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Abiotic stress such as cold, drought, salt, and heavy metals
largely influences plant development and crop productivity.
Abiotic stress has been becoming a major threat to food
security due to the constant changes of climate and deteriora-
tion of environment caused by human activity. To cope with
abiotic stress, plants can initiate a number of molecular, cel-
lular, and physiological changes to respond and adapt to such
stresses. Better understanding of the plant responsiveness to
abiotic stresswill aid in both traditional andmodern breeding
applications towards improving stress tolerance. Studies on
some special wild plant species with high stress tolerance also
greatly contribute to our understanding of stress tolerance.

With the development of modern molecular biology, ge-
nomics approaches have been applied in crop breeding while
not popularly in practice. In this special issue, B. A. Akpınar
et al. present a compressive review on genomic approaches,
including structure genomics, comparative genomics, and
functional genomics, for crop improvement against abiotic
stress. Some traditional and modern genomics approaches
of crop improvement, such as expressed sequence tag (EST)
profiling, microarray, Targeting Induced Local Lesions IN
Genomes (TILLING), and next generation sequencing
(NGS), are summarized in this review. In the other review
paper, H. Budak et al. focused on the studies of drought
tolerance in modern and wild wheat. They reviewed recent
advances on drought related gene/QTL identification, studies
on drought related molecular pathways, and current efforts
on the improvement of wheat cultivars for drought tolerance.

The exploitation and utilization of crop germplasm re-
sources are the basis of crop breeding. However, with contin-
uous collection of germplasm resources, the size of popula-
tions has been becoming bigger, which hinders the evaluation

and utilization of the germplasm resources. Constructing
core collection is an efficient way to solve the problem. A core
collection is a representative sample of the whole collection
which has minimum repetitiveness and maximum genetic
diversity of a plant species. J. Wang et al. suggest a strategy
to construct a core collection based on drought resistant
germplasm resources in wheat. The results showed that the
strategy was effective and was valuable in another crop’s core
collection construction.

The wild plant species with high tolerance to abiotic
stress have attracted more and more attentions of plant
biologists, especially when the studies within a crop species
on improving the stress tolerance show the limitation. Under-
standing the mechanisms for stress tolerance achieved by
these wild species will help in crop improvement; even
some relatives can be directly or indirectly applied in crop
breeding by cytological ways. H. Budak et al. introduce the
research advances on wild emmer wheat which is important
for its high drought tolerance. W. Liu et al. present cold
induced physiological responses of naked oats (Avena nuda
L.), a cold-tolerant plant species, and show that the cold
tolerance involves the increase of antioxidant activities of
several reactive oxygen species (ROS) savaging enzymes.The
heavy metal contamination is an environmental problem in
the margin sea. H.-p. Jiang et al. studied the responses of
green algae species Ulva prolifera and Ulva linza to Cd2+ and
concluded themajor physiological parameters involved in the
Cd2+ adaptation.

It is necessary to further clarify the mechanisms under-
lying plant stress responses through modern biological tech-
nologies, especially to understand stress responses of some
wild plant species with extremely high stress tolerance, which
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will be eventually applied in developing crops with high stress
tolerance.

Ji Huang
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GmNAC5 is a member of NAM subfamily belonging to NAC transcription factors in soybean (Glycine max (L.) Merr.). Studies
on NAC transcription factors have shown that this family functioned in the regulation of shoot apical meristem (SAM), hormone
signalling, and stress responses. In this study, we examined the expression levels ofGmNAC5.GmNAC5was highly expressed in the
roots and immature seeds, especially strongly in immature seeds of 40 days after flowering. In addition, we found thatGmNAC5was
induced by mechanical wounding, high salinity, and cold treatments but was not induced by abscisic acid (ABA). The subcellular
localization assay suggested that GmNAC5 was targeted at nucleus. Together, it was suggested that GmNAC5 might be involved in
seed development and abiotic stress responses in soybean.

1. Introduction

Environmental stresses such as drought, salinity, and cold are
major factors that significantly limit agricultural productivity.
NAC transcription factors play essential roles in response to
various abiotic stresses [1]. The N-terminal region of NAC
proteins contains a highly conserved NAC domain, which
can be divided into five subdomains based on sequence
similarities and may function as DNA-binding region. The
C-terminal regions of NAC proteins, which exhibit the trans-
activation activity, are highly divergent in both sequence and
length [2–4].This family of transcription factors is involved in
a lot of plant developmental processes, including shoot apical
meristem formation [5], hormone signaling [2, 6], regulation
of cell division and cell expansion [7], control of secondary
wall formation [8–10], and responses to various stresses [11–
14].

The NAC family consists of several subfamilies [15]. The
NAM subfamily is the best studiedNAC subfamily.CUC1 and
CUC2, encoding NAM subfamily proteins, are a pair of func-
tionally redundant genes, expressed in Arabidopsismeristem
and organ primordia boundary [1, 16]. The cotyledons of
the transgenic seedlings overexpressing CUC1 (35S::CUC1)
regularly had two basal lobes, small and round epidermal

cells between the sinuses, and adventitious SAMs on the
adaxial surface of this region [17]. It has been reported that
CUC2 is essential for dissecting the leaves of a wide range
of lobed/serrated Arabidopsis lines. Inactivation of CUC3
leads to a partial suppression of the serrations, indicating
a role for this gene in leaf shaping. Morphometric analysis
of leaf development and genetic analysis provide evidences
for different temporal contributions of CUC2 and CUC3
[18]. The CUP played an important role in the lateral organ
boundary forming snapdragon. Cupuliformis mutants are
defective in shoot apical meristem formation, but cup plants
overcome this early barrier to development to reachmaturity.
CUP encodes a NAM protein, homologous to the petunia
NAM and Arabidopsis CUC proteins. The phenotype of cup
mutants differs from the phenotype of NAM and CUC1
CUC2 in that dramatic organ fusion is observed throughout
development [19]. Phloem transport of CmNACP mRNA
was proved directly by heterograft studies between pumpkin
and cucumber plants, in which CmNACP transcripts were
shown to accumulate in cucumber scion phloem and apical
tissues [20]. Petunia NAM proteins were mainly expressed
in the meristem and primordia boundaries, which might
be required by embryo and flower pattern formation [5].
For abiotic stress, it was observed that Arabidopsis AtNAC2
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expression was induced by salt stress and this induction was
reduced in magnitude in the transgenic Arabidopsis plants
overexpressing tobacco ethylene receptor gene NTHK1.
AtNAC2 was localized in the nucleus and had transcriptional
activation activity. It can form a homodimer in yeast.AtNAC2
was highly expressed in roots and flowers but less expressed
in other organs examined. In addition to the salt induction,
AtNAC2 can be induced by abscisic acid (ABA), ACC, and
NAA [21]. These showed that the NAM subfamily members
not only play a regulatory role in plant development but
also participate in stress responses. GmNAC5, which is a
member of NAM subfamily belonging to NAC transcription
factor in soybean, was cloned and analysed [22]. In order
to further study the physiological and biochemical processes
that GmNAC5 gene may be involved in, the soybean organ
expression patterns of the gene and the relationship between
GmNAC5 gene and abiotic stress were examined.

2. Materials and Methods

2.1. Plant Materials. Soybean cv. Ludou 10th was used in
this study. Plants were field-grown under normal conditions
in Nanjing Agricultural University. Vegetable tissues such
as roots, stems, and leaves were collected from 4-week-old
seedlings, while floral buds at R1 stage [23], young pods
at R3 stage, and developing seeds from 15 to 50 days after
flowering (DAF) were collected and frozen immediately in
liquid nitrogen and stored at −80∘C until use.

2.2. RNA Isolation, cDNA Synthesis, and Quantitative Real-
Time PCR. Total RNAwas extracted using a Total RNA Plant
Extraction Kit (Tiangen, Beijing, China), according to the
manufacturer’s protocol. First-strand cDNA was synthesized
using the TaKaRa PrimeScript 1st strand cDNA Synthesis
Kit (TaKaRa, Dalian, China), according to the manufac-
turer’s instructions. Quantitative real-time polymerase chain
reaction (qRT-PCR) was conducted using the SYBR Green
Real-Time PCR Master Mix (TOYOBO, Osaka, Japan) on
an ABI7500 Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA). Gene expression was quantified using
the comparative method Ct: 2−ΔΔCt method as previously
described [24].

2.3. Stress Treatments. The soybean seedlings cultured with
sand were moved to Hoagland nutrient solution, when
growing to two true leaves. After the first cluster of fronds
grew, the plants were applied with stress treatments with
three replicates. For hormone treatments, the seedlings were
treated with 100 𝜇M JA and 100 𝜇M of ABA, respectively. For
salt stress, the seedlings were treated with 200mMNaCl. For
dehydration stress, the seedlings were placed on filter paper,
respectively. For cold stress, the seedlings were placed in 4∘C
light incubator. Formechanical wounding, the seedling leaves
were cut into pieces with a sharp and clean scissor. After
each treatment, the leaves were harvested and frozen in liquid
nitrogen immediately.

193 169 277 143 603

190 118 278 123 521

250 136 299 148 564

205 87 278 88 528

GmNAC5

ANAC080

GRMZM5G898290

Lus10021659

Figure 1: Schematic diagram of gene structures of GmNAC5 and
its homologous genes in Arabidopsis thaliana (ANAC08), Zea mays
(GRMZM5G898290), and Linum usitatissimum (Lus10021659). The
black and white boxes indicate exons and introns, respectively.

2.4. Subcellular Localization of NAC Proteins. The full-length
cDNAofGmNAC5was cloned in pBI121-GFP vector, in frame
fusing with GFP reporter gene and producing the plasmid
pBI-GmNAC5-GFP. After transient expression of the fusion
plasmid in onion epidermal cells, the cells were observed
under florescence microscope.

3. Results

3.1. Genomic Structure of GmNAC5. NAC transcription fac-
tors have been considered one of the largest families of
transcription factors so far discovered in the plant genomes.
GmNAC5 encodes a NAC transcription factor belonging to
the NAM subfamily. It was found that the exon-intron struc-
tures were conserved among GmNAC5 homologous genes in
three common species, including Arabidopsis thaliana, Zea
mays, and Linum usitatissimum (Figure 1).

3.2. Subcellular Localization. GmNAC5 encoding product is
presumed to act as a transcription factor. If transcription
factors achieve the precise adjustment of the target genes,
this specific transcription factor should be located in the
nucleus. Interestingly, GmNAC5 lacks the traditional nuclear
localization signal (NLS); even some researchers have found
that someNACdomain proteins have the nuclear localization
signals [16, 25, 26]. To clarify whether soybean NAC protein
GmNAC5 is located in the nucleus, the subcellular localiza-
tion assay was performed (Figure 2). Despite the transient
expression in the onion epidermal cells, it was observed that
theGmNAC5-GFP fusion proteinwas located predominantly
in the nucleus whereas GFP alone was localized throughout
the cells (Figure 2(b)).

3.3. Tissue-Specific Expression of GmNAC5. In order to
analyze the physiological and biochemical processes that
GmNAC5 gene may involve, qRT-PCR approach was used to
analyzeGmNAC5 gene expression in soybean in different tis-
sues and organs. GmNAC5 was mainly expressed in the roots
and seeds in soybean development and weakly expressed
in the other organs (Figure 3). GmNAC5 has the lowest
expression level in the stems, but the highest expression level
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Figure 2: Subcellular localization of GmNAC5. (a)The structure of 35S:GmNAC5-GFP vector. (b) Subcellular localization of GmNAC5-GFP
fusion protein. The arrow indicates the location of the nucleus. Bars: 40 𝜇m in 35S:GFP; 80𝜇m in 35S:GmNAC5-GFP.
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Figure 3: Real-time RT-PCR analysis of GmNAC5 expression in
various soybean tissues. DAF: days after flowering.

in soybean seeds of 40 days after flowering. The difference
in GmNAC5 expression level of each period in soybean
seed development is obvious. The highest expression level
was found 40 days after flowering (DAF), but only weak
expression in the seeds of 15 days and 50 days after flowering,
which indicates that the GmNAC5 may participate in the
middle stage of soybean seed development. We found that
GmNAC5 has strong expression in roots, but expression levels
in stems, leaves, and pods are weak.

3.4. Expression of GmNAC5 in Soybean under Various Stresses.
GmNAC5 was weakly expressed in leaves in soybean under
normal growth condition. The real-time qRT-PCR was per-
formed to detect the expression of GmNAC5 in soybean
under various stresses (Figure 4). For jasmonic acid treat-
ment, GmNAC5 was significantly induced after 3 h of JA
treatment (Figure 4(a)). For mechanical wounding, expres-
sion of GmNAC5 was sharply induced after 1 h of treat-
ment (Figure 4(b)). ForNaCl treatment,GmNAC5 expression
was markedly upregulated by 8-fold after 3 h of treatment
and then decreased (Figure 4(c)). Under drought treatment,
expression of GmNAC5 showed a weak increase and then
declined (Figure 4(d)). For cold stress, it was found that
GmNAC5 expressionwas gradually increased and reached the
maximum after 12 h of treatment (Figure 4(e)). In order to

reveal whether stress responsive expression of GmNAC5 was
involved in ABA pathway, we studied expression ofGmNAC5
under ABA treatment (Figure 4(f)). The qRT-PCR assay
suggested that expression of GmNAC5 was not markedly
affected by ABA, suggesting that GmNAC5 may participate
in ABA-independent signaling pathway in soybean under
abiotic stresses.

4. Concluding Remarks

It has been documented that the plant-specific NAC (for
NAM, ATAF1, 2, and CUC2) transcription factors play an
important role in plant development and stress responses
[27]. GmNAC5 belongs to the NAM subgroup and is most
closely related toCUC1, CUC2, andNAM,which are involved
in developmental events, maintenance of shoot meristem,
and cotyledons separation [28]. In this study, we observed
some new clues involved in the functions of GmNAC5.
Tissue-specific expression analysis indicated that GmNAC5
was highly expressed in immature seeds at 40DAF and in
the roots, suggesting the involvements of GmNAC5 in seed
development and root development. It was also found that
transcripts of Arabidopsis AtNAC2 were accumulated at the
late stages of seed development [29].

