extremely
low frequency electromagnetic fields (ELF), or HF current
injection, since their inherent physical properties are dramat-
ically different from those of high frequencies. Therefore, the
HF-EMF we consider should be viewed through the prism
of classical electromagnetism: macroscopic electrodynamics
phenomena described in terms of vector and scalar fields.

2. Exposure Systems and Dosimetry

HF-EMF are a combination of an electric field and amagnetic
field governed by Maxwell’s equations. At high frequency,
these vector quantities are coupled and obey wave equations
whether for propagating waves or for standing waves. In
vacuum, the former travel at the speed of light (≈3⋅108ms−1)
and have the structure of a plane wave (Figure 1(a)). In other
media, the speed decreases and the spatial distribution for the
electric and the magnetic fields are generally arbitrary (thus
not being a plane wave). The latter, which do not propagate
but vibrate up and down in place, appear in some particular
conditions (e.g., bounded medium like metallic cavity) and
play important roles inmany physical applications (resonator,
waveguide, etc.).

In both cases, HF-EMF are characterized by an amplitude
of the electric (𝐸) or magnetic (𝐻) components (measured
in volts or amperes per meter), a frequency 𝑓 (number of
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cycles per second of the wave quantity, measured in hertz),
and a wavelength 𝜆 (distance between wave crests, measured
inmeters).These properties are related through the following
equation:

𝜆 =

𝑐

𝑓

= 𝑐 × 𝑇, (1)

where 𝑐 is the speed of the wave in the considered medium
and𝑇 is the period of thewave (time between successive wave
crests, measured in seconds). The wavelength 𝜆 is then the
distance traveled by the wave during a period 𝑇.

The electromagnetic power density associated with an
electromagnetic wave (measured in watts per square meter)
is obtained by a vector product between the electric and
magnetic field vectors (namely, the Poynting vector) for
every point in space. The total HF-EMF power crossing
any given surface is derived from Poynting’s theorem [11].
For an incident plane wave in vacuum, the time-averaged
electromagnetic power 𝑃

𝑖
(measured in watts) illuminating a

surface of 1m2 orthogonal to the direction of propagation is
given by the following equation:

𝑃
𝑖
=

𝐸
2

2 × 𝑍
0

, (2)

where 𝑍
0
is the characteristic impedance of free vacuum

space (377Ω).
The absorbed electromagnetic power (𝑃𝑑), converted to

heat by Joule effect in a volume (𝑉) and averaged over a time
period, is given by (3) for an electrically and magnetically
linear material that obeys Ohm’s law (conductivity 𝜎 in
siemens per meter):

𝑃𝑑 =∭

V

𝜎 × 𝐸
2

2

𝑑𝑉. (3)

2.1. Diversity of Exposure Devices. Due to the wide variety
of electromagnetic waves, physicians developed a lot of elec-
tromagnetic exposure facilities, mainly for electromagnetic
compatibility (EMC) test purposes. Some of these devices are
used for plant exposure to HF-EMF.

HF-EMF exposure set-up is usually made up with the
following two basic elements: (i) HF source (radio frequency
generator, Gunn oscillator) associated with a radiating ele-
ment (antenna, strip-line) and (ii) a structure that allows the
propagation of EM waves and the exposure of the sample.
The simplest exposure set-up relies on the use of standard
cell phones as a source of HF-EMF [12, 13] radiating in an
open-area test site. While this apparatus has the advantage of
being simple and economical, it poses many limitations that
may compromise the quality of the exposure. Indeed, these
communication devices are operated with different protocols
that may modify or even interrupt the emitted power.
Also, the biological samples are placed in the immediate
neighborhood of the antenna, which is a region where the
electromagnetic field is not completely established (near-
field conditions) and therefore is difficult to measure; this
situation may constitute an issue for bioelectromagnetics

studies. These apparatuses are nowadays used only in a small
proportion of studies. Moreover, the use of open-area test
sites exposes the biological samples to the uncontrolled elec-
tromagnetic ambient environment.Theuse of shielded rooms
is a good solution to overcome this issue. Indeed, anechoic
chambers provide shielded enclosures, which are designed to
completely absorb reflected electromagnetic waves. However,
these facilities are often large structures requiring specific
equipment and costly absorbers to generate an incident plane
wave (far-field illumination) and are consequently seldom
used for plant exposure [14, 15].

In contrast, numerous studies are based upon dedicated
apparatus of relatively small volume (Figure 1(b)), namely,
the transverse electromagnetic (TEM) cell [16]. TEM cells
are usually quite small (about 50 cm long × 20 cm wide)
and therefore only allow the use of seeds or seedlings as
plant models. Many TEM cells are based upon the classic
“Crawford cell” [17]. They consist of a section of rectangular
coaxial transmission line tapered at each end to adapt to
standard coaxial connectors. A uniform plane wave of fixed
polarization and direction is generated in the sample space
for experiments between the inner conductor (septum) and
the upper metallic wall. Because this cost-efficient device
is enclosed, high amplitude EMF can be developed with
relatively little injected power. Under some conditions, two
parallel walls of the TEM cell can be removed (therefore
constituting the so-called open TEM cell) without dramat-
ically compromising the performances. This configuration
is adequate to allow plant lighting. Special attention must
still be paid to the relative position of the samples in the
system since the disposition of the different organs within the
EMF could severely affect the efficiency of the plant samples’
coupling with the electromagnetic field. The main TEM cell
limitation is that the upper useful frequency is bound by its
physical dimensions limiting the practical size of samples at
high frequency.

The gigahertz transverse electromagnetic (GTEM) cell
has emerged as a more recent EMF emission test facility
(Figure 1(c)) [18]. It is a hybrid between an anechoic chamber
and a TEM cell and could therefore be considered as a high
frequency version of the TEM cell.The GTEM cell comprises
only a tapered section, with one port and a broadband
termination. This termination consists of a 50Ω resistor
board for low frequencies and pyramidal absorbers for high
frequencies.This exposure device removes the inherent upper
frequency limit of TEM cell while retaining some of its
advantages (mainly the fact that no antenna set-up is required
and the fact that high field strength could be achieved with
low injected power).

Waveguides are another kind of screened enclosures
that are seldom used in plant exposure [19, 20]. These
classical and easy to use exposure devices generate traveling
waves along the transmission coordinate and standing waves
along the transverse coordinates. In contrast to the TEM
cell, waveguides do not generate uniform plane waves but
rather allow the propagation of more complex EMF, namely,
propagation modes. Each mode is characterized by a cutoff
frequency below which the mode cannot propagate. When
the ends of the waveguide are short-circuited, a so-called
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resonant cavity is constituted, fromwhich a recent large facil-
ity, originally designed for EMC studies, namely, the mode
stirred reverberation chamber (MSRC, Figure 1(d)), is based.
While this equipment is expensive and technically difficult to
set up, it is the state of the art in terms of electromagnetic field
characteristics, allowing the establishment of an isotropic
and homogeneous field in a volume large enough to hold
a dedicated plant culture chamber (either transparent or
shielded toward EMF [6]). This latter characteristic permits
experiments on large plants that are kept in an adequate
controlled environment [6]. Our group pioneered the use
of this facility, based on judicious combinations of standing
waves patterns in a complex screened enclosure, in plant
bioelectromagnetics studies [8] and extensively described the
MSRC functionality [21]. Finally, each exposure set-up may
differ in concept, polarization, frequency, or incident power
but these setups always need to be optimally designed and
based onwell-understood physical concepts in order to assess
well-controlled HF-EMF exposure conditions (homogeneity,
repeatability, reproducibility, etc.).

2.2. Different Types of Exposure Signals. From each of the
previous exposure devices, two very different types of EMF
can be used to expose plants. The most commonly encoun-
tered mode is the continuous wave (CW) mode, in which
the biological samples are continuously exposed for a specific
duration to an EMF of given frequency and amplitude (rarely
more than a fewdozenVm−1).The secondmode is the pulsed
electromagnetic field (PEMF) mode, in which the biological
samples are subjected to several series of discontinuous pulses
of ultrashort duration EMF (within the range of 𝜇s to ns)
and usually of very high amplitude (up to several hundred
kVm−1). This last kind of exposure [22, 23] is seldom used
because of the scarcity and great complexity of the equipment
needed to generate the EMF and the difficulty to design
the dedicated antennae able to deliver such ultrashort power
surges [24].