It is also possible that higher expression of GmNAC5 in
soybean roots is associated with abiotic stress responses.Ara-
bidopsis AtNAC2 expression was highly in roots and induced
by salt stress [21]. Further studies suggested that AtNAC2
functioned downstream of ethylene and auxin signaling
pathways and regulated lateral root development under salt
stress. Expression of GmNAC5 was significantly induced
by multiple abiotic stresses but not by ABA, suggesting
that GmNAC5 may be involved in ABA-independent stress
responses in soybean under abiotic stresses. It was previously
reported that NAC transcription factor involves the control
of plant senescence and transient expression of GmNAC5 in
tobacco leaves induced senescence and necrosis, suggesting
that GmNAC5 may play a role in the regulation of stress
promoted senescence. Through microarray analysis, it was
found that Arabidopsis AtNAC2 regulated many senescence-
related genes and the majority of them are also regulated
by salt stress, a major promoter of plant senescence [29].
Whether GmNAC5 plays a regulatory role in stress regulated
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Figure 4: Expression of GmNAC5 in soybean seedlings under various stresses. The soybean seedlings were stressed with 100𝜇M JA (a),
wounding (b), 200mM NaCl (c), drought (d), 4∘C (e), and 100𝜇MABA (f).

root development or stress promoted senescence still needs
to be further analyzed.
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The paperaim of the was to study the effect of low temperature stress on Avena nuda L. seedlings. Cold stress leads to many
changes of physiological indices, such as membrane permeability, free proline content, malondialdehyde (MDA) content, and
chlorophyll content. Cold stress also leads to changes of some protected enzymes such as peroxidase (POD), superoxide dismutase
(SOD), and catalase (CAT). We have measured and compared these indices of seedling leaves under low temperature and normal
temperature. The proline and MDA contents were increased compared with control; the chlorophyll content gradually decreased
with the prolongation of low temperature stress. The activities of SOD, POD, and CAT were increased under low temperature. The
study was designated to explore the physiological mechanism of cold tolerance in naked oats for the first time and also provided
theoretical basis for cultivation and antibiotic breeding in Avena nuda L.

1. Introduction

Avena nuda L., also named naked oats, is originated and
widely separated in north and high altitude region in China.
It belongs to herb of gramineous plant with annual growing.
Naked oats has great value in nutrition and medicine. It
contains abundant proteins with 18 kinds of amino acid,
and lots of unsaturated fatty acids. Naked oats likes to grow
under cool weather and has tolerance to low temperature.
Naked oats is a typical temperate crop adapted to cool
climates.

Low temperature is a major abiotic stress that limits
the growth, productivity, and geographical distribution of
agricultural crops and can lead to significant crop loss [1, 2].
To copewith low temperature, plants have evolved a variety of
efficient mechanisms that allow them to adapt to the adverse
conditions [3, 4]. This adaptive process involves a number of
biochemical and physiological changes, including increased
levels of proline, soluble sugars, and MDA, as well as enzyme
activities [5].

Understanding themechanisms of low temperature adap-
tation is crucial to the development of cold-tolerant crops.

The study was designated to explore the physiological mech-
anism of cold tolerance in naked oats. The responses of the
Avena nuda L. seedlings to low temperature stress were also
evaluated by measuring electrolyte leakage (EL), chlorophyll
content, and the concentration of MDA. We measured
and compared these indices of seedlings leaves under low
temperature and normal temperature. The study provided
theoretical basis for cultivator and antibiotic breeding in
Avena nuda L.

2. Materials and Methods

2.1.Materials and Cold Treatment. Naked oats cultivar Jinyan
14 (Avena nuda L.) was used in the experiment. Seeds
were sterilized by incubation for 1min in 75% ethanol
and then washed thoroughly with sterile water. The seeds
were germinated in soil in pots at 20∘C under long-day
conditions (16 h of cool white fluorescent light, photon flux
of 70 umolm−2 s−1).

Seedlings at the four-leaf stage were subjected to cold
stress. Plants were divided into three groups, one group was
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under normal temperature as control, the other two were
subjected to low temperature processing, and each grouphad
the stress repeated three times. Seedlings of the control
group were grown at 20∘C continuously. For low temperature
treatments, seedlings were transferred to a temperature of 1∘C
and−10∘C in an artificial climate box under the same light and
photoperiodic conditions for 7 days.

The leaves were sampled after 0, 1, 3, 5 and, 7 d of
treatment for next measurement. The leaf samples were
immediately frozen in liquid nitrogen and stored at −80∘C
until use. Three independent biological samples for each
treatment were harvested, and each replicate contained 10
plants.

2.2. Determination of Relative Electrolyte Leakage. For elec-
trolyte leakage measurement, protocol was used as described
[6]. Briefly, 100mg leaveswere placed in 25mLdistilledwater,
shaken on a gyratory shaker (200 rpm) at room temperature
for 2 h, and the initial conductivity (𝐶1) was measured
with a conductivity instrument. The samples were then
boiled for 10min to induce maximum leakage. After cooling
down at room temperature, electrolyte conductivity (𝐶2)
was measured, and the relative electrical conductivity (𝐶%)
was calculated based on (𝐶1/𝐶2) × 100. All low temperature
testing experiments were repeated three times. A paired t-
test was used to determine the difference between the cold
treatment and normal condition.

2.3. Determination of Chlorophyll Content. For estimation
of total chlorophyll, protocol was followed as described [7].
About 100mg of fine powder of leaf tissue was homoge-
nized in 1mL of 80% acetone and kept for 15min at room
temperature in dark. The crude extract was centrifuged for
20min at 10,000 rpm at room temperature, and the resultant
supernatant was used for assessing absorbance at 633 and
645 nm with a spectrophotometer. Total chlorophyll content
was computed in terms of fresh weight (FW).

2.4. Determination of Proline Content. Proline concentra-
tions in naked oats leaves were measured by the sulfosalicylic
acid-acid ninhydrin method with slight modifications [8].
Around 100mg of tissues were used and extracted in 5mL
of 3% sulphosalicylic acid at 95∘C for 15min. After filtration,
2mL of supernatant was transferred to a new tube containing
2mL of acetic acid and 2mL of acidified ninhydrin reagent.
After 30min of incubation at 95∘C, sampleswere kept at room
temperature for 30min and 5mL of toluene was added to the
tube with shaking at 150 rpm to extract red products. The
absorbance of the toluene layer was determined at 532 nm
using spectrophotometer.

2.5. Determination of Malondialdehyde (MDA) Content.
Malondialdehyde (MDA) content in naked oats leaves was
determined following the protocols as described [9]. Briefly,
leaves were homogenized in 5mL of 10% trichloroacetic
acid containing 0.25% thiobarbituric acid. The mixture was
incubated in water at 95∘C for 30min, and the reaction
was stopped in an ice bath. The mixture was centrifuged at

10,000 g for 20min, and the absorbance of the supernatant
was measured at 450, 532, and 600 nm.

2.6. Determination of Peroxidase, Superoxide Dismutase, and
Catalase Activity. Naked oats leaves (0.5 g)were ground thor-
oughly with a cold mortar and pestle in 50mmol potassium
phosphate buffer (pH 7.8) containing 1% polyvinylpyrroli-
done.The homogenate was centrifuged at 15,000 g for 20min
at 4∘C. The supernatant was crude enzyme extraction. The
activities of peroxidase (POD), superoxide dismutase (SOD),
and catalase (CAT) were measured using the protocols
described [10].

3. Results and Discussion

3.1. Phenotypic Changes under Cold Stress. We investigated
the phenotypic response to low temperature. During the cold
treatment of 1∘C, naked oats grew well as usual. Until 5 days
later, the seedlings were always strong only except some leaf
apexes began to get yellow. In the 7th day, most parts of
seedling remained green as normal temperature as shown in
Figure 1. The seedling got curl after 3-4 hours after exposure
to −10∘C cold stress. Some leaf began to get yellow and curled
seriously in the third day,while the seedling grew slowly.Most
leaves showed severe rolling and wilting in the 7th day.

No obvious differences have been found in growth and
developed betweennormal temperature and at 1∘C, indicating
that the naked oats have cold tolerance at the low temperature
of 1∘C.

3.2. Changes of Relative Electrolyte Leakage under Cold Stress.
Cold stress often causes damage to cell membranes, so,
we tested the cell-membrane penetrability. Cell membrane
penetrability was evaluated by the relative conductance of
the cell membrane under cold stress [11, 12]. The electrolyte
leakage test was performed to compare membrane integrity
[13]. For such experiment, plants were subjected to low
temperature of 1∘C and −10∘C.The relative electrolyte leakage
of seedling leaves was increased greatly with cold treatment
as shown in Figure 2. There was no significant difference
under normal temperature; the average electrolyte leakage
was about 9.7%. During the cold stress, the relative electrolyte
leakage value gradually increased with the prolongation of
low temperature stress. The electrolyte leakage of −10∘C was
significantly higher than that of 1∘C growing plants. In the 7th
day, elative electrolyte leakage increased to 66.0% under cold
stress of −10∘C, while 37.3% at 1∘C and the normal condition
still 11.0%.

When the plants were under low temperature stress, the
structure of cellular membrane was damaged. The degree of
cell membrane injury induced by cold stress can be reflected
by intracellular electrolyte leakage rate. The relative conduc-
tance value is one of the effective indicators to indirectly
evaluate plant response ability to low temperature stress [14].
The damage degree of cellular membrane was aggravated
with the continuity of low temperature stress [12]. In the
experiment, the electrolyte leakage in leaves of naked oats
seedlings gradually increased under low temperature of 1∘C
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Figure 1:The seedlings of naked oats at normal temperature (a) and
low temperature of 1∘C (b) and −10∘C (c) after 7 days.
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Figure 2: Relative electrolyte leakage of seedling leaves under nor-
mal and low temperatures. CK represents normal growth condition.
Each value is the average ± standard error (±SE) result of three
independent measurements.

stress, indicating that the damage of low temperature on
cell membrane increased gradually. The electrolyte leakage
increasedmore significantly at−10∘C than 1∘C, indicating that
cell membrane was damaged seriously at −10∘C than 1∘C. At
1∘C, the naked oats had some tolerance to protect the cell
membraneavoiding cold damage.

3.3. Changes of Total Chlorophyll Content under Cold
Stress. Chlorophyll is an extremely important and criti-
cal biomolecule in photosynthesis with function of light
absorbance and light energy transformation [15]. Low tem-
perature stress can influent plant photosynthesis and decrease
the utilization of light [16, 17]. We examined the content of
chlorophyll under low temperature of 1∘C and −10∘C. Com-
pared with the control, the chlorophyll content in seedling
leaves under low temperature was lower than that under
room temperature. As shown in Figure 3, the change range of
chlorophyll content in leaves of naked oats was 6.4–6.9mg/g
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Figure 3: Chlorophyll content of seedling leaves under normal
and low temperatures. CK represents normal growth condition.
Each value is the average ± standard error (±SE) result of three
independent measurements.

under room temperature. At 1∘C, the chlorophyll content was
decreased with the prolongation of low temperature stress.
The chlorophyll decreased slightly from the 1st day to the 5th
day, and the content was onlyslightly less than control, but in
7th day the chlorophyll decreased greatly to 4.6mg/g, while at
−10∘C, the chlorophyll content decreased seriously. Especially
in the 5th day, chlorophyll content decreased to 2.2mg/g
while 5.8mg/g at 1∘C and 6.5mg/g at normal temperature.
The results indicated that naked oats was damaged less at
1∘C than at −10∘C. Low temperature inhibits chlorophyll
accumulations in actively growing leaves. Naked oats has
some degree of cold tolerance at 1∘C.

3.4. Changes of Free Proline Content under Cold Stress.
Proline is widely distributed in plants as protection material,
which is an organic osmolyte [18]. It plays a vital role inmain-
taining osmotic balance and stabilizing cellular structures
in plants. Many plants accumulate free proline in response
to abiotic stress of low temperature. Increased free proline
content protects the plant against the stress [19].

The effect of cold on content of proline was investi-
gated. There was no significant difference in proline contents
without cold stress as shown in Figure 4. An increase in
proline content was observed upon exposure to cold stress.
Compared with the control, the free proline content in
seedling leaves under low temperature was obviously higher
than that under room temperature. At 1∘C, the proline content
increased with the prolongation of low temperature stress. At
−10∘C, the proline content was increased in the first five days
and reached the max of 601𝜇g/g in the 5th day, about 6 times
of control. Then proline content decreased to 404 𝜇g/g in the
7th day, which was still much higher than control. At −10∘C,
the plant accumulated more amounts of proline than at 1∘C.
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Figure 4: Free proline content of seedling leaves under normal
and low temperatures. CK represents normal growth condition.
Each value is the average ± standard error (±SE) result of three
independent measurements.
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Figure 5: MDA content of seedling leaves under normal and low
temperatures. CK represents normal growth condition. Each value
is the average ± standard error (±SE) result of three independent
measurements.

This indicated that the lower the temperature was, the more
proline could be accumulated.

Proline plays a vital role in maintaining osmotic balance
in plants. The accumulation of proline may function in
preventing plants from being damaged by stress. The free
proline acts as osmolytes to facilitate osmoregulation, thus
protecting plants from dehydration resulting from cold stress
by reducing water potential of plant cells [20]. In addition,
proline can also function as amolecular chaperone to stabilize
the structure of proteins as well as play a role in regulation
of the antioxidant system [21, 22]. So increased free proline

content protects the plant against the stress. The study found
greater accumulation of free proline under cold stress, which
maypartially account for the higher tolerance of plants to cold
stress. Accumulation of proline to facilitate osmo-regulation
is a common adaptive mechanism for tolerance of plants
to abiotic stress. The results were consistent with previous
studies that proline accumulated in leaves exposed to cold,
salt, and other stresses [23].

3.5. Changes of Malondialdehyde (MDA) Content under Cold
Stress. Cold stress often causes damage to cell membranes.
Malondialdehyde (MDA) is an important indicator of mem-
brane system injuries and cellular metabolism deterioration
[24]. So, we further measured the cell membrane penetra-
bility. The effects of MDA contents were investigated in the
seedling of naked oats. In our experiment, naked oats had a
significantly higher MDA level under low temperature stress
compared to the control level. As shown in Figure 5, the
MDA concentrations increased with the prolongation of low
temperature stress. In the seventh day, the MDA content
reached to the max nearly 3 times of control at 1∘C and about
4 times at −10∘C. The increase in MDA content at −10∘C was
significantly higher than 1∘C all the time.

MDA has been well recognized as a parameter reflecting
damage by cold stress. Cell membrane systems are the pri-
mary sites of freezing injury in plants [25]. Plants subjected to
low temperatures frequently suffermembrane damage, which
can be evaluated by relative electrolyte leakage and MDA
production.MDA is considered to be the final product of lipid
peroxidation in the plant cell membrane [26]. MDA is also an
important intermediate in ROS scavenging, and a high level
of MDA is toxic to plant cells. In this experiment, in the first
day the MDA only increased 0.095𝜇mol⋅g−1 at 1∘C, while the
MDA concentrations increased to 0.122 𝜇mol⋅g−1 at −10∘C.
In the third day, MDA increased slightly to 0.115𝜇mol⋅g−1
at 1∘C, while MDA increased rapidly to 0.247 𝜇mol⋅g−1 at
−10∘C, which was 4 times of control. The increase of MDA
at −10∘C was greater than at 1∘C. These results suggested that
cell membrane was little damaged at 1∘C at the beginning
of cold stress, but was hurt seriously at −10∘C. It may have
contributed to the different phenotypes under cold stress.
Prolonged treatment finally led toa great cell damaged and
MDA accumulation. The MDA content increased slowly in
first three days at 1∘C, but increased rapidly to 0.20 𝜇mol⋅g−1
in the fifth day. It indicated that cell membranes of seedlings
were injured by cold seriously in 3–5 days at 1∘C.