The HF-EMF could also be modulated (i.e., varied in
time at a given, usually much lower frequency). Only a few
studies explicitly addressed modulation effect on biological
responses. Răcuciu et al. [25] exposedmaize caryopses to low
levels (7 dBm), 900MHz RF field, for 24 h in either contin-
uous wave (CW), amplitude modulated (AM), or frequency
modulated (FM) modes. They found that 12-day-old plant
lengths were reduced by about 25% in modulated EMF (AM
or FM type) compared to control (unexposed samples), while
CW exposure had an opposite (growth stimulation) effect,
suggesting that EMFmodulation actually modifies biological
responses.

2.3. Dosimetry. In order to compare the biological effects
observed in different exposure conditions, the National
Council on Radiation Protection andMeasurements officially
introduced in 1981 an EMF exposure metric, the specific
absorption rate (SAR). The formal definition of this basic
dosimetry (the amount of dose absorbed) is “the time deriva-
tive of the incremental energy absorbed (𝑑𝑊) by (dissipated
in) an incremental mass contained in a volume (𝑑𝑉) of

a given density 𝜌.” From this definition and (3), the SAR
(measured in Wkg−1) is given by the following equation:

SAR = 𝑑
𝑑𝑡

(

𝑑𝑊

𝜌 × 𝑑𝑉

) =

𝜎 × 𝐸
2

2 × 𝜌

. (4)

SAR is the power absorbed by living tissue during exposure
to CW-EMF (this quantity does not apply to PEMF mode
because of the very short duration of the pulses that do
not cause temperature increase in the samples). SAR can be
calculated from the dielectric characteristics of plant tissues
at the working frequencies, using (4). While 𝜌 could be easily
determined, the value of 𝜎 is dependent upon the frequency
and is difficult to assess in the range of GHz. It is usually
evaluated from the literature [40], since the experimental
set-up to measure this parameter at a given frequency
(waveguide, open waveguide, and coaxial line technique, e.g.,
D-Line) is rarely used because of its complex set-up. From
the biological heat-transfer equation, the SAR can also be
determined using the temperature increase evoked in plant
tissue after exposure to EMF, using the following equation:

SAR = 𝐶 × (𝑑𝑇
𝑑𝑡

)

𝑡→0

, (5)

where𝐶 is the heat capacity (J K−1 kg−1, which is available for
some tissues in the literature) and 𝑑𝑇 (measured in Kelvin)
is the sample temperature increase corresponding to the
elapsed time 𝑑𝑡 (measured in second) since the beginning
of HF-EMF exposure. Either for animals or plants, the
SAR measurement is subject to uncertainty [46]. Since the
specific heat is frequency independent and the temperature
distribution is usuallymore uniform than the internal electric
field, (5) provides, for detectable temperature increases, a
better way for SAR estimation.

In animal and human tissue, SAR is determined using
dedicated phantoms [47] filledwith a special liquid thatmim-
ics the dielectric properties of biological fluids. While this
approach is adequate in animals, in which the developmental
scheme produced volumes, it could not be adapted to most
plant organs (e.g., leaves) that have a high surface area to
volume ratio [3] but could be used in fruits and tuberous
structures. In contrast, surface temperature can be easily
assessed with dedicated instruments (e.g., Luxtron® fiber
optic temperature probe) and used to feed (5) [45]. The SAR
can also be determined using the differential power method
based on the measurement of power absorption (reviewed in
[48]) that takes place in the absence or presence of biological
samples [39]. The SAR is then calculated by dividing the
absorbed power by the mass of the living material.

3. Biological Responses

Biological responses should be considered as reporters of,
and evidence for, the plant’s ability to perceive and interact
with EMF. These responses can take place at the subcellular
level, implyingmolecular events ormodification of enzymatic
activities, or at the level of the whole plant, taking the form
of growth modification. Tables 1–3 summarize some work
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Table 1: Metabolic pathways affected after plant exposure to HF-EMF radiations.

Enzymes or metabolites Metabolic pathways Organisms Exposure conditions Response to EMF

Phenylalanine ammonia-lyase Phenylpropanoids Phaseolus vulgaris N/A (PEMF) Synergistic action with growth
regulators in cultured cells [26]

Polyphenol oxidase Polyphenols Vigna radiata 900MHz, up to 4 h,
8.55 𝜇Wcm−2 8.5-fold increase [27]

𝛼- and 𝛽-amylases Starch metabolism Vigna radiata 900MHz, up to 4 h,
8.55 𝜇Wcm−2

2.5- and 15-fold increase for 𝛼-
and 𝛽-amylases, respectively [27]

𝛼- and 𝛽-amylases, starch
phosphorylases Starch metabolism Zea mays 1800MHz, up to 4 h,

332mWm−2
2-fold increase for amylases.
−73% for starch phosphorylases

[28]

Water soluble sugars Sugar metabolism Phaseolus vulgaris 900MHz, 4 h 2-fold reduction in soluble sugars
[12]

Acid and alkaline invertases Sucrose metabolism Zea mays 1800MHz, up to 4 h,
332mWm−2

1.8- and 2.6-fold increase for acid
and alkaline forms, respectively

[28]
Malate and NADP isocitrate
dehydrogenases, glucose-6P
dehydrogenase

Krebs cycle, pentose
phosphate pathway Plectranthus 900MHz, 1 h

Lower activity (−10 to −30%) at
the end of the stimulus and then
a 2-fold increase 24 h later [29]

ATP content and adenylate
energy charge (AEC) Energetic metabolism Solanum

lycopersicon
900MHz, 10min,

5 Vm−1
Drop of ATP content (30%) and
AEC (0.8 to 0.6) 30min after the

stimulus [10]
MDA content, H

2
O
2
,

superoxide dismutase,
catalase, guaiacol peroxidase,
glutathione reductase,
ascorbate peroxidase

Lipid
peroxidation-oxidative

metabolism
Vigna radiata 900MHz, 8.55 𝜇Wcm−2

All oxidative metabolism
markers increased (2-fold to

5-fold) [7]

MDA and H
2
O
2
content,

catalase, ascorbate peroxidase Lipid peroxidation Lemna minor 400 and 900MHz, 2 to
4 h, 10 to 120Vm−1

MDA and H
2
O
2
content, catalase

and ascorbate peroxidase
activities increased (10–30%) [30]

Peroxidases Oxidative metabolism Vigna radiata,
Lemna minor

900MHz, 1 to 4 h,
8.55 𝜇Wcm−2 or

41 Vm−1
Peroxidase activities increased

[18, 27]

MDA, oxidized and reduced
glutathione, NO synthase

Oxidative
metabolism-NO
metabolism

Triticum aestivum

2.45GHz, 5 to 25 s,
126mWmm−2

concomitantly with
NaCl treatment

Exposure to EMF reduced the
oxidative response of plants to

high salt treatment [31]

Protein metabolism-DNA
damage

Oxidative protein and
DNA damage (comet

assay)
Nicotiana tabacum 900MHz, 23Vm−1

Carbonyl content and tail DNA
value increased (1.8-fold and

30%, resp.) [30]

Protein metabolism Protein content
Phaseolus vulgaris,
Vigna radiata,

Triticum aestivum
Cell phone, 4 h

Drop in protein content in
Phaseolus (71%) and Vigna (57%)

[27, 32] and Triticum [13]

Amino acid metabolism Proline accumulation Zea mays, Vigna
radiata

940MHz, 2 days
Cell phone, 2 h,
8.55 𝜇Wcm−2

1.8- and 5-fold increase in Z.
mays [33] and V. radiata [7],

respectively

Global terpene emission Monoterpene
metabolism

Petroselinum
crispum, Apium
graveolens,
Anethum
graveolens

900–2400MHz,
70–100mWm−2

Enhanced emission of terpene
compounds [34]

reporting HF-EMF effects observed at the scale of the whole
plant, biochemical processes, or gene regulation, respectively.

3.1. Cellular andMolecular Level. Numerous reports [4, 7, 33]
indicate an increase in the production of malondialdehyde

(MDA, a well-known marker of membrane alteration) along
with ROSmetabolism activation after exposing plants to HF-
EMF (Table 1). Membrane alteration and ROS metabolism
activation are likely to establish transduction cascades that
enable specific responses. Indeed, the critical role of calcium,
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Table 2: Genes whose expression is altered after plant exposure to HF-EMF.

Gene Organism Function Exposure conditions Response to EMF
exposure

lebZIP1 Solanum lycopersicon, whole plant Transcription factor 900MHz, 5Vm−1, CW
in a MSRC

Increase (3-fold to
4-fold) [6, 8]

lebZIP1 Solanum lycopersicon, whole plant Transcription factor Cell phone Increase (3-4-fold)
[35]

cam Solanum lycopersicon, whole plant Ca2+ signal transduction 900MHz, 5Vm−1, CW
in a MSRC

Increase (5-fold)
[5, 10]

cdpk Solanum lycopersicon, whole plant Ca2+ signal transduction 900MHz, 5Vm−1, CW
in a MSRC Increase (5-fold) [10]

cmbp Solanum lycopersicon, whole plant mRNAmetabolism 900MHz, 5Vm−1, CW
in a MSRC Increase (6-fold) [5]

pin2 Solanum lycopersicon, whole plant Proteinase inhibitor 900MHz, 5Vm−1, CW
in a MSRC

Increase (4.5-fold [5]
and 2.5-fold) [6]

pin2 Solanum lycopersicon, whole plant Proteinase inhibitor 900MHz, cell phone Increase (2-fold) [35]

At4g26260 Arabidopsis thaliana, cell suspension
culture

Similar to myo-inositol
oxygenase 1.9 GHz, 8mWcm−2 Decrease (0.3-fold)

[36]

At3g47340 Arabidopsis thaliana, cell suspension
culture

Glutamine-dependent
asparagine synthetase 1.9 GHz, 8mWcm−2 Decrease (0.4-fold)

[36]

At3g15460 Arabidopsis thaliana, cell suspension
culture Brix domain protein 1.9 GHz, 8mWcm−2 Decrease (0.5-fold)

[36]

At4g39675 Arabidopsis thaliana, cell suspension
culture Expressed protein 1.9 GHz, 8mWcm−2 Increase (1.5-fold)

[36]

At5g10040 Arabidopsis thaliana, cell suspension
culture Expressed protein 1.9 GHz, 8mWcm−2 Increase (1.4-fold)

[36]

AtCg00120 Arabidopsis thaliana, cell suspension
culture

ATPase alpha subunit
(chloroplast) 1.9 GHz, 8mWcm−2 Increase (1.4-fold)

[36]

a crucial second messenger in plants, has long been pointed
out [6, 10]: the responses (e.g., changes in calm-n6, lecdpk-
1, and pin2 gene expression) to EMF exposure are severely
reduced when plants are cultivated with excess of calcium or
in the presence of calcium counteracting agents (Figure 2)
such as chelators (EGTA and BAPTA) or a channel blocker
(LaCl

3
). The importance of calcium in the establishment of

the plant response is also highlighted by the fact that early
gene expression associated with EMF exposure involves at
least 2 calcium-related products (calmodulin and calcium-
dependent protein kinase) [5, 10]. This response is also
energy-dependent: an important drop (30%, Figure 3) inATP
content and adenylate energy charge (AEC) occurs after HF-
EMF exposure [10]. It is not clear for now if the AEC drop
is the consequence of altered membranes allowing passive
ATP exit or if higher consumption of ATP occurred because
of increased metabolic activity. Indeed, it is well known that
a drop in AEC stimulates the catabolic enzymatic pathways
through allostericmodulations. Nevertheless, inhibiting ATP
biosynthesis with the decoupling agent carbonyl cyanide m-
chlorophenyl hydrazone (CCCP) abolished plant responses
to EMF exposure [10]. Nitric oxide (NO) is another signaling
molecule that is tightly related to environmental factors’
impact on plants [49]. NO rapidly increases after various
kinds of stimuli including drought stress or wounding. Chen
et al. [50] recently demonstrated the increased activity of
nitric oxide synthase and accumulation of NO after exposing

caryopses of wheat for 10 s to high power 2.45GHz EMF.
Similarly, Qiu et al. [51] showed in wheat that the toler-
ance to cadmium evoked by microwave pretreatment was
abolished by the addition of 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide (carboxy-PTIO), an
NO scavenger, suggesting that microwave-induced NO pro-
duction was involved in this mechanism. Taken together,
these results advocate for the EMF induction of NO synthase.
However, these studies used high power EMF (modified
microwave oven) as stimulating tool and the fact that a tem-
perature increase of the sample was the cause of NO increase
is not excluded. To our knowledge, the involvement of NO
has not yet been demonstrated after low power (i.e., non-
thermal) EMF exposure. Furthermore, well-known actors of
plant responses to environmental stimuli are also involved:
the tomato mutants sitiens and JL-5 for abscisic (ABA) or
jasmonic (JA) acids biosynthesis, respectively, display normal
responses (accumulation of stress-related transcripts) when
whole plants are exposed to EMF [6]. In contrast, very
rapid distant responses to local exposure that occur in the
wild plants (Figure 4(a)) are impaired in sitiens ABA mutant
(Figure 4(b)) and JL-5mutants, highlighting the existence of
a transmitted signal (whose genesis and/or transmission is
dependent on ABA and JA) in the whole plant after local
exposure [6]. The nature of this signal is still unknown, but
very recent work has demonstrated that membrane potential
is affected after exposure to EMF [14]. It could therefore be
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Table 3: Morphogenetic responses observed after plant exposure to HF-EMF.

Plant species Exposure conditions Responses to HF-EMF exposure and references

Raphanus sativus Gunn generator 10.5 GHz, 14mW, exposure
of seeds and hypocotyls

Germination inhibition (45%), reduction of
hypocotyl elongation (40%) [37]

Lens culinaris Cell phone, 1800MHz (1mW), exposure of
dormant seeds

Reduction of seedlings’ root growth (60%) and
mitotic index (12%). Abnormal mitosis increased

(52%) [38]

Vigna radiata Cell phone, 900MHz, 8.55 𝜇Wcm−2 Rhizogenesis (root number and length) severely
affected [7]

Vigna radiata Cell phone, 900MHz, 8.55 𝜇Wcm−2
Inhibition of germination (50%), hypocotyl
(46%), and root growth (59%). Dry weight

reduced by 43% [27]

Phaseolus aureus, Vigna radiata Cell phone, 4 h exposure Root and stem elongations severely affected (−44
and −39%, resp.) [12, 32]

Vigna radiata, Lablab purpureus 1.8 GHz, 0.48–1.45mWcm−2 Reduction of height and fresh weight [39]

Zea mays 1 GHz, 1 to 8 h, 0.47Wcm−2 Reduced growth of 12-day-old plants (about 50%
after 8 h of exposure) [40]

Zea mays 1800MHz, 4 h, 332mWm−2 Reduced growth of roots and coleoptiles (16 and
22%, resp.) [28]

Vigna radiata, Triticum aestivum Cell phone, 900MHz, 4 h exposure Growth reduction (21 and 50%) in Vigna and
Triticum, respectively [13]

Triticum aestivum, Cicer arietinum,
Vigna radiata, Vigna aconitifolia

Klystron-based EMF generator, 9.6GHz,
1 dBm to 3.5 dBm Growth and biomass reduction [41]

Vigna radiata, Ipomoea aquatica 425MHz, 2 h, 1mW Growth stimulation of primary root [16]

Glycine max 900MHz, 5.7 to 41 Vm−1 Inhibition of epicotyl and/or root growth,
depending on exposure set-up [9]

Lemna minor 400–1900MHz, 23 to 390Vm−1, whole
plant exposure

Growth slowed down, at least in the first days
following exposure [18]

Trigonella foenum-graecum, Pisum
sativum 900MHz, 0.5–8 h Increased root size, nodule number, and size [42]

Hibiscus sabdariffa Resulting field from a GSM base antenna
(not measured)

Reduction of flower bud abscission with
increasing distances from the antenna [43]

Linum usitatissimum Cell phone or Gunn generator (105GHz), 2 h Production of epidermic meristems under
calcium deprivation condition [44]

Rosa hybrida 900MHz, 5–200Vm−1, whole plant
exposure in MSRC

Delayed and reduced (45%) growth of secondary
axes [45]

hypothesized that electrical signals (action potential and/or
variation potential) could be the transmitted signal, strongly
implying that HF-EMF is a genuine environmental factor.