3.6. Changes of Antioxidant Enzymes under Cold Stress.
Cold stress induces the accumulation of reactive oxygen
species (ROS) such as superoxide, hydrogen peroxide, and
hydroxyradicals [27, 28].The elevated concentrations of ROS
can damage cellular structures and macromolecules, leading
to cell death [29, 30]. Plants under abiotic stress have evolved
a defense system against oxidative stress by increasing the
activity of ROS-scavenging enzyme. ROS can be scavenged by
superoxide dismutase (SOD), peroxidase (POD), and catalase
(CAT) [31]. SOD plays an important role in eliminating ROS
induced by cold [32]. POD and CAT can scavenge H
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Figure 6: Activities of SOD (a), POD (b), and CAT (c) of seedling leaves under normal and low temperatures. CK represents normal growth
condition. Each value is the average ± standard error (±SE) result of three independent measurements.

SOD, POD, and CAT are important enzymes protecting
membrane system. Many kinds of antioxidant enzyme activ-
ities have been changed under low stress. Changes of enzyme
activities are relvant to cold tolerance.

We measured the activities of these enzymes under
normal and cold stress. Compared with normal, the SOD
activity was higher under the cold treatment, as shown in
Figure 6(a). At 1∘C, the SOD activity was increased rapidly
in the first three days and remained unchanged in later days.
At −10∘C, the SOD activity was increased first and decreased
later. In the third day, the SOD activity was increased to
the max value 323U⋅g−1⋅min−1, which was nearly 4 times of
normal temperature. Then, the SOD activity was decreased
rapidly to a low value of 229U⋅g−1⋅min−1 in the seventh day.
At this time, the seedlings were damaged seriously by low
temperature. Compared with normal, the SOD activity was
higher than normal under the cold treatment. Increased SOD

activity contributed for cold tolerance of naked oats under
cold stress. Especially in the first day, the SOD activities had
increasedgreatly, indicated that naked oats is resisting and
adapting to low temperature, and contributed to reduce the
damage by cold. The SOD activity decreased later at −10∘C,
which may be due to the greater damage by temperature of
−10∘C affected the synthesis of SOD in plant.

POD activities were higher under low temperature
than normaltemperature as shown in Figure 6(b). At 1∘C,
POD activity was slowly increased in the first three days,
rapidly increased in the third to fifth days, and reached
the max of 6.7U⋅min−1⋅mg−1 in the fifth day, more than
4 times of control. Then POD activity slightly decreased
to 6.6U⋅mg−1⋅min−1 in the 7th day, which was almost
nearly the max value. At −10∘C, POD activity was rapidly
increased in the first three days and reached the max of
5.2U⋅mg−1⋅min−1 in the third day, more than 3 times of
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control. Then POD activity decreased in the third to seventh
days. The POD activity decreased to 4.16U⋅mg−1⋅min−1 in
the 7th day, which was still 2.5 timesmore than that of
control. PODs are a large family of enzymes that typically
catalyze peroxide. The increased POD activities under low
temperature had improved cold tolerance in some degree.
POD activities decreased greatly in later days, indicating that
low temperature had affected POD enzyme. It maybe due to
low temperature affected RNA transcription and translation,
reducing the synthesis of POD. At the same time proline
content also increased under low temperature, which can
degrade peroxidase. It can also decrease the POD activity.

Compared with normal, the CAT activity was higher
under the cold treatment than normal temperature as shown
in Figure 6(c). At 1∘C, the CAT activity was increased with
the prolongation of low temperature stress. CAT activity
was 0.66U⋅g−1⋅min−1 before of cold treatment and increased
to 1.99U⋅g−1⋅min−1 after the seven days cold treatment. At
−10∘C, theCATactivitywas increased rapidly in the first three
days and increased slowly in later days. In the third day, the
CAT activity was increased to the 1.74U⋅g−1⋅min−1, which
was nearly 2.5 times of normal temperature. Then, the CAT
activity was increased to 2.16U⋅g−1⋅min−1 in the seventh day.
Compared with normal, the CAT activity was higher than
normal under the cold treatment. Increased CAT activity
contributed to cold tolerance of naked oats under cold stress.

In this experiment, the activities of these enzymes were
increased in different degrees under cold stress. The results
imply that higher SOD, POD, and CAT activities enhanced
the capacity for scavenging ROS and contributed to enhanced
tolerance of plant to cold stress. The result was similar to the
SOD changes in other cold treatment plants.

4. Conclusions

Avena nuda L. is an important crop and has tolerance to
low temperature. In the long time of evolution, it should
have some cold resistant mechanism. The cold-stress leads
to complex cellular and biochemical changes such as altered
membrane composition and accumulation of proline, as well
as the activities of antioxidant enzymes. In the present study,
we have, for the first time, investigated the physiological
changes in naked oats under low temperature. As results
showed, low temperature stress caused a certain degree of
physiological impairment in naked oats leaves. Here, we
showed that cold increased the content of proline, MDA,
electrolyte leakage, SOD, CAT, and POD activities. The
content of chlorophyll was decreased. The study provided
theoretical basis for cultivation and antibiotic breeding in
Avena nuda L.
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As sessile organisms, plants are inevitably exposed to one or a combination of stress factors every now and then throughout their
growth and development. Stress responses vary considerably even in the same plant species; stress-susceptible genotypes are at
one extreme, and stress-tolerant ones are at the other. Elucidation of the stress responses of crop plants is of extreme relevance,
considering the central role of crops in food and biofuel production. Crop improvement has been a traditional issue to increase
yields and enhance stress tolerance; however, crop improvement against abiotic stresses has been particularly compelling, given the
complex nature of these stresses. As traditional strategies for crop improvement approach their limits, the era of genomics research
has arisen with new and promising perspectives in breeding improved varieties against abiotic stresses.

1. Introduction

Abiotic stresses are the most significant causes of yield losses
in plants, implicated to reduce yields by as much as 50% [1].
Among abiotic stresses, drought is the most prominent and
widespread; consequently the drought stress response has
been dissected into its components and extensively studied
in order to understand tolerance mechanisms thoroughly
[2]. To improve abiotic stress, particularly drought, tolerance
of cereals is of extreme importance, as cereals, including
wheat and barley, are the main constituents of the world food
supply. However, many abiotic stresses are complex in nature,
controlled by networks of genetic and environmental factors
that hamper breeding strategies [3]. As traditional approaches
for crop improvement reach their limits, agriculture has to
adopt novel approaches to meet the demands of an ever-
growing world population.

Recent technological advances and the aforementioned
agricultural challenges have led to the emergence of high-
throughput tools to explore and exploit plant genomes
for crop improvement. These genomics-based approaches

aim to decipher the entire genome, including genic and
intergenic regions, to gain insights into plant molecular
responses which will in turn provide specific strategies for
crop improvement. In this paper, genomics approaches for
crop improvement against abiotic stresses will be discussed
under three generalized classes, functional, structural, and
comparative genomics. However, it should be noted that
genomics approaches are highly intermingled, in terms of
both the methodologies and the outcome (Figure 1).

2. Functional Genomics

Genomics research is frequently realized by functional stud-
ies, which produce perhaps the most readily applicable
information for crop improvement. Functional genomics
techniques have long been adopted to unravel gene functions
and the interactions between genes in regulatory networks,
which can be exploited to generate improved varieties. Func-
tional genomics approaches predominantly employ sequence
or hybridization based methodologies which are discussed
below.
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Figure 1: Functional, structural, and comparative genomics
approaches are highly interrelated. For example, microarrays can
be used either to anchor markers to genome maps or to analyze
gene expression; functional markers indicate both phenotypes and
genetic locations; QTL-seq utilizes a reference genome sequence
to isolate QTLs based on phenotypic variation. As more structural
genomics information becomes available, comparative genomics
tools such as genome zippers can be used both to elucidate the
structure of unsequenced genomes and as a shortcut to design
targeted functional studies.

2.1. Sequencing-Based Approaches. One way to explore the
expressed gene catalogue of a species is to analyze Expressed
Sequence Tags (ESTs). ESTs are partial genic sequences that
are generated by single-pass sequencing of cDNA clones [4].
Despite the concerns over the quality of ESTs as well as the
representation of the parental cDNA [5], ESTs have been
shown to identify corresponding genes unambiguously in a
rapid and cost-effective fashion [4]; therefore, ESTs have been
a major focus on functional studies.

Large-scale EST sequencing has been one of the earliest
strategies for gene discovery and genome annotation [5, 6].
Currently, over a million ESTs are deposited in the EST
database at National Center for Biotechnological Information
(NCBI) for important crops such as maize, soybean, wheat,
and rice, alongwith several thousands of ESTs for other plants
(http://www.ncbi.nlm.nih.gov/dbEST/). cDNA libraries from
various tissues, developmental stages, or treatments generally
serve as the sources for EST sequencing to reveal differen-
tially expressed genes [7]. These approaches can successfully
identify tissue or developmental stage-specific and treatment-
responsive transcripts. However, such cDNA libraries may
underrepresent rare transcripts or transcripts that are not
expressed under certain conditions. In addition, ESTs are
usually much shorter in length than the cDNAs from which
they are obtained. Assembly of overlapping EST sequences
into consensus contigs is likely to be more informative
on the structure of the parental cDNA, which may reveal
polymorphisms. However, assembly and interpretation must
be handled cautiously, as paralogous genes may lead to
misassemblies of sequences, particularly in polyploid species
such as wheat [5]. EST sequencing is utilized extensively
in the absence of whole genome sequences, particularly in
crops with large and repetitive genomes, although the entire
transcriptome is unlikely to be fully represented and resolved.
Even so, EST sequencing is still a valid approach, and a recent
study has demonstrated its potential in gene discovery via the

comparison of different genotypes under control and stress
conditions [8].

An alternative approach, Serial Analysis of Gene Expres-
sion (SAGE), has been developed to quantitate the abundance
of thousands of transcripts simultaneously. In this approach,
short sequence tags from transcripts are concatenated and
sequenced, giving an absolute measure of gene expression
[9, 10]. The ability of these short tags to identify genes unam-
biguously depends on the existence of comprehensive EST
databases for the respective species [11]. Although SAGE is
not widely applied in plants, there are a number of examples,
including modifications to the original methodology, such as
SuperSAGE andDeepSAGE [12–17].The first report of SAGE
in plants not only identified novel genes but also implied
novel functions for known genes in rice seedlings [12]. SAGE
has also been used to investigate stress-responsive genes
[12, 15]. A similar tag-based approach, Massively Parallel
Signature Sequencing (MPSS), where longer sequence tags
are ligated to microbeads and sequenced in parallel, enables
analysis of millions of transcripts simultaneously [18]. Due
to longer tags and high-throughput analysis, MPSS is likely
to identify genes with greater specificity and sensitivity. The
ability ofMPSS to capture rare transcripts is particularly ben-
eficial in species that lack a whole genome sequence [19]. In
plants, besides mRNA transcripts, MPSS has been employed
in the expression studies of small RNAs [20, 21], which are
increasingly implicated in abiotic stress responses [22]. Cur-
rently, plant MPSS databases (http://mpss.udel.edu/) contain
publicly availableMPSS expression data for a number of plant
species, including important crops such as rice, maize, and
soybean [23]. These MPSS data can be extracted, compiled,
and compared with newly generated MPSS data for func-
tional analysis of gene expression, as demonstrated by Jain
et al. [24].

2.2. Hybridization-Based Approaches. In contrast to se-
quence-based approaches, array-based techniques utilize
hybridization of the target DNA with cDNA or oligonu-
cleotide probes attached to a surface to assess expression
[25, 26]. These array-based methods are targeted; that is,
prior knowledge of the transcript to be analyzed, either
sequence or clone, is a prerequisite to design probes [27].
Extensive microarray expression data exists for Arabidopsis
thaliana and rice [28–31], model species with fully sequenced
genomes. In addition, microarray studies have been widely
employed in crop species such as wheat [32], barley [33], and
maize [34], as well as less emphasized but still industrially and
agriculturally important plant species, such as cotton [35],
cassava [36], and tomato [37] to unravel stress responses.

Besides inherent limitations such as cross-hybridization
and background noise, microarray studies investigating
stress-responsive genes suffer from technical considerations
that may limit their usefulness. Isolation of total RNA from
complex tissues that are composed of different types of
cells may obscure transcript changes occurring in cell types
that are particularly relevant to the stress response. Subtle
transcriptional changes may be diluted in the overall stress
response of the whole tissue and, thus, remain unnoticed.
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Similarly, the choice of tissue or genotype that is sampled in a
microarray study is closely related to the relevance of results.
Reproductive tissues and stress-tolerant genotypes are most
relevant in terms of agricultural gain and stress adaptation
mechanisms, respectively [38]. In addition, laboratory-based
stress treatments rarely represent field conditions, wheremul-
tiple stresses usually act together. Interestingly, a comparison
of microarray studies carried out using different water deficit
stress conditions revealed only a small number of commonly
regulated genes [39]. Abiotic stresses are generally complex
in nature, eliciting intricate mechanisms of responses in
plants. Consequently, slight differences in the experimen-
tal application of stress conditions may produce signifi-
cant differences in stress responses. A further caveat when
interpreting microarray studies is that many transcripts are
known to undergo posttranscriptional and posttranslational
modifications, which results in uncorrelated transcriptomic
and proteomic data in some cases.

For species with an available whole genome sequence,
a successful expansion of array-based transcript profiling is
whole genome tiling arrays [27]. Tiling arrays can identify
novel transcriptional units on chromosomes and alternative
splice sites and can map transcripts and methylation sites
[40, 41]. Tiling arrays have already been applied in model
species to investigate abiotic stress responses [42–44].

2.3. Expansions to FunctionalGenomicsApproaches. Genome
wide expression profiles are most useful in the detection of
candidate genes for desired traits, such as stress tolerance.
A fraction of functional studies then adopt inactivation or
overexpression of such candidate genes for further charac-
terization and utilization. Of these, Targeting Induced Local
Lesions IN Genomes (TILLING) enables high-throughput
analysis of large number of mutants [45]. TILLING is appli-
cable to virtually all genes in all species where mutations
can be induced and has been reported in several crop
species, including hexaploid wheat [46]. TILLING mutants
are reported in sorghum [47], maize [48], barley [49],
soybean [50], rice [51], and other crops. Although TILLING
populations are conventionally screened by phenotypic or
genotypic variations, further use of certain TILLINGmutants
in elucidation of stress responses has been demonstrated. In
such a study, TILLINGmutants for a specific kinasewere used
to assess salt stress response in legume species [52].

Importantly, amodified strategy, called EcoTILLING, has
been developed to identify natural polymorphisms, analo-
gous to TILLING-assisted identification of induced muta-
tions. Polymorphisms demonstrating natural variation in
germplasms are valuable tools in genetic mapping. Further-
more, via the discovery of polymorphisms among individ-
uals, EcoTILLING is able to implicate favorable haplotypes
for further analyses, such as sequencing. Similar to TILLING,
EcoTILLING is applicable to polyploid species, where it can
be utilized to differentiate between alleles of homologous and
paralogous genes [53]. In a recent study, EcoTILLING not
only provided allelic variants of a number of genes involved in
salt stress response but also emphasized the complex nature
of salt stress; salt-tolerant genotypes were revealed to harbor

different combinations of favorable alleles indicating the
presence of multiple pathways conferring salt stress tolerance
[54]. Transcription factors, diversifying stress responses, have
also been targeted via EcoTILLING to examine natural rice
variants exposed to drought stress [55].

The availability of comprehensive EST databases is central
to the success of the above-mentioned approaches to identify
genes accurately and unambiguously. Besides their utility
in genome annotation and expression profiling, ESTs also
provide a source of sequences for designing “functional
markers.” Functional markers refer to polymorphic sites on
genes that are attributed to phenotypic variation of traits
among individuals of a species. Functional marker design
requires the knowledge of the allelic sequences of function-
ally characterized genes [56]. In contrast to random DNA
markers, functional markers are completely linked to the
trait of interest; hence, these markers are also called “perfect
markers.” The use of random DNA markers in breeding
studies necessitates validation and revalidation of linkage
between the marker and the trait over generations, since
genetic recombination may break the linkage [56, 57]. In
addition, functional markers may explore natural variation
and biodiversity better, particularly compared to random
DNAmarkers with absence/presence polymorphisms, where
allelic variations of a trait exceed that of the linked DNA
marker. In the case of such random DNA markers, the locus
tested during genotyping will only exhibit biallelic variation,
whereas the linked genemay actually havemore variants [56].
The importance of functional markers has been highlighted
in stress tolerance studies as well [58, 59].

3. Structural Genomics

While functional genomics focus on the functions of genes
and gene networks, structural genomics focus on the physical
structure of the genome, aiming to identify, locate, and
order genomic features along chromosomes. Together, struc-
tural genomics and functional genomics can characterize a
genome to its full extent.

3.1. Genome Sequencing and Mapping. In the last decade,
advances in DNA sequencing technologies have enabled
the generation of a wealth of sequence information includ-
ing whole genome sequences. Next-generation sequencing
(NGS) platforms such as Roche 454GS FLX Titanium
(http://www.454.com/) or Illumina Solexa Genome Ana-
lyzer (http://www.illumina.com/) can carry out high capacity
sequencing at reduced costs and increased rates compared to
conventional Sanger sequencing [60]. These advances have
paved the way for the exploitation of plant genomics studies
for breeding improved varieties. Through NGS technologies,
sequencing and resequencing of even large genomes have
become feasible. Accordingly, reference or draft genome
sequences for a number of species, including the model
species Arabidopsis thaliana and Brachypodium distachyon,
along with important crop species such as rice, sorghum,
soybean, and maize, have been published [61]. Whole
genome sequences provide remarkably detailed information
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on genomic features including coding and noncoding genes,
regulatory sequences, repetitive elements, and GC content
which can be exploited in functional studies such as microar-
ray or tiling arrays [41]. A high-quality reference genome
sequence is considered pivotal to crop improvement via
molecular breeding, particularly for complex traits. Despite
their usefulness, producing such reference genomes requires
a major investment of resources, and currently they are only
available for species with relatively small genomes of low
repetitive content [61].

Triticeae genomics, including that of the staple crops
barley and wheat, has lagged behind recent advances pri-
marily due to their large and complex genomes (∼5Gb for
barley and ∼17Gb for wheat) [62]. As pointed out by Morrell
et al. [61], 25x coverage sequencing ofDrosophila is equivalent
to approximately 1x coverage of wheat genome in terms of
sequence read counts, demonstrating the challenging genome
size of wheat. The high content of repetitive elements is
another major challenge, causing ambiguities in sequence
assembly. In polyploid species such as wheat, the sequence
assembly problem is further exacerbated due to the presence
of homoeologous genomes and paralogous loci [61]. For
such genomes, construction of a reference sequence has been
considered unattainable until recently.

Over the last few years, advances in chromosome sorting
technologies have enabled construction of chromosome-
specific Bacterial Artificial Chromosome (BAC) libraries to
tackle the challenges of complex genomes. Physical mapping
of the 1 Gb chromosome 3B of hexaploid wheat has proven
the feasibility of a chromosome-by-chromosome approach
to explore and exploit complex genomes [63]. Physical maps
not only compile genetic mapping data into physical contigs
but also serve as scaffolds for sequence assembly into a ref-
erence genome.The physical mapping and reference genome
sequencing of wheat and barley are ongoing with combined
efforts from a number of consortia [62].

In the absence of reference genome sequences, whole
genome or BAC-end shotgun sequences provide valuable
insights into genome structure and evolution [64–69].
Intriguingly, whole genome shotgun sequences have also
been proposed for Quantitative Trait Loci (QTL) detection
via a very recently developed methodology named QTL-seq.
In this method, extremes of a population exhibiting a normal
distribution with respect to a trait of interest are bulked,
sequenced, and compared to detect putative QTLs [70].

3.2. Molecular Markers. Genomics applications involving
molecular markers are largely dominated by Single Nucle-
otide Polymorphisms (SNPs) [71] as reflected in the predom-
inance of software related to SNP discovery [60]. The high
abundance of SNPs in genomes is particularly beneficial for
their use in genomics. SNPs are readily identified by genome
or transcript resequencing and by comparison of different
genotypes in species where reference genome sequences or
extensive transcript databases are available. Transcriptome
resequencing not only avoids repetitive sequences of complex
genome but also identifies SNPs within transcripts that may
serve as functionalmarkers [72]. However, due to low-quality

sequences obtained by most NGS platforms, over-sampling
may be required to differentiate SNPs from sequencing
errors [71]. In addition, the presence of homoeologous and
paralogous loci must be taken into account in SNP identi-
fication in polyploid species [72]. Despite the challenges of
SNP discovery on the repetitive portion of genomes, efforts
are underway to improve SNP identification even in gene-
poor regions [73]. In fact, these regions are of functional
importance as well; for example, an important vernalization
gene Vrn-D4 has recently been mapped to the centromeric
region of chromosome 5D of hexaploid wheat [62, 74].

A recently developed molecular marker type, Insertion
Site-Based Polymorphisms (ISBPs), utilizes the insertional
polymorphisms observed in the repeat junctions of complex
genomes [75]. ISBP markers are readily designed from low
coverage shotgun sequences, such as BAC-end sequences
[64, 69]. Typically, 50–60%of ISBPmarkers tested are specific
for the locus fromwhich theywere designed, and in one study
which these ∼70% contained SNPs in at least some members
of a panel of 14 wheat genotypes [75]. This approach may
break the ground for genome saturation particularly for crops
with highly repetitive genomes that are impractical to exploit
otherwise.

3.3. Applications of Structural Genomics in Crop Improve-
ment. A major impact of NGS-mediated shotgun sequences
has been their substantial contribution to the development
of molecular markers. These markers indicate diagnostic
polymorphisms at the DNA sequence level, and in contrast
to morphological markers which once had been the focus
of traditional breeding studies, they are not affected by
the environment [76]. In general terms, Marker-Assisted
Selection (MAS) refers to the utilization ofmolecularmarkers
in breeding improved varieties with respect to desired traits,
such pathogen resistance, abiotic stress tolerance, or high
yield [77]. Through MAS, phenotype can be predicted from
genotype [71]. For efficient and accurate MAS, the trait of
interest should be tightly linked to a molecular marker [78]
or more preferably flanked by two close markers. Recombi-
nation between both flanking markers and the trait is less
likely to occur compared to a single marker, due to the
low frequency of double crossovers. In both cases, a genetic
distance of less than 5 cM for each marker from the trait is
crucial to the success of MAS [77].

Additionally, for efficient MAS, markers should be highly
polymorphic in the germplasm used for breeding. MAS can
make use of molecular markers at multiple levels. Plant
breeding depends on genetic diversity to improve crops [57].
Molecularmarkersmay aid in the exploration of the variation
among the germplasm to select the best candidate parental
lines. Similarly, molecular markers may identify heterotic
groups or ensure genomic purity of cultivars to achieve
heterosis. In addition, molecular markers also assist in
backcrossing. Plant breeding conventionally involves several
backcrossing steps to enable transfer of one or a few traits
to an elite cultivar while retaining most of the recurrent
genomes. In general, at least six rounds of backcrossing are
required to achieve the desired homozygosity, particularly
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for the selection of traits with low heritability. In contrast,
MAS can greatly accelerate this process by utilizing both the
flanking markers linked to the trait for selecting the trait
and a set of unlinked markers for tracking the recurrent
genome. Flanking markers and selection for recombination
also reduces “linkage drag,” which is the reduction in crop
performance due to the cotransfer of undesirable traits that
are located in the vicinity of the trait of interest [77]. Typically,
a conventional QTL analysis can provide a resolution of
approximately 15 cM intervals which may contain hundreds
of genes [79]. The availability of a saturated map can poten-
tially reduce this interval to less than 1 cM by backcrossing
[78]. Furthermore, MAS enables early selection of traits that
are labor and/or cost-intensive to score phenotypically, that
are under complex genetic control, or that are manifested
late in development. In cases where genotyping by MAS is
affordable, this dramatically reduces the number of the plants
to be screened in further steps [77, 78].

Themajor drawbacks ofMAS in breeding are high costs of
implementation, typically requiring specialized equipment,
and the risk of recombination between the marker and the
trait that reduces the reliability of MAS to predict phenotype
via genotype.The high cost of MAS is particularly relevant in
caseswhere an effective phenotypingmethod is already estab-
lished through conventional breeding. Additionally, MAS
usually requires the validation of QTLs when applied in
different genetic backgrounds. Functional markers, however,
may overcome the issue of QTL validation [78]. Despite its
drawbacks, MAS has been successfully utilized to improve
crops for abiotic stress tolerance, including drought [80],
salinity [81], and waterlogging [82] given that the genetic
element responsible for the high tolerance is accurately
defined and delineated.

Another use of molecular markers is Map-Based Cloning
(MBC) where the gene or a QTL linked to a desired trait is
isolated via a “mini” physical map. Such a local physical map
flanking the gene must be saturated with molecular markers
for efficient MBC [6]. Prior to the construction of high-
density physical maps, MBC approaches were inefficient,
particularly due to the difficulty of finding unique probes in
repetitive sequences for chromosome walking. Importantly,
repeat contents of barley and wheat genomes, two staple
crops, are estimated to exceed 80% of the whole genome [83,
84], potentiating the utility of physicalmaps. Accordingly, the
physical map of chromosome 3B provided sufficient data to
enable fine mapping of 16 genes and QTLs in chromosome
3B, none of which had been previously cloned [64].

4. Comparative Genomics

For species with largely unexplored genomes, comparative
genomics is a promising tool to gain information by utiliz-
ing the conservation between closely related plant species.
In fact, plant genomes share extensive similarities even
between distantly related species (Figure 2, [85]). Among the
plant kingdom, grasses have been the focus of comparative
genomics analyses due to their high agronomic importance.
The extent of genome conservation first became evident by
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Figure 2: Example of colinearity between grass genomes. Analysis
of conserved gene sequences between barley (H. vulgare) and rice
(O. sativa) shows that many genes are found in colinear (syntenic)
order. In this example, chromosome 2 of barley (Hv2, centre) is
compared with chromosomes 4 and 7 of rice (Os4 and Os7).
Each colored line represents a gene conserved between the two
chromosomes, with the color indicating the strength of the syntenic
relationship. It is clear that many genes from both ends of Hv2 are
colinear with the ends of Os4, while the centre of the chromosome
is largely colinear with Os7, but in the reverse order. Image was
generated using the CrowsNest Comparative Map Viewer at MIPS
(http://mips.helmholtz-muenchen.de/plant/genomes.jsp).

comparative genome mapping studies, which suggested a
colinear order of genes and markers shared by genomes of
different species. It is noteworthy that plant genomes differ
by several orders of magnitude in size; yet these differ-
ences generally correspond to intergenic regions. Although
detailed analyses have revealed notable rearrangements such
as inversions, deletions, and translocations at the molecular
level, large-scale colinearity across grass genomes has been
exploited for gene discovery and isolation [86–88].

Comparative genomics has contributed significantly to
the emergence of the “genome zipper” concept, which
enables the determination of a virtual gene order in a
partially sequenced genome. Genome zippers compare the
fully sequenced and annotated genomes of Brachypodium,
sorghum, and rice with various sources of data from less
well-studied species, such as genomic survey sequences and
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genetically mapped markers, to predict the gene order and
organization in these species [65, 89]. These genome zippers
indicate evolutionary relationships and medium-scale rear-
rangements, and for the Triticeae provide the closest approx-
imation to a reference genome sequence currently available
[65]. However, its reliance on synteny means that recently
evolved genes and small-scale rearrangements cannot be
explored by this approach.

In addition to syntenic genes that are found in colinear
blocks of conserved genes, nonsyntenic genes that are found
outside their syntenic location in other genomes also pro-
vide valuable insight into genome evolution and speciation.
Intriguingly, a recent study focused on the nonconserved
portion of wheat and barley genome that suggested novel
mechanisms, besides transposable element-driven expan-
sion, have driven the evolution and size of these genomes.
Many of these non-syntenic genes exhibited pseudogene
characteristics, whichmay have implications for gene content
estimate of these large genomes based on survey sequences
[90].

Despite the utility of comparative genomics and genome
zippers, it is evident that species-specific genomic features
can only be accessed through a fully annotated reference
genome sequences. Homoeologous genes with different
orthologous relationships are examples of such species-
specific features [91]. Species-specific rearrangements are
also implicated in the formation of gene islands, containing
mainly non-syntenic genes, in large crop genomes [92].
Through comparative genomics, Mayer et al. [65] concluded
that genomic models can represent the barley genome to
a limited extent. Thus, it can be argued that for maximal
exploitation of crop genomes, such as wheat and barley, the
construction of reference genome sequences scaffolded by
highly-saturated physical and genetic maps is indispensable.
Accordingly, efforts to accomplish this goal are currently
underway (International Wheat Genome Sequencing Con-
sortium for wheat; International Barley Sequencing Consor-
tium for barley).
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The genus Triticum includes bread (Triticum aestivum) and durum wheat (Triticum durum) and constitutes a major source for
human food consumption. Drought is currently the leading threat on world’s food supply, limiting crop yield, and is complicated
since drought tolerance is a quantitative trait with a complex phenotype affected by the plant’s developmental stage. Drought
tolerance is crucial to stabilize and increase food production since domestication has limited the genetic diversity of crops including
wild wheat, leading to cultivated species, adapted to artificial environments, and lost tolerance to drought stress. Improvement for
drought tolerance can be achieved by the introduction of drought-grelated genes and QTLs to modern wheat cultivars. Therefore,
identification of candidate molecules or loci involved in drought tolerance is necessary, which is undertaken by “omics” studies and
QTLmapping. In this sense, wild counterparts of modern varieties, specifically wild emmer wheat (T. dicoccoides), which are highly
tolerant to drought, hold a great potential. Prior to their introgression to modern wheat cultivars, drought related candidate genes
are first characterized at themolecular level, and their function is confirmed via transgenic studies. After integration of the tolerance
loci, specific environment targeted field trials are performed coupled with extensive analysis of morphological and physiological
characteristics of developed cultivars, to assess their performance under drought conditions and their possible contributions to
yield in certain regions. This paper focuses on recent advances on drought related gene/QTL identification, studies on drought
related molecular pathways, and current efforts on improvement of wheat cultivars for drought tolerance.