3.1.1. Alterations of Enzymatic Activities. Table 1 summarizes
some of the enzymatic activities that aremodified after expos-
ing plants to HF-EMF. As previously noted, ROS metabolism
is very often activated after plant exposure to EMF. Enzymatic
activities such as peroxidase, catalase, superoxide dismutase,
and ascorbate peroxidase have twofold to fourfold increase
[4, 7, 18, 27, 33]. The question remains open to determine if
this could be the consequence of a direct action of EMF on
living tissue. Indeed, the very low energy that is associated
with the EMF at these frequencies makes them nonionizing
radiations. Side effects of elevated ROS metabolism are also
noted: H

2
O
2
production [4, 7], MDA increases [4, 7, 33], and

protein damage [30]. An increase in polyphenol oxidase [27]
and phenylalanine ammonia-lyase [26] may indicate stress

responses linked to an increased lignification, a common
response of plants to environmental stress.

Protein content is reduced in Vigna and Phaseolus [27,
32] as well as in Triticum [13]. It is not yet known if the
decrease in protein content results froman increase in protein
degradation and/or a decrease in protein synthesis, but this
may constitute a stimulating field of investigation, since
evidence shows that mRNA selection from translation occurs
after plant exposure to HF-EMF [10]. Hydrolytic enzymatic
activities (𝛼- and 𝛽-amylases and invertases) responsible
for the production of soluble sugar increase in germinating
seeds after exposure to HF-EMF [12, 28, 32], while the
starch phosphorylase activity, phosphorolytic and potentially
reversible, is diminished. In contrast, HF-EMF exposure
causes a drop of soluble sugar that may be related to the
inhibition of Krebs cycle and pentose phosphate pathway in
Plectranthus (Lamiaceae) leaves after exposure to 900MHz
EMF [29], suggesting that seeds and adult leaves respond in
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Figure 2: Effect of calcium concentration in culture medium on calm-n6 (calmodulin), pin2 (proteinase inhibitor), and lecdpk1 (calcium-
dependent protein kinase) transcript accumulation in response to the HF-EMF exposure. (a) Standard medium (0.73mM of calcium).
(b) Tenfold extra calcium (7.3mM). (c) No calcium (0mM). (d) No calcium (0mM) with 0.5mM of EGTA. (e) No calcium (0mM) with
0.4mMof BAPTA (1,2-bis(o-aminophenoxy)ethane-N,N,N,N-tetraacetic acid), a specificCa2+ chelator. (f) No calcium (0mM)with 0.1mM
LaCl
3
. Bars representmean values ± SE from at least three independent experiments. An asterisk over the bars states the significant differences

according to the one-sided Mann-Whitney 𝑈 test. Reproduced from [10], with permission.
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Figure 3: ATP concentration and adenylate energy charge (AEC) changes after HF-EMF exposure (5Vm−1, 10min) in a mode stirred
reverberation chamber. C: control, unexposed plants. 15, 30, and 60: time (min) after the end of HF-EMF exposure. (a) ATP concentration
(pmolmg−1 Prot.). (b) Adenylate energy charge (ratio). Bars represent mean values ± SE from at least three independent experiments.
An asterisk over the bars states the significant differences according to the one-sided Mann-Whitney 𝑈 test. Reproduced from [10], with
permission.
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Figure 4: Local and systemic responses after HF-EMF exposure. (a) Systemic response after local exposure to HF-EMF in wild type. Local
and distant responses after stimulation of leaf 1 (with the rest of the plant being protected from the EMF). The stimulated tissue (leaf 1) and
distant one (terminal leaf) both displayed responses (accumulation of pin2 transcript). HF-EMF exposure: 5 Vm−1, 10min. (b) Impairment
of distant response after exposure to HF-EMF in sitiens (ABA deficient) mutant. The stimulated tissue (leaf 1) displays the response to EMF
exposure (accumulation of pin2 transcript), while the response in the distant tissue (terminal leaf) is impaired. HF-EMF exposure: 5 Vm−1,
10min. Reproduced from [6], with permission.

a different way to HF-EMF exposure. The accumulation of
proline, reported by several authors [7, 33], and an increase
in terpenoid emission and content in aromatic plants [34] are
also classical responses of plants to environmental stresses.

3.1.2. Modification of Gene Expression. While numerous
reports focused on enzymatic activities alterations after
exposure to EMF, only a few studies concentrate on gene
expression modifications (Table 2). Tafforeau et al. [44]
demonstrated usingGunn generator (105GHz) several repro-
ducible variations in 2D gel electrophoresis profiles, showing
that gene expression is likely to be altered by the exposure
treatment. Jangid et al. [52] provided indirect proof (RAPD
profiles) suggesting that high power microwave irradiation
(2450MHz, 800Wcm−2) modifies gene expression in Vigna

aconitifolia, while these results do not exclude a possible
thermal effect of microwave treatment. Arabidopsis thaliana
suspension-cultured cells exposed to HF-EMF (1.9GHz,
8mWcm−2) showed differential expression of several genes
(𝑝 values < 0.05) compared to the control (unexposed)
condition in microarray analysis [36]. Most of them are
downregulated (whileAt4g39675, At5g10040, andAtCg00120
displayed a slight increase; see Table 2). However, the RT-
PCR 𝑝 value lowers the significance of these variations and
these authors consequently concluded the absence of HF-
EMF effect on plant gene expression. In contrast, short dura-
tion, high frequency, low amplitude EMF exposure (10min,
900MHz, 5Vm−1) performed on whole 3-week-old toma-
toes in MSRC [5, 6, 8, 10] demonstrated altered expressions
of at least 5 stress-related genes (Table 2), suggesting that
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whole plants are more sensitive to HF-EMF than cultured
cells. These experiments have been independently replicated
by Rammal et al. [35], using a longer exposure period and
a far less sophisticated exposure set-up (cell phone). Stress
responses of plants quite often display a biphasic pattern [53]:
a very rapid increase in transcript accumulation that lasts 15–
30min, followed by a brief return to basal level, and then
a second increase (after 60min). This pattern was observed
after tomato exposure to EMF so we questioned the meaning
of the early and late population of transcripts in terms of
physiological significance by measuring their association to
polysomes (which reflects their putative translation to pro-
teins). We found that the early (0–15min) mRNA population
was only faintly associated with polysomes, yet being poorly
translated,while the latemRNApopulation (60min) is highly
associated with polysomes [10]. This result strongly suggests
that only the late mRNA populationmay have a physiological
importance since it is the only one to be efficiently translated
into proteins.

3.2. Whole Plant Level. The biochemical and molecular
modifications observed after plant exposure to EMF and
described in the previous paragraphs might induce mor-
phogenetic alterations of plant development. Indeed, an
increasing number of studies report modifications of plant
growth after exposure toHF-EMF (Table 3).These treatments
are effective at different stages of plant development (seeds,
seedlings, or whole plants) and may affect different organs
or developmental processes including seeds germination and
stem and root growth, indicating that biological samples of
even small sizes (a few mm) are able to perceive HF-EMF.
Seed exposure to EMF generally results in a reduced germi-
nation rate [27, 37, 39], while in other cases germination is
unaffected [42] or even stimulated [16]. The seedlings issued
from EMF-exposed seeds displayed reduced growth of roots
and/or stem [13, 28, 32, 37–39, 41] but rarely a stimulatory
effect [16]. This point strongly differs from exposure to static
magnetic fields or extremely low frequency EMF, inwhich the
stimulatory effects on growth are largely predominant [54].
Ultrashort pulsed high power EMF (PEMF, 4𝜇s, 9.3 GHz,
320 kVm−1) also tends to stimulate germination of seeds
of radish, carrot, and tomato and increase plant height and
photosynthetic surface area in radish and tomato [20] and
roots of tobacco seedlings [22]. These different effects of
PEMF compared to HF-EMF on plants may be related to
their fundamental difference in terms of physical properties.
Exposure to HF-EMF of seedlings or plants (rather than
seeds) also generally resulted in growth inhibition [9, 18, 27,
28, 39]. Singh et al. [7] showed that rhizogenesis (root number
and length) is severely affected in mung bean after exposure
to cell phone radiation, possibly through the activation of
several stress-related enzymes (peroxidases and polyphenol
oxidases). Akbal et al. [38] showed that root growth was
reduced by almost 60% in Lens culinaris seeds exposed in the
dormant state to 1800MHz EMF radiation. Concomitantly,
these authors reported an increase in ROS-related enzymes,
lipid peroxidation, and proline accumulation, with all of
these responses being characteristic of plant responses to