1. Introduction

Current climate change is projected to have a significant
impact on temperature and precipitation profiles, increasing
the incidence and severity of drought. Drought is the single
largest abiotic stress factor leading to reduced crop yields,
so high-yielding crops even in environmentally stressful
conditions are essential [1, 2]. This is not the first time we
face this situation, in which increasing demands on existing
resources are not feasible, and higher-yielding crops are
required to balance crop production with increasing human
food consumption. A similar scenario occurred 50 years ago
due to the high rate of population growth, and it was over-
come by selective breeding of high grain yielding semidwarf
mutants of wheat, a process coined Green Revolution [3].
In relation to current development of cultivars, which are
higher yielding even in water-limited environments, one of
the major targets is Triticum species, being one of the leading

human food source, accounting for more than half of total
human consumption [2, 4].

The increasing incidence and importance of drought
in relation to crop production has rendered it as a major
focus of research for several decades. However, studying
drought response is challenged by the complex and quanti-
tative nature of the trait. Drought tolerance is complicated
with environmental interactions. In the analysis of a plant’s
drought response, the mode, timing, and severity of the
dehydration stress and its occurrence with other abiotic and
biotic stress factors are significant [5]. Furthermore different
species, subspecies, and cultivars of crops show variation in
their drought tolerance under same conditions, emphasizing
the importance of genetic diversity as an underlying factor
of drought and its significance in drought-related research.
Plants exhibiting high drought tolerance are the most suit-
able targets of drought-related research and are the most
promising sources of drought-related gene and gene regions
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to be used in the improvement of modern crop varieties.
These include the natural progenitors of cultivated crops, and
for wheat improvement, Ae. tauschii, which is more drought
tolerant thanTriticum andwild emmerwheat (T. dicoccoides),
which harbors drought tolerance characteristics, lost during
cultivation of modern lines, is of great importance [6].

Although development of higher-yielding crops under
water-limited environments is the most viable solution to
stabilizing and increasing wheat production under current
climatic conditions, it is challenged by the nature of drought
response as a trait and the complex genomic constitution
of wheat [16]. However, recently, the utilization of drought
tolerant wild species and the rapid advances in molecular
biological, functional genomics, and transgenics technolo-
gies have facilitated drought-related studies, resulting in
significant progress in the identification of related genes
and gene regions and dissection of some of its molecular
aspects. This paper summarizes the current state of drought-
related research in Triticum species, focusing on the iden-
tification and functional characterization of drought-related
molecules, analysis of their interactions in the complex
network of drought response, and applications of these
data to improve wheat cultivars utilizing molecular based-
technologies.

2. T. dicoccoides and Drought Tolerance

Wild emmer wheat (T. turgidum ssp. dicoccoides (körn.)
Thell) is the tetraploid (2𝑛 = 4𝑥 = 28; genome BBAA)
progenitor of both domesticated tetraploid durum wheat (T.
turgidum ssp. durum (Desf.) MacKey) and hexaploid (2𝑛 =
6𝑥 = 42; BBAADD) bread wheat (T. aestivum L.). It is
thought to have originated and diversified in the Near East
Fertile Crescent region through adaptation to a spectrum of
ecological conditions. It is genetically compatible with durum
wheat (T. turgidum ssp. durum) and can be crossed with
bread wheat (T. aestivum L.) [17]. Wild emmer germplasm
harbors a rich allelic pool, exhibiting a high level of genetic
diversity, showing correlation with environmental factors,
reported by population-wide analysis of allozyme and DNA
marker variations [18–24].

Wild emmer wheat is important for its high drought tol-
erance, and some of T. dicoccoides genotypes are fully fertile
in arid desert environments. Wild emmer wheat accessions
were shown to thrive better under water-limited conditions
in terms of their productivity and stability, compared to
durum wheat. The wild emmer gene pool was shown to
offer a rich allelic repertoire of agronomically important traits
including drought tolerance [23, 25–28].Hence,T. dicoccoides
is an important source of drought-related genes and highly
suitable as a donor for improving drought tolerance in
cultivated wheat species.

Wild emmer wheat, being a potential reservoir of
drought-related research, has been the source of several
identified candidate drought-related genes with the devel-
opment of “omics” approaches in the recent decades. In
recent years, transcript profiling of leaf and root tissues
from two T. dicoccoides genotypes, originating from Turkey,

TR39477 (tolerant variety), TTD-22 (sensitive variety), was
performed by our group, in two separate studies, utilizing
different methodologies. In one report, subtractive cDNA
libraries were constructed from slow dehydration stressed
plants, and over 13,000 ESTs were sequenced. In another
study, Affymetrix GeneChip Wheat Genome Array was used
to profile expression in response to shock drought stress
[1, 29]. Wild emmer wheat was shown to be capable of
engaging in known drought responsive mechanisms, harbor-
ing elements present in modern wheat varieties and also in
other crop species. Additionally several genes or expression
patterns, unique to tolerant wild emmer wheat, indicative of
its distinctive ability to tolerate water deficiency, were also
revealed. Transcript and metabolite profiling studies were
also undertaken for two T. dicoccoides genotypes, originating
from Israel, Y12-3 (tolerant variety) and A24-39 (sensitive
variety), under drought stress and nonstress conditions. Leaf
transcript profiling indicated differential multilevel regula-
tion among cultivars and conditions [30]. Integration of root
transcript and metabolite profiling data emphasized drought
adaptation through regulation of energy related processes
involving carbon metabolism and cell homeostasis (Table 1)
[14]. Recently, in wild emmer wheat, our group also profiled
drought induced expression of microRNA (miRNAs), small
regulatory molecules known to be involved in several cellular
processes including stress responses. In this study, leaf and
root tissues of resistant wild emmer wheat varieties, TR39477
and TR38828, were screened via a microarray platform,
and 13 differentially expressed miRNAs were found to be
differentially expressed in response to drought (Table 1)
[15].

Following the identification of T. dicoccoides drought-
related gene candidates, as discussed previously, a number
of these potential drought resistant genes were cloned
and further characterized. In one of the recent reports,
TdicTMPIT1 (integral transmembrane protein inducible by
Tumor Necrosis Factor-𝛼, TNF-𝛼) was cloned from wild
emmer root tissue and shown to be a membrane pro-
tein, associated with the drought stress response, exhibiting
increased levels of expression, specifically in wild emmer
wheat upon osmotic stress [31]. In a different study, TdicDRF1
(DRE binding factor 1), conserved between crop species, was
cloned for the first time from wild emmer wheat. Its DNA
binding domain, AP2/ERF (APETALA2/ethylene-responsive
element binding factor), was shown to bind to drought
responsive element (DRE), using an electrophoretic mobility
shift assay (EMSA). It was revealed to exhibit cultivar and tis-
sue specific regulation of its expression, throughmechanisms
involving alternative splicing [32]. Moreover, the relations
between autophagy and drought response were analyzed in
another line of research by the cloning of TdATG8 (autophagy
related protein 8) and its further functional investigation
with yeast complementation assay and virus induced gene
silencing (VIGS) of plants. In this study, autophagy was
shown to be induced in drought-stressed plants in an organ-
specific mode, and silencing of ATG8 was shown to decrease
drought tolerance of plants, revealing it as a positive regulator
of drought stress [33] (Tables 2 and 3).
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Table 1: Transcript, protein, metabolite profiling studies conducted in the last three years.

Species Cultivars Tissue Drought stress application Method Reference

T. aestivum Drought tolerance: Plainsman V:
tolerant; Kobomugi: sensitive Root Moderate drought stress applied on

tillering stage cDNA microarray [7]

T. aestivum Drought tolerance: information can
not be accessed Grain Short water shortage in early grain

development cDNA microarray [8]

T. aestivum
Efficiency of stem reserve

mobilization in peduncles: N49:
tolerant; N14: sensitive

Stem Progressive drought stress after
anthesis 2D gel and MS [9]

T. aestivum Cultivar Vinjett Grain Drought applied at terminal spiklet or
at anthesis 2D gel and MS [10]

T. aestivum
Yield under drought: Excalibur:
tolerant; RAC875: tolerant;

Kukri: sensitive
Leaf

Cyclic drought applied after first flag
leaf formation mimicking field

conditions

SCX column
HPLC and MS [11]

T. durum Able to acquire drought tolerance:
Ofanto: tolerant Leaf

Drought applied at booting stage
(controls SWC: irrigated when it
decreases %50 of field capacity;
drought SWC: irrigated when it
decreases %12.5 of field capacity)

cDNA-AFLP [12]

T. durum Drought tolerance: Om Rabia3:
tolerant; Mahmoudi: sensitive Embryo Drought applied at final development

stage of seed maturity
2D gel and HPRP
column and MS [13]

T. dicoccoides Yield under drought conditions:
Y12-3: tolerant; A24-39: sensitive Leaf Terminal drought applied at

inflorescence emergence stage Transcript profiling [14]

T. dicoccoides Yield under drought conditions:
Y12-3: tolerant; A24-39: sensitive Leaf Drought applied after germination at

five/six leaf stage

Transcript and
metabolite
profiling

[14]

T. dicoccoides Drought tolerance: TR39477:
tolerant; TR38828: tolerant Leaf/root Shock drought stress miRNA profiling [15]

T: Triticum; SWC: soil water content; 2D: 2-dimensional; SCX: strong cation exchange; HPLC: high performance liquid chromatography; MS: mass
spectrometry; cDNA: complementary DNA; AFLP: amplified fragment length polymorphisms; HPRP: human prion protein.

3. Phenotyping for Drought Tolerance in
Wheat with Physiological Traits

For screening out transgenic wheat lines with desirable
drought tolerance, the physiological traits and processes
which can be genetically manipulated to improve wheat
adaptation to drought have to be taken into account. The
genetic basis of drought tolerance in wheat is still elusive. At
present the physiological traits (PTs) linked to heat tolerance
appear to be a superlative accessible tool since they exhibit
the favorable allele combination for drought tolerance. Such
alleles interact with the environment and genetic background
which includes variation in gene expression and hence are
still poorly understood through the QTL approach [50].
Hybridization of heat tolerance PTs may not always have
a predictable outcome related to net crop yield particularly
in varying environmental conditions, but breeding such
varieties with complementary PTs could augment the cumu-
lative gene effect [51]. Thus the physiological phenotyping
along with gene discovery can be valuable to pin down
desired alleles and understand their genetic mechanism [50].
Cossani and Reynolds have proposed a model based on this
concept of genetically characterized PT for improved drought
tolerance of wheat [52].Themodel focuses on 3major genetic

parameters of yield when water and nutrients are not limiting
factors.The genetic parameters are discussed in the following.

3.1. Light Interception (LI) Traits

3.1.1. Canopy Architecture. Since increase in temperature is
linked with a decrease in green area duration and leaf area
index, light interception or LI traits can be manipulated by
studying the variation in the rapid ground cover (RGC) and
leaf senescence of wheat. RGC shows genotypic variability
in relatively heritable and simple breeding targets such as
embryo and grain size, specific leaf area, or seedling emer-
gence rate [53]. Optimized distribution of light may improve
radiation use efficiency (RUE) and LI traits since wheat
displays a vast diversity in canopy structure. Furthermore
leaves are more erect and smaller in size in many modern
cultivars thereby facilitating RUE and allowing more light
penetration to lower leaves.

3.1.2. Hindrance of Leaf Senescence. Leaf senescence during
drought can be hindered by delayed expression of senescence
related green thereby giving stay-green (SG) genotypes with
normal photosynthesis [54]. Stay green is thus identified
as an important adaptive PT for drought stress conditions,
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Table 2: List of identified and characterized drought related genes in the last three years.

Gene Function Related mechanism/stress Reference
TaPIMP1 Transcription factor: R2R3 type MYB TF Drought [34]

TaSRG Transcription factor: Triticum aestivum salt
response gene Drought [35]

TaMYB3R1 Transcription factor: MYB3R type MYB TF drought [36]
TaNAC
(NAM/ATAF/CUC)

Transcription factor: plant specific NAC
(NAM/ATAF/CUC) TF Drought [37]

TaMYB33 Transcription factor: R2R3 type MYB TF Drought [38]
TaWRKY2,
TaWRKY19 Transcription factor: WRKY type TF Drought [39]

TdicDRF1 Transcription factor: DRE binding protein Drought [32]

TaABC1 Kinase: protein kinase ABC1 (activity of
bc(1) complex) Drought [40]

TaSnRK2.4 Kinase: SNF1 type serine/threonine protein
kinase Drought [41]

TaSnRK2.7 Kinase: SNF1 type serine/threonine protein
kinase drought [42]

TdTMKP1 Phosphatase: MAP kinase phosphatase Drought [43]

TaCHP CHP rich zinc finger protein with unknown
function

ABA-dependent and
-independent pathways [44]

TaCP Protein degradation: cysteine protease Drought [45]

TaEXPR23 Cell wall expansion: expansin Water retention ability and
osmotic potential [46]

TaL5 Nucleocytoplasmic transport of 5S
ribosomal RNA: ribosomal L5 gene Drought [47]

TdPIP1;1, TdPIP1;2 Protective protein: aquaporin Drought [48]
TdicATG8 Autophagy: autophagy related gene 8 Drought [33]

TdicTMPIT1 Autophagy: integral transmembrane protein
inducible by TNF-𝛼 Drought [31]

Era1, Sal1 Enhanced response to ABA,
inositol polyphosphate 1-phosphatase Drought [49]

Ta: Triticum aestivum; Td: Triticum durum; Tdic: Triticum dicoccoides; DRE: drought related element; SNF: Sucrose nonfermenting; MAP: mitogen activated
protein;ABA: abscisic acid; CHP: cysteine histidine proline; TNF-𝛼: tumornecrosis factor𝛼; PIMP: pathogen inducedmembrane protein; CP: cysteine protease;
EXPR: expansin; PIP: plasma membrane intrinsic proteins.

but its role in improving grain yield in drought is still a
matter of extensive research. However, some correlations
were shown between SG and yield and identified QTLs in
mapping populations [55]. Since chlorosis in plants is not
expressed homogenously in plant organs aboveground, many
approaches have been developed to estimate SG including
spectral reflectance, but these also need to be more specific
to functional SG.

3.2. Radiation Use Efficiency Traits

3.2.1. Photosynthesis and Photorespiration. According to Cos-
sani and Reynolds, once the LI traits are optimized the focus
on increased crop biomass will depend on RUE traits which
include dark respiration, photorespiration, and other photo-
synthetic strategies. A central player of the photosynthetic
pathway, Rubiscowas observed to show lower affinity forCO

2

over O
2
in higher temperatures [52]. Thus, increasing the

affinity of Rubisco is especially significant for adaptation to
warm conditions.The importance of CO

2
fixation by Rubisco

for high temperature adaptation is also emphasised by the
observation that C4 plants adapt to warm conditions by
concentrating CO

2
. Present transgenic attempts to convert

C3 plants into C4 plants are still in progress and require
more knowledge of the maintenance of the C4 pathway.
Studies of the Rubisco kinetic properties of Limonium gibertii
may be used in transgenics in wheat even though wheat
Rubisco has an excellent CO

2
affinity. One model shows

12% increase in net assimilation when substrate specificity
factor of wheat Rubisco was replaced from L. gibertii [56].
Rubisco activase active sites become inactive progressively
under drought, thus associating the activase with heat shock
chaperone cpn60𝛽 could provide Rubisco protection [57].
This has great potential since thermotolerant types of Rubisco
in tropical species and diverse optimum temperature of
Rubisco have been found in nature [58]. By exploiting
this fact a chimeric enzyme was created thus increasing
the heat resistance in Arabidopsis by combining the Ara-
bidopsis Rubisco recognition domain and tobacco activase
[55].
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4. Identification of Drought-Related
Genes and QTLs

Prior to focusing on individual drought-related components,
drought response, due to its complex nature, must be viewed
as a whole system, for which large scale identification of
probable dehydration stress-related genes or QTLs is neces-
sary. Potential markers for stress tolerance can be identified
either through “omics” studies or QTL mapping of yield
related traits under drought prone environments. In the
long run, these markers can aid in screening cultivars for
drought tolerance/sensitivity and/or improvement of drought
tolerance in wheat.

4.1. Drought-RelatedGene Identification by “Omics”. “Omics”
techniques examine all or a representative subset of an
organism’s genes, transcripts, proteins, or metabolites. As
well as accumulating genomic sequence knowledge, data
from profiling studies is also crucial in understanding the
drought response, which is largely mediated by differential
accumulations of drought-related components.

In the recent decades, high-throughput profiling tech-
niques have been utilized for the identification of potential
drought tolerance markers from different wheat species
(Table 1). Some of the large scale profiling studies undertaken
in wild emmer wheat were mentioned in Section 2 [14,
15, 59]. “Omics” studies were also performed to monitor
dehydration induced transcripts and proteins of bread and
durum wheat cultivars with differing sensitivities to drought,
both in stress and nonstress conditions. Methodologies used
in transcript profiling studies range from cDNA microar-
rays to cDNA-AFLP (amplified fragment length polymor-
phism). For differential protein identification, the common
procedures used include 2D (2-Dimensional) gels, vari-
ous chromatography techniques, and mass spectrometry.
In these recent high-throughput studies, molecular mech-
anisms behind various drought induced physiological or
morphological events were targeted, using related tissues and
appropriate mode/timing/severity of stress treatments for
each profiling experiment. In two of these studies, underlying
molecular mechanisms of early grain development upon
shock dehydration response and root functional responses
uponmoderate drought at tilleringwere investigated in bread
wheat by transcript profiling [8, 60]. Proteome profiling was
established in several breadwheat tissues: grain upondrought
at terminal spikelet or at anthesis; leaf under field like cyclic
drought conditions after first flag leaf formation; stem upon
progressive drought stress after anthesis were established.The
latter research was conducted to understand the underlying
molecular mechanisms of mobilization of stem carbohydrate
reserves to grains, a process that contributes to yield under
terminal drought conditions and its findings pointed out
to the involvement of senescence and protection against
oxidative stress in effectiveness of the mobilization process
[9]. In recent years, transcript profiling in durum wheat
flag leaf upon field like drought at booting was performed
[12]. In a different line of research, proteomic profiles of T.
durummature embryos were established, which is especially

important since embryos are goodmodel systems for drought
studies, sustaining germination in extreme conditions of
desiccation [13]. An overview of recently established profiling
studies is provided in Table 1.

4.2. QTL Mapping. Dissection of drought tolerance, a com-
plex quantitative phenotype, affected bymultiple loci requires
the identification of related quantitative trait loci (QTLs).
QTL cloning is a large effort in terms of the technology,
resources, and time required, but determination of QTLs is
proceeded by great advantages in applications of marker-
assisted selection (MAS) and better yielding cultivar devel-
opment. Identification of QTLs takes advantage of molecular
maps, developed by the use of DNA markers. The estab-
lishment of these molecular maps has been enabled by the
recent advances in functional genomics, which have sup-
plied bacterial artificial chromosomes (BACs), gene sequence
data, molecular marker technology, and bioinformatic tools
for comparative genomics. Mapping and fine mapping for
the identification of candidate regions for a trait prior to
positional cloning requires suitable mapping populations:
recombinant inbred lines (RILs) and near isogenic lines
(NILs), several of which have been established for wheat
varieties. However, up to now, only a limited number of
studies has succeeded in the positional cloning ofwheatQTLs
and none in the context of drought [2, 4].

In recent years, several yield QTLs were identified in
wheat through linkage analysis and association mapping.
Since yield is the most crucial trait to breeders, most QTLs
for drought tolerance inwheat have been determined through
yield and yield related measurements under water-limited
conditions [64–68]. However, these studies are challenged
by the factors that yield and drought are both complex
traits, involving multiple loci and showing genotype and
environment interactions. Yield is difficult to be described
accurately with respect to water use, and its accurate phe-
notyping is a challenge since QTLs established in one envi-
ronment may not be confirmed in other. For this reason,
large scale phenotyping trials, carried out in multiple fields,
taking into consideration the environmental varieties are
crucial. Until now, a number of studies have identified QTLs
associated with specific components of drought response
using T. durum, T. aestivum, and T.durum X T. dicoc-
coides mapping populations; however the genomic regions
associated with individual QTLs are still very large and
unsuitable for screening in breeding programmes. However,
in recent years, several yield related QTLs were mapped
using (T. aestivum L.) RAC875/Kukri doubled haploid pop-
ulations grown under a variety of environmental conditions
including nonirrigated environments. In one study, inbred
population was assessed under heat, drought, and high
yield potential conditions to identify genetic loci for grain
yield, yield components, and key morphophysiological traits
[69]. In another study, regions associated with QTLs for
grain yield and physical grain quality were assessed under
16 field locations and year combinations in three distinct
seasonal conditions [70]. In a third study, QTLs were iden-
tified for days to ear emergence and flag leaf glaucousness
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Table 3: List of genes confirmed to function in drought by transgenic studies in last three years.

Type of transgenic
study Source of the gene Gene Function Related mechanism/

stress
Reference

Overexpression in
A. thaliana From T. Aestivum WRKY2,

WRKY19
Transcription factor: WRKY type

TF Drought [39]

Overexpression in
A. thaliana From T. Aestivum MYB33 transcription factor: R2R3 type

MYB TF Drought [38]

Overexpression in
N. tabacum From T. Aestivum PIMP1 Transcription factor: R2R3 type

MYB TF Drought [34]

Overexpression in
N. tabacum From T. Aestivum

NAC
(NAM/ATAF

/CUC)

Transcription factor:
plant-specific NAC

(NAM/ATAF/CUC) TF
Drought [37]

Overexpression in
A. thaliana From T. Aestivum ABC1 Kinase: protein kinase ABC1

(activity of bc(1) complex) Drought [40]

Overexpression in
A. thaliana From T. Aestivum SnRK2.4 Kinase: SNF1-type

serine/threonine protein kinase Drought [41]

Overexpression in
A. thaliana From T. Aestivum SnRK2.7 Kinase: SNF1-type

serine/threonine protein kinase Drought [42]

Overexpression in
A. thaliana From T. Aestivum CP Protein degradation: cysteine

protease Drought [45]

Overexpression in
A. thaliana From T. Aestivum CHP CHP rich zinc finger protein

with unknown function
ABA-dependent and

-independent pathways
[44]

Overexpression in
N. tabacum From T. Aestivum EXPR23 Cell wall expansion: expansin Water retention ability

and osmotic potential
[46]

Overexpression in
A. thaliana From T. Aestivum TaSIP Salt induced protein with

unknown function Drought and salinity [61]

Overexpression in
N. tabacum From T. Durum PIP1;1, PIP1;2 Protective protein: aquaporin Drought [48]

Overexpression in
T. aestivum From H. Vulgare HVAI Protective protein: LEA Drought [62]

Transgenic
ubiquitin: TaCHP — CHP CHP rich zinc finger protein

with unknown function
ABA-dependent and

-independent pathways
[44]

TaABA08OF1
deletion line — ABA08 ABA catabolism:

ABA 8-hydroxylase Drought [63]

VIGS silencing in
T. dicoccoides — ATG8 Autophagy: autophagy related

gene 8 Drought [33]

VIGS silencing in
T. aestivum — Era1, Sal1

Enhanced response to ABA,
inositol polyphosphate

1-phosphatase
Drought [49]

ABA: abscisic acid; CHP: cysteine histidine proline; SNF: sucrose nonfermenting; PIMP: pathogen induced membrane protein; CP: cysteine protease; EXPR:
expansin; PIP: plasmamembrane intrinsic proteins; LEA: late embryogenesis abundant; HVA:Hordeum vulgare aleurone; TaSIP:Triticum aestivum salt induced
protein; VIGS: virus induced gene silencing.

under southern Australian conditions [71]. Another multi-
environmental analysis provided a basis for fine mapping
and cloning the genes linked to a yield related QTL [72].
These recent studies are promising, and along with the
recent advances in DNA sequencing technology and new
approaches of coupling linkage analysis with “omics” studies,
these data will find their way into practical wheat breeding
programmes in relation to drought [2, 4]. Drought-related
QTLs identified in these studies are listed in Supplementary
Table 1 (see Supplementary Materials available online at
http://dx.doi.org/10.1155/2013/548246).

5. Identification of Molecular Mechanisms
Related to Drought

Probable drought-related genes and QTLs, identified in
“omics” and “QTL mapping” studies, should be further
characterized, prior to their use in the development of better
yielding cultivars. Elucidation of these components includes
analyzing their gene and protein structure and determining
their roles and interactions in the complex network of stress
response signaling. Their functional relevance to drought
should be shown and eventually confirmed with transgenic
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studies. This section summarizes the recent research regard-
ing the characterization of drought-related genes, in detail,
dissection of drought-related molecular pathways, and func-
tional genomics studies.

5.1. Characterization of Drought-Related Genes. Prior to its
utilization for drought tolerance improvement, for each
putative drought-related gene region or molecule identified
in “QTL mapping” or “omics” study, the immediate step is
the cloning and in detail characterization of the gene and
its protein. This process exploits a variety of in silico and
basicmolecular biologymethods and involves several aspects
that differ on the nature of the research, including analysis
of gene and protein structure, phylogeny-based studies and
determination of gene chromosomal localization, protein-
protein and protein-DNA interactions, and transcript and
protein subcellular localizations. Further characterization
involves transcript and protein monitoring in response to
stress conditions and functional analysis of the protein.
Utilizing these strategies, in recent years several drought-
related proteins were elucidated, the majority being stress-
related transcription factors (TFs) and signal transducers.

Drought is known to be regulated at the transcriptional
level, and TFs have been the focus of attention for the
improvement of better yielding cultivars since targeting a
single TF can affect several downstream-regulatory aspects
of drought tolerance. Classically, two transcriptional reg-
ulatory circuits induced by drought have been studied:
ABA-dependent and DREB-(dehydration-responsive ele-
ment binding protein-) mediated (ABA-independent) path-
ways. These pathways are schematically depicted in Figure 1.
One of the major classes of TFs involved in ABA-dependent
stress responses is MYB TFs, and in the recent years, there
has been a focus on the elucidation of bread wheat R2R3
and MYB3R type MYB TFs, known to be involved in ABA
signaling of drought. In three different lines of research,
drought responsive MYBs, TaPIMP1 (pathogen induced
membrane protein), TaMYB33, and TaMYB3R1, were cloned
and studied via the analysis of their domains, determination
of their nuclear subcellular localizations, and assessment of
transcriptional activation function to proteins [34, 36, 38].
Phylogenetic analysis of their protein sequences classified
TaMYB3R1 asMYB3R type and the others as R2R3 typeMYB
TFs. The R2R3 type MYB TaPIMP1 was originally described
as the first defense related MYB in wheat; however, detailed
analyses indicated that TaPIMP1 is also induced by abiotic
stresses, particularly drought. In addition, the induction of
its expression by ABA and its inability to bind to the DRE-
box element as indicated by EMSA suggest that TaPIMP1 acts
in the ABA-dependent pathways of drought response [73].
Similarly, TaMYB33, another drought responsive R2R3 type
MYB, was shown to be induced by ABA treatment, and the
overexpression in Arabidopsis plants could not detect a sig-
nificant increase in DREB2, suggesting that TaMYB33 is also
involved inABA-dependentmechanisms [38]. BothTaPIMP1
and TaMYB33 appear to enhance drought tolerance through
ROSdetoxification and reinforcement of osmotic balance. An
elevated level of proline or proline synthesis common to both

ABA-dependent ABA-independent

TaPIMP1

TaMYB3R1

GST
SOD

Proline

TaWRKY2
TaWRKY19

TaNAC4a

TaNAC6
TaNAC2a?

Antioxidants
Osmoprotectants

Drought stress response

Dehydrins

LEA proteins

Others?

DRE/CRT box

TdicDRF1

Protein foldingOsmotic adjustment
ROS scavenging

MYS motif

TaMYB33

Membrane stability

Figure 1: ABA-dependent andABA-independent pathways of stress
response. MYB and DREB TFs are given as examples to ABA-
dependent and-independent routes. While ABA-dependent path-
ways appear to recruit antioxidant and osmoprotectantmechanisms,
ABA-independent pathways generally involve protective proteins.
NAC and WRKY TFs provide crosstalk between these pathways;
where some members, such as TaNAC4 and TaNAC6, may pre-
dominantly act in an ABA-dependent fashion, some members may
be closer to ABA-independent pathways. In several cases, such as
TaWRKY19, both pathways are employed. It should be noted that
both pathways are highly intermingled, and functions of several
regulators, such as TaNAC2a, as well as entire pathways are yet to
be elucidated.

TaPIMP1 and TaMYB33 mediated response is noteworthy
[34, 38]. MYB3R type MYB TFs are less pronounced class
of MYB proteins in stress response. TaMYB3R1, one of the
few examples of MYB3R type MYBs in wheat, has been
implicated in drought stress response and is also responsive
to ABA, similar to TaPIMP1 and TaMYB33. However, the
downstream events of TaMYB3R1-mediated drought stress
response remains to be elucidated [36].

ABA-independent also called DREB-mediated pathways
are largely governed by dehydration-responsive element-
binding (DREB)/C-repeat-binding (CBF) proteins which
recognize dehydration-responsive element (DRE)/C-repeat
(CRT) motifs through a conserved AP2 domain. While
DREB1 TFs are mainly responsive against cold stress, DREB2
TFs are more pronounced in drought stress response;
although functional overlaps are possible where a certain
DREB responds to multiple stresses [74]. It should be noted
that DREB-mediated stress responses may also cooperate or
overlap with ABA-dependent stress responses (Figure 1). A
number of DREB homologs have deen identified in wheat
and, althoughDREB2-mediated drought response is not fully
elucidated yet, enhanced drought tolerance through DREB-
mediated pathways is considered to involve LEA proteins
[75]. As noted in Section 2, recently, a DREB2 homolog,
TdicDRF1, was identified, cloned, and characterized for the
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first time in wild emmer wheat. Comparison of drought-
stressed resistant and sensitive genotypes revealing differen-
tial expressions of TdicDRF1 suggested not only a conserved
role on drought stress response but also a promising mecha-
nism that can be utilized in improvement of wheat cultivars
for drought tolerance [32].