stressful conditions. Afzal and Mansoor [13] investigated
the effect of a 72 h cell phone exposure (900MHz) on
both monocotyledonous (wheat) and dicotyledonous (mung
bean) plants seeds: germination was not affected, while the
seedlings of both species displayed growth inhibition, protein
content reduction, and strong increase in the enzymatic
activities of ROS metabolism. It is however worth noting
that growth of mung bean and water convolvulus seedlings
exposed at a lower frequency (425MHz, 2 h, 1mW) is
stimulated because of higher elongation of primary root
[11], while duckweed (Lemna minor, Araceae) growth was
significantly slowed down not only by exposure at a similar
frequency (400MHz, 4 h, 23Vm−1) but also after exposure at
900 and 1900MHz for different field amplitudes (23, 41, and
390Vm−1) at least in the first days following the exposure
[18]. Surducan et al. [15] also found stimulation of seedling
growth in bean andmaize after exposure to EMF (2.452GHz,
0.005mWcm−2). Senavirathna et al. [55] studied real-time
impact of EMF radiation (2GHz, 1.42Wm−2) on instanta-
neous growth in the aquatic plant, parrot’s feather (Myrio-
phyllum aquaticum, Haloragaceae), using nanometer scale
elongation rate fluctuations.These authors demonstrated that
EMF-exposed plants displayed reduced fluctuation rates that
lasted for several hours after the exposure, strongly suggesting
that plants’ metabolism experienced a stressful situation. It
is worth noting that the exposure did not cause any plant
heating (as measured using sensitive thermal imaging). Some
other kind ofmorphological changes also occurred after plant
exposure to HF-EMF: induction of epidermal meristems in
flax [44], flower bud abscission [43], nitrogen-fixation nodule
number increase in leguminous [42], or delayed reduced
growth of secondary axis in Rosa [45].

These growth reductions may be related to a lower
photosynthetic potential since Răcuciu et al. [40] showed that
exposing 12-day-old maize seedlings to 0.47Wkg−1 1 GHz
EMF induces a drop in photosynthetic pigment content: the
diminution was especially important in chlorophyll a, which
was reduced by 80% after 7 h of exposure. Ursache et al.
[56] showed that exposure of maize seedlings to microwave
(1mWcm−2, 10.75GHz) also caused a drop in chlorophyll
a and b content. Similarly, Hamada [57] found a decrease in
chlorophyll content in 14-day-old seedlings after exposing
the caryopses for 75min at 10.5 GHz. Kumar et al. showed a
13% decrease in total chlorophyll after 4 h exposure of maize
seedlings to 1800MHz (332mWm−2). These modifications
may be related to abnormal photosynthetic activity, which
relies on many parameters, including chlorophyll and
carotenoid content. Senavirathna et al. [58] showed that
exposing duckweeds to 2–8GHz, 45–50Vm−1 EMF induced
changes in the nonphotosynthetic quenching, indicating
a potential stressful condition. Three aromatic species
belonging to Apiaceae family (Petroselinum crispum, Apium
graveolens, and Anethum graveolens) strongly respond to
global system for mobile communications radiation (GSM,
0.9GHz, 100mWcm−2) or wireless local area network
(WLAN, 2.45GHz, 70mWcm−2) exposure by decreasing
the net assimilation rate (over 50%) and the stomatal
conductance (20–30%) [34].
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4. Conclusion and Future Prospects

An increasing number of reports highlight biological
responses of plants after exposure to HF-EMF at the
molecular and the whole plant level.The exposure conditions
are, however, far from being standardized and illustrate the
diversity of exposure conditions employed. However, future
work should avoid exposure in near-field conditions (i.e., in
immediate vicinity of the emission antenna) where the field
is instable and difficult to characterize. Similarly, the use of
communication devices (i.e., cell phones) should be avoided
as emission sources since it may be difficult to readily control
the exposure conditions because of built-in automation
that may overcome the experimental set-up. The use of
specialized devices (TEM cells, GTEM cell, waveguides,
MSRC, etc.) in which a precise control of exposure condition
can be achieved is highly preferable.

Shckorbatov [59] recently reviewed the possible interac-
tions mechanisms of EMF with living organisms. While the
classical targets (interaction with membranes, free radicals,
and intracellular regulatory systems) have all been observed
in plants, a convincing interpretation of the precise mech-
anism of HF-EMF interaction with living material is still
needed. Alternative explanation (i.e., electromagnetic reso-
nance achieved after extremely high frequency stimulation
which matches some kind of organ architecture) has also
been proposed for very high frequency EMF (several dozen
GHz) [60]. However, the reality of this phenomenon in vivo
(studied for now only through numerical simulations) and its
formal contribution to the regulation of plant development
have not yet been experimentally established. Amat et al.
[61] proposed that light effects on plants arose not only
through chromophores, but also through alternating electric
fields which are induced in the medium and able to interact
with polar structures through dipole transitions.The possible
associated targets (ATP/ADP ratio, ATP synthesis, and Ca2+
regulation) are also those affected by exposure to HF-EMF
[10]. It could therefore be speculated that HF-EMF may
use similar mechanisms. The targeted pathways, especially
Ca2+ metabolism, are well known to modulate numerous
responses of plants to environmental stress. While deeper
understanding of plant responses to HF-EMF is still needed,
these treatments may initiate a set of molecular responses
that may affect plant resistance to environmental stresses, as
already demonstrated in wheat for CaCl

2
[62] or UV [63]

tolerances, and constitute a valuable strategy to increase plant
resistance to environmental stressful conditions.
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[24] B. Cadilhon, L. Pécastaing, S. Vauchamp, J. Andrieu, V.
Bertrand, and M. Lalande, “Improvement of an ultra-wide-
band antenna for high-power transient applications,” IET
Microwaves, Antennas and Propagation, vol. 3, no. 7, pp. 1102–
1109, 2009.
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Kosteletzkya virginica (L.) is a newly introduced perennial halophytic plant. Presently, reverse transcription quantitative real-time
PCR (qPCR) is regarded as the best choice for analyzing gene expression and its accuracy mainly depends on the reference genes
which are used for gene expression normalization. In this study, we employed qPCR to select the most stable reference gene in
K. virginica which showed stable expression profiles under our experimental conditions. The candidate reference genes were 18S
ribosomal RNA (18SrRNA), 𝛽-actin (ACT), 𝛼-tubulin (TUA), and elongation factor (EF).We tracked the gene expression profiles of
the candidate genes and analyzed their stabilities through BestKeeper, geNorm, and NormFinder software programs.The results of
the three programs were identical and 18SrRNA was assessed to be the most stable reference gene in this study. However, TUA was
identified to be the most unstable. Our study proved again that the traditional reference genes indeed displayed a certain degree
of variations under given experimental conditions. Importantly, our research also provides guidance for selecting most suitable
reference genes and lays the foundation for further studies in K. virginica.

1. Introduction

Increasing amount of attention is paid to transcriptome
analysis. Actually, transcriptome analysis refers to the iden-
tification and measurement of the differentially expressed
transcripts. Thus, the key of the transcriptome analysis
still stays in the detection of the gene expression profiles.
Northern blotting, semiquantitative reverse transcription-
PCR, and reverse transcription quantitative real-time PCR
(qPCR) are the three most common and frequently used
methods [1]. It is due to its high specificity, sensitivity, and
extensive quantification range that qPCR has become the first
choice for gene expression profiles analysis [2, 3]. Meanwhile,
it is also used for the validation of the high throughput
sequencing and microarray results [4]. On the other hand,
the results of qPCR can be significantly influenced by a
series of factors including the condition of the material,

the extraction of the RNA, the operational process, and the
synthesis of the cDNA [5]. Hence, the internal reference
control which acts as a normalization factor is required to
minimize the above disturbances.The ideal internal reference
genes were supposed to be equally expressed in different
samples, developmental stages, and tissues. Only in this way
they can be applied to measure the expressions of the other
genes [1]. Therefore, the selection of the reference genes is of
paramount importance for the veracity of qPCR.

Generally, the reference genes such as 18S ribosomal RNA
(18SrRNA), 𝛽-actin (ACT), 𝛼-tubulin (TUA), and elongation
factor (EF) were used for normalization. Their expression
levels stay stable under various experimental conditions
usually [6]. However, latest studies have shown that no-
one reference gene is able to stand stable under different
experimental conditions, or in other words we have to select
a suitable reference gene for a given situation [7]. Different
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software tools or statistical procedures have been developed
to identify the suitable reference genes for a given experimen-
tal condition. For example, the most widely used software
tools are BestKeeper, geNorm, and NormFinder. Now a
growing number of reports suggest that a specific experiment
model needs a corresponding suitable reference gene. With
the help of the above software tools, the identification of
the reference genes for plants has advanced greatly. Up to
now, Arabidopsis thaliana [8], wheat [9], barley [10], rice
[11], soybean [12], potato [13], grape [14], poplar [15], tomato
[16], chicory [17], tobacco [18], longan [19], sugarcane [20],
Brassica juncea [21], buckwheat [22], tung tree [23], and coffee
[23] have been reported about the selection of the appropriate
reference genes under various conditions. However, there is
not any report about the identification of reference genes so
far in K. virginica [24].

K. virginica, which is also known as seashore mallow
(SM), is a perennial halophytic species native toMid-Atlantic
coasts and Southeastern of the United States [25, 26]. It is
a noninvasive species newly introduced into China as an
important salt-resistant oil crop in 1992. Its stem and tuberous
root are suitable material for producing bioenergy [27]. Its
salt-resistance ability is strong; for example, it was reported
that it could lead to a normal growth and development in
adverse environment with 0.3% to 2.5% sodium salt [28].
Therefore, K. virginica is considered to be an ideal plant
for the investigation of salt-resistance mechanisms. Indeed,
many scientists have focused on this characteristic and made
some findings [29]. Most of the studies on K. virginica
only came down to the physiological features including
plant growth, water status, potassium concentrations, lipid
peroxidation, and soluble sugar contents, yet studies on gene
expression and molecular level were rare. On account of
that K. virginica is a nonmodal plant with little information
on gene sequences; thus, the researches on cellular and
molecular levels become much harder.

In order to guarantee the accuracy of the qPCR, the selec-
tion and determination of the reference gene are of utmost
importance. Here we adopted homology-based cloning strat-
egy to acquire the partial sequences of the typical reference
genes. Two treatment groups with different time and con-
centrations salt treatments were used to identify the stable
reference genes for verification. The experimental samples
comprehensively stand for the salt treatments and the appli-
cation of the three software tools ensure the accuracy of the
statistical analysis. Our results revealed that the commonly
used reference genes indeed displayed a certain degree of
fluctuations and 18SrRNA or the 18SrRNA and ACT pair will
be the wise choice for the gene expression normalization for
K. virginica under salt treatments.

2. Material and Methods

Statement. The Yellow River Delta Reserve permitted the
collecting of plant samples. The field studies did not involve
endangered or protected species.The field also belongs to our
institution: The Seaside Wetland Eco-Experimental Station
of Chinese Academy of Sciences, Yantai Institute of Coastal

Zone Research (YIC), Chinese Academy of Sciences (CAS),
Yantai 264003, China.

2.1. Plant Sample Preparation. In our study the K. vir-
ginica seeds were harvested from The Seaside Wetland Eco-
Experimental Station of Chinese Academy of Sciences, Yellow
River Delta, Shandong Province, China. The stripped seeds
were sterilized firstly in 70% alcohol for 5min and 0.1%
mercuric chloride for 10min and then rinsed with sterile
distilled water for several times. The sterilized seeds were
fostered in liquid MS for germination with a culture tem-
perature at 25∘C. The germinal seeds were transferred to
plastic pots filled with vermiculite for further cultivation.
The condition of culture was kept at 16 h light/8 h dark with
25/18∘C with artificial climatic chambers (Huier, China) and
the humidity was kept at 65%. The homogeneous two-week-
old K. virginica seedlings were used for NaCl treatments.The
seedlings in three plastic pots (about 15 plants) were used for
an experimental sample.The harvested samples (whole plant)
were quickly frozen in liquid nitrogen and stored in −80∘C.
For different NaCl treatments over times, the concentration
of the NaCl was 300mM and the processing times were 2 h,
6 h, 12 h, and 24 h, respectively. The samples were harvested
at 2 h, 6 h, 12 h, and 24 h after NaCl treatment. For different
concentrations, the samples were treated with 100, 200, 300,
and 400mMNaCl for 24 h, respectively.

2.2. Total RNA Isolation and cDNA Synthesis. All samples
were collected from the corresponding K. virginica whole
seedlings. Total RNA samples were extracted from young
seedlings with Trizol Reagent (Invitrogen Carlsbad, CA,
USA). The nucleic acid concentrations and the quality
of the RNA were determined by microspectrophotometer
NanoDrop 2000C (Thermo Scientific). All RNA samples had
a 260/280 ratio at 1.8–2.0 and the ratio of 260/230 >2.0.
The synthesis of cDNA was carried out with TransScrip
One-Step gDNA Removal and cDNA Synthesis SuperMix
(Transgen Biotech). Both Oligo (dT) 18 and random primers
were used for the reverse transcription. The 20𝜇L reaction
system was performed at 42∘C 30min and 85∘C 5min. The
concentrations of the synthesized cDNA were also mea-
sured by microspectrophotometer and then diluted down to
100 ng/𝜇L, which was required for qPCR.

2.3. Selection of Candidate Reference Genes and Primer
Design. The most common reference genes in other plants
were selected: ACT, EF, TUA, and 18SrRNA (Table 1). In
view of that the gene sequence of K. virginica is almost
blank, so the gene sequences of other close relative species
are used. Gossypium hirsutum is the closest species to K.
virginica with known genome sequences and most of the
reference genes were conserved housekeeping genes. Thus,
the sequences of ACT, EF, TUA, and 18SrRNA in Gossypium
hirsutum were used to index the conserved and homologous
sequence of these genes from theNational Center for Biotech-
nology Information (NCBI) (http://www.ncbi.nlm.nih.gov/)
database [30]. The primers for PCR were designed based on
those conserved sequences by Primer Premier 5.0.The partial
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Table 1: Candidate reference genes and the PCR primer sequences for K. virginica.

Gene name Function Primer Sequence Length (bp)

ACTIN Structural constituent of cytoskeleton act-F GTTGGGATGGGTCAGA 800
act-R CCTTGCTCATACGGTCA

EF1𝛼 Elongation factor 1 alpha EF-F GGTCATTCAAGTATGCCTGG 740
EF-R GAACCCAACATTGTCACCAG

TUA Cytoskeleton structural protein TUA-F GTTTTCAGTGCTGTTGGAGGT 700
TUA-R AACGCTGGTTGAGTTGGA

18SrRNA 18S ribosomal RNA 18S-F GAGTATGGTCGCAAGGCTGAA 640
18S-R CCTCTAAATGATAAGGTTCAGTGG

Table 2: Candidate reference genes and the qPCR primer sequences in K. virginica.

Gene name Function Primer Sequence Length (bp)

ACTIN Structural constituent of cytoskeleton actqPCR-F TTATGTTGCCCTGGACT 160
actqPCR-R CCGCTTCCATCCCTA

EF1𝛼 Elongation factor 1 alpha EFqPCR-F TCAATGAGCCAAAGAGG 120
EFqPCR-R CAACACGACCAACAGGA

TUA Cytoskeleton structural protein TUAqPCR-F TATCTCATCTCTCACAGCCTG 119
TUAqPCR-R GGGCATACGAGGAAAGCAT

18SrRNA 18S ribosomal RNA 18SqPCR-F CCGTTCTTAGTTGGTGGA 170
18SqPCR-R AACATCTAAGGGCATCACAG

conserved sequences of the candidate genes obtained were at
about 600 bp in K. virginica. The PCR primers were shown
in Table 1. The PCR products were detected by 1.0% agarose
gel and displayed expected size and the segment of products
were sequenced from Applied Biosystems Invitrogen. The
nucleic acid sequences of PCR products were confirmed with
BLAST in the National Center for Biotechnology Informa-
tion too (http://www.ncbi.nlm.nih.gov/). The primers of the
candidate reference genes for qPCRwere designed by Beacon
Designer 7 according to the sequencing results of the PCR
products. The qPCR primer sequences were displayed in
Table 2. In addition, the qPCR primers amplification speci-
ficity of the newly sequenced reference genes was confirmed
firstly through RT-PCR with a single product, respectively
(Figure 1).