In recent years, evidence has accumulated that there
is crosstalk between classical ABA-dependent and ABA-
independent pathways (Figure 1). The best known example
of such occurrence is NAC TFs, which regulate drought
stress response through both ABA-dependent and ABA-
independent pathways. In a recent study, T. aestivum NAC
(NAM/ATAF/CUC) TFs were identified in silico, phylogenet-
ically classified and characterized, and their expression pro-
files were monitored in response to ABA and drought stress.
In response to these treatments, TaNAC4a and TaNAC6
exhibited similar expression trends, suggesting an ABA-
dependent regulation of drought, while in the case of TaNTL5
and TaNAC2a, the changes in the expression were not
parallel [37]. In another study, WRKY type transcription
factors (TaWRKY2 and TaWRKY19), which are known to be
involved in plant abiotic stress response and ABA signaling
were identified computationally, localized to the nucleus and
shown to bind specifically to cis-element, W box. This report
revealed that WRKY19 as a component of both ABA and
DREB pathways, showing WRKY19 expression level, was
responsive to ABA application, and in transgenic WRKY19
deficient plants, the expression levels of DREB pathway
components were altered [39].

In addition to these known players of ABA-dependent
and DREB-mediated pathways, other novel TFs are also
discovered, and one such TF is the recently discovered T.
aestivum salt response gene TF (TaSRG) which was shown to
be induced in response to drought and ABA [35].

Othermajor targets of recent research have been enzymes
that aid in reversible phosphorylation of signaling molecules
in drought-related network of protein interactions. Although
the major classes of stress-related kinases and phosphatases
taking part in these cascades are known, namely, mito-
gen activated protein kinases (MAPKs), SNF-1-like kinases
(SnRKs), calcium-dependent protein kinases (CDPKs), and
MAP kinase phosphatases (MKPs), information regarding to
these components is far from complete. For this purpose,
known components should be further investigated since their
exact positions and interactions in the complex signaling
network are currently unknown. This has been applied
recently, in two separate studies, in which SNF-1-like kinases,
namely, TaSnRK2.4, TaSnRK2.7 from bread wheat, were
characterized further in detail [41, 42]. In a different research,
a MAP kinase phosphatase, TdTMKP1 was cloned from
durum wheat, and its specific interaction with two MAPKs,
TdTMPK3, and TdTMPK6, was verified, in accordance of its
role as a negative regulator ofMAPKs [43]. In an independent
line of research, a priorly poorly characterized kinase TaABC1
(T. aestivum L. protein kinase) was investigated and shown to
be involved in drought [40].

Although transcription factors and signal transducers
have been the major focus of research in terms of char-
acterization, in recent years other putative drought-related

molecules were also isolated from wheat varieties, investi-
gated, and supporting evidence for their roles in drought
stress was obtained [31–33, 44–48]. Information regarding
these studies is listed in Table 2. Most of the drought-
related genes identified were confirmed either by using
overexpressor plants or wheat deletion lines or silencing the
gene of interest via virus induced gene silencing revealing its
function [33, 39, 63] (Table 3).

5.2. Studies of Drought-Related Pathways. Plants in environ-
ments prone to drought stress have developed several toler-
ance strategies, resistance and avoidance mechanisms, which
enable them to survive and reproduce under conditions of
water scarcity.

The fundamental plant drought responses include growth
limitation, changes in gene expression, altered hormonal
levels, induced and suppressed signaling pathways, accumu-
lation of compatible solutes and osmoprotectant proteins,
suppression of metabolism, increased lipid peroxidation with
higher levels of ROS, and counter-acting increased levels
of antioxidant activity. Drought is regulated both at the
transcriptional level and posttranscriptional level, the latter
including the action of miRNAs and posttranslational mod-
ifications for proteosomal degradation [76] (Supplementary
Table 2).

5.2.1. Compatible Solutes. Compatible solutes are nontoxic
molecules that accumulate in the cytoplasm upon drought
stress. Common compatible solutes are sugars, sugar alco-
hols, glycine betaine, amino acids, and proline. They are
known to be involved in osmotic adjustment, function as
ROS scavengers, protect proteins and cell structures, and
exhibit adaptive value in metabolic pathways. In a recent
study, compatible solutes in T. aestivum leaves were screened
in response to water deficit at the reproduction stage. Major
contributors to osmotic adjustment were revealed to be
K+ in the early stages of stress and molecules including
glycinebetaine, proline, and glucose, in the late stress [77].
Recently, compatible solutes were also assessed in T. aestivum
cultivars under different irrigation regimes. Drought applica-
tion decreased the levels of inorganic solutes but increased
the levels of organic solutes [78].

5.2.2. Protective Proteins. Protective proteins known to be
involved in drought stress response include LEA proteins,
aquaporins, heat shock proteins, and ion channels. Recently,
in T. aestivum cultivars, changes in the transcript and pro-
tein levels of dehydrins and LEA proteins, in response to
progressive drought applied at early vegetation and during
its recovery, were monitored [79]. In a different study, two
aquaporins were overexpressed providing direct evidence of
their drought-related functions [48]. Additionally in another
research, SNP and InDEL (insertion/deletion) repertoire of a
Na+/K+ transporter, HKT-1, was assessed and observed to be
compromised of mostly missense mutations, predominantly
present in the tolerant wheat variety [80].
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5.2.3. Signaling. Drought signaling includes signal percep-
tion and transduction. Known drought-related signal trans-
ducers and some recent reports on their characterization and
functional assessment are summarized in Sections 5.1–5.3
[40–42]. Some of these studies were performed on calcium
dependent protein kinases (CDPK), which sense and respond
to Ca2+ an important secondary messenger of signal trans-
duction cascades. In a recent study, two bread wheat CDPKs,
CPK7 and CPK12, were revealed to be molecularly evolved
through gene duplication followed by functional diversifi-
cation. In this study, they were shown to contain different
putative cis-element combinations in their promoters, and
two CDPKs were shown to respond differently to drought,
PEG, salt (NaCl), cold, hydrogen peroxide (H

2
O
2
), and ABA

applications [81]. Other suggested signaling molecules of
drought stress network are SA (salicylic acid) and NO (nitric
oxide). In recent studies, NO was shown to be present in
higher levels in drought tolerant wheat variety and may have
a possible role in the drought induced limitation in root
growth [82]. Recently, SAwas shown to aid drought tolerance
through increasing accumulation of solutes [78].

5.2.4. Photosynthesis and Respiration. Upon dehydration
conditions, basal metabolic activities, including photosyn-
thesis and respiration, are known to be altered in plants.
Recently, T. aestivum and T. durum genotypes with differing
sensitivities to osmotic stress were evaluated in terms of their
gas exchange in response dehydration. Photosynthesis was
analyzed in depth, in relation to ROS levels and physiological
parameters, for elucidation of the mechanisms by which the
tolerant cultivar sustains a high performance of water-use
efficiency, maintaining respiration rate and photosynthesis
even under stress conditions [83]. PS II (Photosystem II) is
a key protein pigment complex of photosynthesis, which aids
in light harvesting. Upon dehydration, PS II repair cycle is
impaired affecting oxygen evolving process of PS II reaction
center, leading to photooxidative damage. PS II has a biphasic
primary phytochemistry kinetics, which is referred to as PS
II heterogeneity. In recent studies, photosynthetic efficiency
of PSII complex was measured in different wheat varieties
under different environmental conditions and the extent and
nature of this heterogeneity was assessed in detail, in relation
to osmotic stress [84].

5.2.5. Growth. Stress response of plants in relation to growth
differentiates based both on the tissue and the severity,
timing, and mode of stress applied. The degree of osmotic
stress induced limitation of plant organ growth also differs
from cultivar to cultivar and does not have a correlation
with drought tolerance [82, 85, 86]. Recently, dehydration
induced retardation of root and leaf growth was studied
in detail, in relation to several components of the drought
response pathway. In some of these studies, cell wall-bound
peroxidases, ROS and NO, were shown to be unfavorable
for root expansion and suggested to have possible roles
in retarding root cell wall extension [85]. Another report
analyzed the underlying mechanisms of T. aestivum root
elongation in detail, showing that even during plasmolysis

upon stress, although root elongation is retarded, new root
hair cell formation is sustained [87]. In a different study,
monitoring of T. durum leaves for ABA, water status, and leaf
elongation rates upon drought stress and recovery revealed
a retardation in leaf elongation even after stress recovery,
suggesting that a rapid accumulation of ABA during stress
may have caused the loss of cell wall extensibility [86].

Additionally, recently, expansin, known to be involved in
cell wall loosening, was overexpressed in tobacco, confirming
its role in plant water retention ability and osmotic potential
[83].

5.2.6. Transcriptional Regulation and Posttranscriptional/
Translational Modifications. The expression of several
drought-related gene products is regulated at the trans-
criptional level. Known drought-related TFs and some
recent reports on their characterization and functional
assessment are summarized in Sections 5.1–5.3 [32, 34–39].
Additional studies undertaken in the recent years include
preliminary research, drought induced expression profiling
of MYB transcripts, revealing TaMYBsdu1 as a potential
drought-related TF and characterization of SNP and INDEL
repertoire of T. durum DREB1 and WRKY1 [80, 88].

As well as on the genomic level, drought stress is also
regulated at the posttranscriptional and posttranslational
levels.Themajor players of posttranscriptional regulation are
miRNAs, which have been identified in a variety of crops,
including Triticeae species, using both computational and
experimental approaches, and their expression profiling was
performed in wild emmer wheat and crop model species
including Brachypodium [15, 76, 89–92]. Posttranslational
modifications include protein degradation, mostly via ubiq-
uitination. In a recent study, the leaves of resistantT. aestivum
cultivar were shown to exhibit a relatively small increase
in cysteine protease function upon dehydration, limiting
protein loss of this cultivar. In this study, a cysteine protease
present only under drought conditions was detected [93]. In
a different report, the functional role of a cysteine protease
protein was confirmed by its overexpression in Arabidopsis
[45].

5.2.7. ROS and Antioxidants. Upon drought stress, ROS gen-
eration occurs mainly in the chloroplast and mitochondria,
which results in oxidative damage and lipid peroxidation.
Nonenzymatic and enzymatic antioxidants are produced by
the plant to detoxify ROS. In a recent report, drought induced
ROS generation and antioxidant activity was screened com-
paratively in the root whole cells and mitochondria of
drought acclimated and nonacclimatedT. aestivum seedlings.
A special role of mitochondrial scavenging mechanisms was
highlighted by the finding that in specifically nonacclimated
seedlings, mitochondrial antioxidants were found to be pre-
dominantly active. In the same study, a quick increase in
antioxidant mechanisms was observed with stress recovery,
thus it was proposed that accumulation of high levels of
H
2
O
2
upon stress can inhibit antioxidant mechanisms [94].

Another study was undertaken in two T. aestivum cultivars,
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differing in their drought tolerance, focusing especially on
the level and activity of ascorbate glutathione cycle related
enzymes in stem and leaf tissues. It was shown that ascorbate
processing and oxidation were differentially changed in the
two cultivars [7]. Recently several other studies of ROS were
performed to determine its role in the drought response
network in relation to photosynthesis, NO, root growth, ABA,
and BABA (𝛽-aminobutyric acid) [82, 95, 96].

5.2.8. Abscisic Acid. ABA is a plant hormone that is known
to be involved in plant developmental processes and was also
shown to be an inducer of stress-related pathways. Recently
the role of ABA catabolism in drought was supported by
direct evidence from a wheat deletion line [63]. ABA is a
major hot topic of drought research, and recently several
studies are performed to determine its role in drought
in relation to several drought-related molecules: protective
proteins, NO, ROS, leaf and root growth, osmotic adjustment,
BABA, ROS, and antioxidants [79, 82, 86, 95]. Additionally,
in a recent study alginate oligosaccharides (AOS) prepared
from degradation of alginate were shown to play a role in
enhancing drought resistance in T. aestivum growth period
by upregulating the drought tolerance related genes involved
in ABA signal pathway, such as LEA1, SnRK2, and pyrroline-
5-carboxylate synthetase gene (P5CS) [97].

5.3. Transgenic Studies for Identification of Gene Function.
Transgenic plants provide the most straightforward way
to demonstrate the functional relevance of the potential
drought-related gene. Using functional genomics methods,
modification of a single gene can be achieved in an identical
genetic background. Analyzing the functional role of a
protein of interest is achieved by the creation of overexpressor
plants or loss-of-function mutants. These studies are most
often carried out in model species, Arabidopsis thaliana
or Nicotiana benthamiana. The advantages of these species
are basically their rapid reproduction time and the ease of
genetic transformation. However, other transgenic model
systems, which hold the advantage of being phylogeneti-
cally more similar to monocot crop species, are also being
developed, most importantly Brachypodium distachyon. The
use of even a phylogenetically very close model plant in
function verification of a gene of interest does not exclude
the possibility that its role can differ in the crop of interest.
Therefore transgenic studies applied directly on wheat are
being developed but currently still more time and labor
consuming. Other systems, which hold the advantage of
straightforward analysis of gene function in the target crops
are deletion lines and virus induced gene silencing (VIGS),
which aids in functional characterization through silencing
of targeted transcripts.

5.3.1. Overexpression Studies. Direct evidence for the func-
tional role of several drought response candidates was estab-
lished via their overexpression in A. thaliana or tobacco
by Agrobacterium mediated transformation. To gain insight
into the mechanisms the molecule of concern exerts a role
in drought, and these studies are often coupled by the

profiling of stress-related genes and characterization of the
overexpressor plants in terms of their altered morphological
and physiological properties. In recent years, drought-related
molecular function of several transcription factors, signal
transducers, and some other proteins were confirmed via
their overexpression in Arabidopsis or N. tabacum. Informa-
tion regarding these studies is summarized in Table 3.

Recently, in four independent studies, overexpression
of transcription factors (TaWRKY2, TaWRKY19, TaMYB33,
TaPIMP1, and TaNAC) was shown to confer elevated drought
tolerance in targetmodel organisms [34, 37–39].With the use
of these overexpressor plants, WRKY proteins were shown to
be involved in the DREB pathway [39], and MYB proteins
were revealed to function in ROS detoxification [34, 38].
MYB TaPIMP1 overexpressors were also shown to exhibit
increased levels of ABA synthesis and its restricted signaling
[38]. Additionally, recently introgression of three kinases
(TaABC1, TaSnRK2.7, and TaSnRK2.4) into Arabidopsis in
separate studies was shown to improve drought tolerance
evident by the water content and related measurements of
overexpressor plants. All three kinases were observed to
improve photosynthetic efficiency. TaABC1 was shown to
be involved in DREB and ABA pathways [40]. TaSnRK2.7
was revealed to be involved in carbohydrate metabolism and
mechanisms involving root growth [42]. TaSnRK2.4 overex-
pressors displayed differences in development and showed
strengthened cell membrane stability [41]. In addition to
transcription factors and kinases, overexpression studies of
other proteins were also performed in model organisms, in
relation to drought and drought-related capabilities. Cysteine
protease, TaCP transgenics were observed to have higher sur-
vival rates under drought [45]. CHP rich zinc finger protein
TaCHP was revealed to be involved in ABA-dependent and
-independent signaling pathways [44]. Expansin, TaEXPR23,
was shown to increase water retention ability and decrease
osmotic potential [46]. Durum wheat aquaporins (TdPIP1; 1
and TdPIP2; 1) were revealed to regulate root and leaf growth
[48]. Besides, in a recent study, T. aestivum salt induced
protein (TaSIP) was shown to have a role in drought and
salt tolerance via overexpression of the gene in A. thaliana
resulted superior physiological properties [61] (Table 3).