2.4. Two-Step Quantitative Real-Time RT-PCR. We carried
out qPCR with ABI Prism 7500 FAST (Applied Biosystems,
Foster City, CA) and SYBR Green Real-Time SelectedMaster
Mix (Applied Biosystems by Life Technologies) according to
the user guide. The reaction volume was 20 𝜇L with 2 𝜇L
diluted cDNA, 10 𝜇L 2 × SYBR Master Mix, and 200 nM
of each primer. The thermocycling reaction processes were
as follows: initial denaturation at 95∘C 2min, 45 cycles
of 15 s at 95∘C for denaturation of template, and 1min at
60∘C for annealing and extension. The fluorescent dye SYBR
Green which was widely used in qPCR can combine with
the ds-cDNA to indicate accurately the synthetic cDNA
in the reaction system. The fluorescence signal detection
was carried out at a temperature of 60–90∘C. The primer
specificity was confirmed again by the typical melting curve
and amplification plot. The Cq values of all the samples

were controlled in appropriate scope [31]. All samples were
amplified in triplicates and three biological replicates were
performed. The Cq values and the corresponding numerical
valuewere imported intoMicrosoftExcel andused for further
analysis.

2.5. DataAnalysis. Theobtained datawere converted into the
required format according to the different demands of the
software tools. Three different applets were used for the data
analysis: geNorm (version 3.4), NormFinder (version 0.953),
and BestKeeper (version 1.0). The concrete data analysis
strategies were described in results. In addition, ANOVA
was applied to determine whether the Cq values among the
different treatments were significant.

3. Results

3.1. Selection of Candidate ReferenceGenes. Due to bottleneck
of the extremely limited sequence information of K. virginica
(L.), there is not any existing gene information which we can
adopt directly. By means of homology-based cloning, we at
last acquired four genes’ fragment (ACT, EF, 18SrRNA, and
TUA) and designed the qPCR primers based on the obtained
partial gene sequences. The selected reference genes for this
study displayed different important functions and compo-
nents in cell. Generally, they were highly conserved and used
for normalization of qPCR in many other species. Therefore,
we turned to the existing sequence information in GeneBank
for PCR primer design. First of all, we obtained a single
600–800 bp PCR product through each pair primer with the
expected size, and then the products were sequenced. Thus,
we acquired the specific fragment sequence of the candidate
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Table 3: Homologous comparison of the candidate genes between K. virginica and other species.

Gene name Function Blastn (𝐸 value) Identity (%) The specie with highest homolog
ACTIN Structural constituent of cytoskeleton 0.0 94 Gossypium hirsutum
EF1𝛼 Elongation factor 1 alpha 0.0 93 Theobroma cacao
TUA Cytoskeleton structural protein 0.0 93 Gossypium hirsutum
18SrRNA 18S ribosomal RNA 0.0 99 Pavonia spinifex voucher

Figure 1: Identification of primer specificity for qPCR amplification
by PCR. All detected cDNA were mixed to act as template and
the equal amounts of template were used for PCR amplification.
1.0% agarose gel electrophoresis displayed the PCR products of each
primer pair.

genes and in addition the Blastn results showed that these
sequences of genes fromK. virginicawere highly homologous
with Gossypium hirsutum, Populus trichocarpa, and Theo-
broma cacao L. Table 3 shows the comparison results of the
obtained sequences in K. virginica with Gossypium hirsutum
and the species with the highest homology. Finally, the
primers for qPCRwere designed according to the sequencing
results and the PCR results showed that all the qPCR primers
exhibited a high degree of specificity (Figure 1).

3.2. Expression Profiles of the Candidate Reference Genes
under Various Salt Treatments in K. virginica. To assess the
expression stabilities of the four candidate reference genes,
their expression variations were estimated by qPCR in 10
cDNA samples. The 10 samples belong to two experimental
groups. The time group contains 5 samples, namely, control
1, 2 h, 6 h, 12 h, and 24 h. The concentration group includes
control 2, 100mM, 200mM, 300mM, and 400mM NaCl
treatments. The qPCR was performed according to the two-
step quantitative real-time PCR. All the related parameters
of qPCR were controlled in the demanded ranges. The
expression profiles of the candidate reference genes were
shown in Figure 2. The expression of the candidate genes
throughout all samples represented by cycle threshold (Cq)
values showed changes to some degree [32]. The Cq values of
the studied reference genes fluctuated from 11.71 to 31.14 in all
samples of the two experimental groups (Figure 2).

3.3. Expression Stability Analysis. Due to the various behav-
iors of the candidate reference genes, we need some methods
of data handling to evaluate the stability of the candidate
genes under a certain condition. In order to pick out the
optimal reference gene, we adopted the analysis software

C
q 

va
lu

es
10

15

20

25

30

35

C
on

tro
l1 2
h

6
h

1
2

h

2
4

h

C
on

tro
l2

1
0
0

m
M

2
0
0

m
M

3
0
0

m
M

4
0
0

m
M

18SrRNA
EF

ACTIN
TUA
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were used to display the expression profiles of the candidate genes
in 10 samples. Control 1 was the sample under normal condition
without NaCl treatment in different time period group; control 2
was the sample under normal condition without NaCl in different
concentration group.

tools of BestKeeper, geNorm, and NormFinder, which were
used extensively in the identification of the reference genes.
BestKeeper is an Excel-based tool and it ranks the candidate
reference genes with the calculation of the BestKeeper index
[1]. Under BestKeeper analysis, the best reference gene shows
the strongest correlation with the BestKeeper index. The
geNorm is aVisual Basic application tool and gene expression
value is evaluated by𝑀 value. This algorithm compares the
𝑀 values of the candidate genes and eliminates the gene with
the highest𝑀 value, and two genes are left at last. Thus, the
last two genes which have the lowest 𝑀 value are regarded
as the best pair of the candidate genes [33]. NormFinder is
also a Visual Basic application applet. It identifies the optimal
reference gene through amodel-based approach [34]. Similar
to geNorm, a low SD value means a more stable expression
profile of the gene in this algorithm.

3.3.1. geNorm. This software is one of the Visual Basic
application tools for Microsoft Excel. It picks out the most
stable reference genes from a given sample and figures
out the gene expression normalization factors according to
the geometric mean of the candidate genes. The parameter
employed by geNorm to measure the stability of the can-
didate gene is the average expression stability (𝑀) value.
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Table 4: Analysis of the candidate reference genes in view of the stability values estimated by NormFinder.

Gene name Stability value (two subgroups) Stability value (no subgroups) Intragroup variation Intergroup variation
1 2 1 2

18SrRNA 0.064 0.234 0.071 0.052 0.007 −0.007

EF1𝛼 0.132 0.583 0.651 0.047 0.059 −0.059

ACTIN 0.145 0.596 0.120 0.605 0.069 −0.069

TUA 0.286 1.164 0.543 2.196 −0.134 0.134

The𝑀 value is calculated according to the average pairwise
variation between all detected genes. The lower 𝑀 value
stands for the higher stability of the gene expression [31].
The analysis result of geNorm was displayed in Figures 3(a)
and 3(b). For the treatment samples at different points in
time, 18SrRNA and ACT were the most stable reference
genes (Figure 3(a)). The EF gene was estimated to be the
least stable among them. For the samples with different
concentration treatments, 18SrRNA and ACT were the most
stable reference genes (Figure 3(b)), while the least stable
gene was TUA. In addition, the comparison between two
experimental conditions suggested that the variations were
more significant under different concentrations. Therefore,
according to the analysis of geNorm, 18SrRNA and ACT are
the optional reference genes for the normalization of gene
expression under NaCl treatments in K. virginica.

3.3.2. NormFinder. For further verification, NormFinder was
also adopted for the assessment. NormFinder is also a Visual
Basic application tool for Microsoft Excel. It is an Add-In
for Microsoft Excel; namely, the NormFinder function is
added directly to the Microsoft Excel software package. For
this algorithm, the more stable genes have lower stability
values [34]. NormFinder is able to estimate the intra- and
intergroup variations as well as all samples. The assessment
results of NormFinder were shown in Table 4. It is worth
noting that there were certain differences in the analysis
between no subgroups and two subgroups in the stability
values. The trend of the two assessments was the same and
the no subgroups analysis showed higher stability values.The
ranking of the reference genes in terms of their expression
stabilities is identical (Table 4). 18SrRNA was estimated to
be the most stable reference gene in NormFinder with the
stability value at 0.064. However, TUA showed the most
unstable expression profiles with the largest stability value
at 0.286 in two subgroups’ result. Therefore, the ranking of
the candidate reference genes under various NaCl treatments
was 18SrRNA>EF>ACT>TUA. For no subgroups analysis,
the outcome is the same except for the different stability
values. Combining the results of geNorm and NormFinder,
we can come to a conclusion that the 18SrRNA or 18SrRNA
and ACTIN pair should be the best reference genes for
gene expression normalization in K. virginica under salt
treatments.

3.3.3. BestKeeper. BestKeeper is an Excel-based spreadsheet
software application. Different from the above two tools,
the raw Cq values without any conversion can be loaded
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Figure 3: Average expression stability (𝑀) values of the candidate
genes. The average expression stability (𝑀) values are acquired
through the stepwise exclusion of the least stable reference gene.
Starting from the least stable gene at the left, the genes are ranked
according to the ascending expression stability, ending with the two
most stable genes at the right. The result of time treatment is shown
in (a) and the concentration treatment is displayed in (b).

in for analysis in BestKeeper. When the original Cq values
were imported, the descriptive statistics of each candidate
gene were computed, including GM (geometric mean), AM
(arithmetic mean), SD (standard deviation), CV (coefficient
of variance), Min (minimal), and Max (maximal) [8]. The
expression stabilities of the candidate genes were calculated
in accordance with the inspection of calculated variations
(SD and CV values). The analysis results in this study were
displayed in Tables 5(a) and 5(b) and the analysis was
also carried out in two ways with all samples and with
two subgroups. The calculated results either in all samples
or in two subgroups were unanimous with the same two
optimal reference genes 18SrRNA and ACT, yet the least
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stable reference genes were EF and TUA. The relative higher
Pearson’s coefficients of correlation demonstrated that the
expression profiles of these genes were altered under NaCl
treatment. In brief, the BestKeeper result stayed the same
with the outcomes of NormFinder and geNorm. Therefore,
18SrRNA or 18SrRNA and ACTIN pair should be the ideal
reference genes for gene expression normalization in K.
virginica under various NaCl treatments among the four
candidate reference genes.

4. Discussions

K. virginica, a noninvasive species, was imported into China
for its salt resistance [33]. Its importance appears due to its
ability to survive and develop under high salt environment,
which is the goal of salt-resistant crops research. Ever since
its introduction, the researches focusing on it are ongoing, but
most of them are about physiological researches [1, 29]. The
studies at the level of cells and genes are rare.The only reports
so far on gene expression detection in K. virginica took
ACT as reference gene for gene expression normalization
[31]. Therefore, in order to understand K. virginica at the
molecular level to find its specific mechanisms for salt-
resistance, the selection of the stable reference genes for gene
expression normalization in K. virginica is imperative. In this
study, 18SrRNA was demonstrated to be the optimal under
salt stress conditions.

The traditional reference genes such as ACT, TUA, UBQ,
and EF which are often used as internal reference genes in
Arabidopsis were also found to alter under some condition
[35]. Thus, the selection of the reference genes under a given
condition is necessary. Fortunately, we can simplify the com-
plicated confirmation of the reference genes with the help of
the designed statistical algorithms. BestKeeper [36], geNorm
[33], deltaCq [34], RefFinder [37], and NormFinder [38] are
the commonly used software tools to assess the expression
stability of the candidate reference genes. In our study, the
BestKeeper, geNorm, and NormFinder were employed to
calculate the stabilities of the four candidate reference genes
in K. virginica. The results of the three algorithms revealed
that 18SrRNA and ACT were estimated to be the most stable
reference genes in two experiment sets on the basis of the
geNorm analysis, while the most unstable genes were EF and
TUA, respectively (Figure 3). Duo to the stepwise exclusion
method used by geNorm for stability analysis, there will
be two ideal reference genes in Figure 3. As a matter of
fact, the 𝑀 values of 18SrRNA were smaller than ACT in
both experimental conditions. For NormFinder analysis, the
18SrRNA obtained the smallest stability value with 0.064
whichwas the samewith geNormoutcome (Table 4).The val-
ues of the intragroup variation and the intergroup variation
of 18SrRNAwere theminimumamong all the candidate genes
demonstrating again that 18SrRNAwas the best choice for this
study. But the differencewas the second stable reference genes
and they were ACT and EF in geNorm and NormFinder,
respectively. The TUA was determined to be the worst one
again. In BestKeeper, the 18SrRNA was still assessed to be
the most stable reference gene with the smallest SD value

keeping consistent with the previous two assessments. The
second stable reference gene was ACT with the SD value at
0.61, but its coefficient of correlation (𝑟) and 𝑃 value were
not ideal. EF and TUA were estimated to obtain the SD
value at 1.00 and 1.51, respectively, which implied that they
could not be used for internal reference gene any more. In
addition, we can choose more than one reference gene to
ensure the accuracy of the study. In this study, the 18SrRNA
and ACTIN pair gave the best performance under salt
stress.

Generally,ACT is themost widely used internal reference
gene under some conditions. Yet, in our research the stability
value of ACT based on NormFinder analysis was higher than
18SrRNA and EF (Table 4). Besides, 18SrRNA has also been
widely used as stable reference gene in many species such
as Arabidopsis and Rice under particular conditions [39, 40].
Yet Kim et al. found that the expression of 18SrRNA can be
effected by some biological factor and drug; thus, 18SrRNA
may not be suitable for biotic stresses [41]. In our study the
18SrRNA was proved to be the best reference gene for gene
expression normalization in K. virginica. Meanwhile, EF is
another important and widely used reference gene. In the
selection of reference gene for Chinese cabbage (Brassica
rapa L. ssp. pekinensis), EF was identified as the best choice
for normalization in different tissues [34]. Meanwhile, EF
was also the most stable gene in potato under salt and
cold stresses, while the conclusion was not appropriate for
Chinese cabbage under the same condition [39]. In our
research for K. virginica under salt stress, EF was not the
optimum, especially in the different time treatments under
which EF was estimated to be the most unstable reference
gene (Figure 3(a)). Despite the fact that TUA gene also
often appeared in the candidate reference genes, our three
analysis results all indicated that the expression profile of
TUA had significant changes with high 𝑀 value (Figure 3),
low stability (Table 4), and high SD value (Tables 5(a) and
5(b)) and was not suitable for gene expression normalization
in K. virginica under salt stress. Similarly, the researches on
faba bean (Vicia faba L.) [14], banana [42], tomato [1], and
Salvia miltiorrhiza [1, 17] all revealed that the TUA gene
was not appropriate for gene expression normalization. In
addition, in the research on tomato, the scientists empha-
sized that we should avoid choosing TUA as reference gene
because its behavior was far from accepted in their findings
[43].

5. Conclusion

In summary, our study indicated that the expression sta-
bility varied considerably under the various experimental
conditions in K. virginica. With the help of the software
tools of BestKeeper, geNorm, and NormFinder, 18SrRNAwas
identified to be themost stable reference gene among the four
candidate traditional reference genes, yet TUA appeared to
be the most unsuitable reference gene in our analysis. The
stable reference gene selected in this studywill be very helpful
for revealing the gene expression profiles in K. virginica
under salt stress promoting the realization of it at cellular
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Table 5: BestKeeper analysis results of the candidate reference genes.

(a)

Gene name SD [±CP] Coefficient of correlation (𝑟) 𝑃 value
All samples 1 2 All samples 1 2 All samples 1 2

18SrRNA 0.43 0.53 0.33 0.76 0.83 0.75 0.001 0.001 0.001
EF1𝛼 1.00 1.12 0.94 0.82 0.79 0.85 0.001 0.001 0.001
ACTIN 0.61 0.68 0.57 0.52 0.75 0.26 0.004 0.001 0.355
TUA 1.51 0.88 2.08 0.72 0.50 0.88 0.001 0.056 0.001

(b)

CV [%CP] Min [𝑥-fold] Max [𝑥-fold] SD [±𝑥-fold]
All sample 1 2 All sample 1 2 All sample 1 2 All sample 1 2
3.41 4.14 2.63 −2.01 −1.65 −1.84 2.85 2.60 1.36 1.35 1.45 1.26
3.56 3.94 3.37 −5.95 −3.44 −5.15 7.92 6.85 3.93 2.00 2.17 1.92
2.35 3.54 2.20 −3.38 −2.06 −2.89 3.67 3.13 1.96 1.53 1.60 1.48
6.03 2.58 8.28 −12.5 −2.62 −13.3 7.59 3.22 7.16 2.85 1.80 4.24
1 stands for the different time period treatment and 2 stands for the different concentration treatment.

and gene level. Our study will lay the foundation for further
investigation of the salt-resistant mechanism in halophyte as
well.
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