5.3.2. Wheat Deletion Lines and Virus Induced Gene Silencing.
In recent years, a number of other transgenic studies were
also performed for function determination. In such a study,
T. aestivum deletion lines which lack ABA 8-hydroxylase
gene, involved in ABA catabolism, were used to study the
role of ABA metabolism in the reproductive stage drought
tolerance of cultivars. This study revealed a parallel between
sensitivity to osmotic stress and higher spike ABA levels [63].
In a different study, ubiquitin:TaCHP transgenic wheat lines
were used in studies in relation to the role of CHP rich
zinc finger protein in drought stress [44]. Additionally, VIGS
via barley stripe mosaic virus (BSMV) derived vectors was
undertaken to silence ATG8 in wild emmer wheat, revealing
it as a positive regulator of drought stress [33] (Table 3).
VIGSwas also used in another research in order to investigate
the roles of Era1 (enhanced response to abscisic acid), Sal1
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(inositol polyphosphate 1-phosphatase), and Cyp707a (ABA
8-hydroxylase) in response to limiting water conditions in
wheat. When subjected to limiting water conditions, VIGS-
treated plants for Era1 and Sal1 resulted in increased relative
water content (RWC), improved water use efficiency (WUE).
Compared to other tested genesEra1was found to be themost
promising as a potential target for drought tolerance breeding
in wheat [49].

6. Improvement of Modern Wheat

Recent advances in molecular biological, functional, and
comparative tools open up new opportunities for the molec-
ular improvement of modern wheat. Recently developed
techniques enable faster identification and characterization of
drought-related gene(s) and gene region(s). Natural variants
of modern species harbor a large repertoire of potential
drought-related genes and hold a tremendous potential for
wheat improvement. Introduction of drought-related com-
ponents of wheat can be performed either with breeding
through marker-assisted selection or transgenic methods.
Recent increase in sequence availability due to recently devel-
oped high-throughput sequencing strategies has provided
several high quality genetic markers for breeding. Transgenic
strategies with enhanced transformation and selection meth-
ods are currently being developed.

6.1.Marker-Assisted Selection. Molecular breeding approach-
es based on specific traits utilize molecular markers for the
screening of drought tolerance in cultivars. Loci that are
targeted in marker-assisted selection (MAS) are most often
derived fromQTLmapping studies of quantitative traits [98].
MAS is most often performed based on physiomorphological
characteristics related to yield under drought conditions.
Markers that are utilized in such a context include SSR
(simple sequence repeat) markers, Xgwm136, and NW3106,
which are linked to genes that effect tillering capacity and
coleoptile length, respectively [99]. Other selection markers
are linked to Rht (reduced height) genes, which are known to
be associated with harvest index. Additionally, transcription
factor-derivedmarkers, especiallyDREBproteins hold a great
potential as PCR-based selection markers that can be useful
in MAS [100]. However, the isolation of transcription factors
is a challenge since they belong to large gene families contain-
ing members with high sequence similarities. Identification
and successful isolation of a single drought-related loci is
compelling also in general due to the complex genomic
structure of wheat. However, in the near future, completion of
wheat genome sequencing will pace identification of specific
loci and the development of markers to be used in selection
during breeding processes [98, 101].

6.2. Use of Transgenics. An alternative to ongoing breeding
programmes is transgenicmethods, which enable the transfer
of only the desired loci from a source organism to elite
wheat cultivars, avoiding possible decrease in yield due to
the cotransfer of unwanted adjacent gene segments. Until
now, transcription factors have been the most appealing

targets for transgenic wheat improvement, due to their role
in multiple stress-related pathways. In two different lines of
research, overexpression of cotton and A. thaliana DREB
was performed in wheat, resulting in transgenic lines with
improved drought tolerance [102–104]. In another study, a
barley LEA protein, HVA1, was also overexpressed in wheat,
and overexpressors were observed to have better drought
tolerance [105]. Transgenic wheat obtained with Arabidopsis
DREB and HVA1 protein overexpression was also shown to
produce higher yield in the field under drought conditions,
but further studies are required to confirm their performance
under different environments [105].

It is not unreasonable to predict in the following decades:
GM (genetically modified) wheat will be transferred to the
fields as a common commercial crop. However, to pace this
process, new transgenicsmethodologies should be developed
since the currentmethods are laborious and time consuming.
In a recent study, drought enhancement of bread wheat was
established with the overexpression of barley HVA1, using a
novel technique, which combines doubled haploid technol-
ogy andAgrobacteriummediated genetic transformation [62]
(Table 3).

6.3. Use of Proteomics. Despite the impressive technological
breakthroughs in the genomics of drought resistant cultivars
the overall scenario is not so promising, and new dimensions
have to be explored for the exact elucidation of the wheat
drought response process. Hence new studies are focusing to
studywheat tolerance at the proteomic level to target different
proteins and understand their role in stress. One particular
study during grain development used comparative proteomic
analysis and used 2 varieties of wheat resistant (CIMMYT
wheat variety Kauz) and sensitive (Janz to drought). They
applied linear and nonlinear 2-DE and MALDI-TOF mass
spectrometry and elucidated that non-linear 2-DE showed
a high resolution and identifies 153 spots of proteins that
were differentially expressed, 122 of which were detected
by MALDI-TOF. The characterized proteins were primarily
metabolism proteins (26% carbohydrate metabolism), pro-
teins involved in defense and detoxification (23%), and the
rest of 17% were storage proteins. The study successfully
showed the differential expression of various proteins in
drought resistant and tolerant varieties. Kauz wheat variety
showed high expression of LEA and alpha-amylase inhibitors
and catalase isozyme 1, WD40 repeat protein, whereas these
proteins were either unchanged or downregulated in Janz
variety. Vice versa ascorbate peroxidase G beta-like protein
and ADP glucose pyrophosphorylase remained unchanged
in Kauz but were all downregulated in Janz. Proteins such as
triticin precursor and sucrose synthase showed a consider-
ably higher expression in Kauzwater deficit variety compared
to Janz water deficit plants. Thus the differential expression
shows that biochemical and protein level expression could
be a simpler approach to understanding and manipulating
drought stress in plants [106].

A parallel approach to understanding the protein expres-
sion and posttranslational modification in wheat was carried
out by Budak et al. in which 2 wild varieties of emmer wheat
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Triticum turgidum ssp. dicoccoides TR39477 and TTD22
were used along with one modern wheat cultivar Triticum
turgidum ssp. durum cv. Kızıltan.The complete leaf proteome
profiles of all three genotypes were compared by 2-DE
gel electrophoresis and nanoscale liquid chromatographic
electrospray ionization tandem mass spectrometry. Instead
of using only drought tolerant and drought resistant varieties
another third intermediate variety (modern) was also used.
Although many proteins were common in all 3 cultivars both
modern and durum but 75 differentially expressed proteins
were detected [107]. Consequently comparative proteomics
may provide a clearer picture and alternate way to evaluate
and characterize drought resistant genes and proteins in
wheat varieties.

7. Conclusion and Future Perspectives

Drought stress is one of the major limitations to crop
production. To develop improved cultivars with enhanced
tolerance to drought stress, identification of osmotic stress-
related molecules and determination of their roles and
locations in several physiological, biochemical, and gene
regulatory networks is necessary. Several QTLs for key
morphopysiological characteristics and yield were identified
under water-limited conditions through creation of linkage
maps using parentals with different drought coping abilities.
In recent decades, application of high-throughput screen-
ing, “omics” strategies on Triticum species with differential
drought tolerance coping abilities, has revealed several stress-
related candidate gene(s) or gene block(s). Furthermore,
using a variety of bioinformatics, molecular biology, and
functional genomics tools, drought-related candidates were
characterized, and their roles in drought tolerance were
studied.Major drought-relatedmolecules were revealed to be
signal transduction pathway components and transcription
factors. Several osmoprotectants, compatible solutes, ROS,
and antioxidants were shown to accumulate in response
to dehydration. Drought stress was found to alter various
ongoingmetabolic processes, such as growth, photosynthesis,
and respiration.

Analysis of drought response has been complicated in
the absence of wheat genomic sequence data. However, with
the recent advances in sequencing technologies, genome
sequence of bread wheat is almost complete by the efforts
of ITMI (The International TriticeaeMapping Initiative) and
IWGSC (International Wheat Genome Sequencing Consor-
tium). Availability of whole wheat genome sequence will
contribute to the ongoing studies of exploring the extensive
reservoir of alleles in drought tolerant wild germplasm, and
this also enables bettermarker development, genome analysis
and large scale profiling experiments. “Omics” strategies have
especially contributed to drought research since osmotic
stress response is not only genomic based but also regulated at
the posttranscriptional and posttranslational levels. Advances
in transformation/selection strategies have paced molecular
transformation of wheat, which has an advantage to conven-
tional andmarker-assisted breeding for targeted introduction
of only the desired loci.

It is reasonable to predict that in the following years
higher yieldingwheat under drought conditionswill be devel-
oped through breeding or molecular transformation of novel
genes obtained from screening of wheat germplasms and will
be commercially grown to balance the production with the
consumption of the increasing human population. Research
exploiting recent advances in genomics technologies has
made it possible to dissect and resynthesize molecular reg-
ulation of drought andmanipulate crop genomes for drought
tolerance. The future efforts will be to integrate and translate
these resources into practical higher yielding field products.
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Drought resistance breeding provides a hopeful way to improve yield and quality of wheat in arid and semiarid regions. Con-
structing core collection is an efficient way to evaluate and utilize drought-resistant germplasm resources in wheat. In the present
research, 1,683 wheat varieties were divided into five germplasm groups (high resistant, HR; resistant, R; moderate resistant, MR;
susceptible, S; and high susceptible, HS).The least distance stepwise sampling (LDSS)methodwas adopted to select core accessions.
Six commonly used genetic distances (Euclidean distance, Euclid; Standardized Euclidean distance, Seuclid; Mahalanobis distance,
Mahal; Manhattan distance, Manhat; Cosine distance, Cosine; and Correlation distance, Correlation) were used to assess genetic
distances among accessions. Unweighted pair-group average (UPGMA) method was used to perform hierarchical cluster analysis.
Coincidence rate of range (CR) and variable rate of coefficient of variation (VR) were adopted to evaluate the representativeness of
the core collection. A method for selecting the ideal constructing strategy was suggested in the present research. A wheat core
collection for the drought resistance breeding programs was constructed by the strategy selected in the present research. The
principal component analysis showed that the genetic diversity was well preserved in that core collection.

1. Introduction

Drought is probably the most important abiotic stress that
limits plant growth [1]. Drought stress is one of the most
serious environmental factors that can severely limit the yield
and quality of agricultural crops [2]. With global climate
change, the lack of water for agronomic purposes will become
the major problem for crop production [3]. In agronomical
point-of-view, drought stress is a situation in which lack
of water exceeds the capacity of plants which leads to the
growth prevention. Thus, improving the drought tolerance is
a major adaptation strategy for plant production in arid and
semiarid regions [4]. In drought prone environments, crop
drought resistance is amajor factor in the stabilization of crop
performance. Drought resistance is now considered by both
breeders and molecular biologists as a valid breeding target.

Wheat (Triticum aestivum L.) is one of the most impor-
tant cereals in the world. Drought stress may reduce all yield
components inwheat [5]. Drought is themajor factor limiting

wheat growth and productivity in many regions of the world,
and the changing global climate is making the situation
more serious [6, 7]. Developing high-yielding wheat cultivars
under drought conditions in arid and semiarid regions is an
important objective of breeding programs [5]. Although great
efforts have beenmade in wheat drought resistance breeding,
the decrease in agricultural productivity induced by drought
stress still remains unsolved [8]. One reason is that the
numerous germplasm resources were not effectively utilized
in wheat breeding programs. However, with continuous
collection of germplasm resources, the size of populations
has been becoming bigger and bigger, which hindered the
evaluation and utilization of the wheat germplasm resources.

Core collections provide an efficient way to evaluate
and utilize germplasm resources. A core collection is a
representative sample of the whole collection which has
minimum repetitiveness and maximum genetic diversity of
a plant species [9]. The core collection serves as a working
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Figure 1: The distribution of 1,683 wheat varieties: HR: high
resistant; 𝑅: resistant; MR: moderate resistant; 𝑆: susceptible; HS:
high susceptible.

collection to be evaluated and utilized preferentially [10–13].
In this way, it is possible to preserve most of the genes in
large germplasm populations using a small sample. Thus,
the objectives of this research were (1) to investigate the
ideal constructing strategy on wheat core collection based
on data of agronomic traits combining drought resistance
information and (2) to construct such a wheat core collection
for the drought resistance breeding programs.

2. Materials and Methods

2.1. Materials. Wheat varieties were introduced from abroad.
Thedrought resistance level combining four yield traits (plant
height, spike length, grain numbers per spike, and 1000-
grain weight) and four quality traits (crude protein content,
lysine content, sedimentation, and hardness) of 1,683 varieties
have been investigated. All data were downloaded from
“Chinese Crop Germplasm Resources Information System”
(http://icgr.caas.net.cn/).

2.2. Core Collection Construction. According to the drought
resistance level, all 1,683 wheat varieties were divided into five
germplasm groups (high resistant, HR; resistant,𝑅; moderate
resistant, MR; susceptible, 𝑆; and high susceptible, HS). The
distribution of varieties was shown in Figure 1.The procedure
for core collection construction was conducted by two steps.
First, subcore collections were selected from each germplasm
groups. Second, all the sub-core collections were combined
together to construct a core collection.

The least distance stepwise sampling (LDSS) method
[14] was adopted to construct sub-core collections from
germplasm groups. The procedure was as follows. (1) The
genetic distances among accessions were calculated, and
accessions were classified by hierarchical cluster analysis

based on their genetic distance. (2) One accession from a
subgroup with the least distance was randomly removed,
and another accession of the subgroup was sampled. (3)
The genetic distances among the remaining accessions were
calculated, and the sampling was repeated in the same way.
The stepwise samplings were performed until the percentage
of the remaining accessions reached the desired one. This
method performs sampling based on the subgroup with
the least genetic distance, which can efficiently eliminate
redundant accessions and ignore the effect of the cluster
methods [15].

2.3. Genetic Distances and Evaluating Parameters. Six com-
monly used genetic distances (Euclidean distance, Euclid;
Standardized Euclidean distance, Seuclid; Mahalanobis dis-
tance, Mahal; Manhattan distance, Manhat; Cosine distance,
Cosine; and Correlation distance, Correlation) were used to
assess genetic distances among accessions. Unweighted pair-
group average (UPGMA) method was used for performing
hierarchical cluster analysis [15].

Coincidence rate of range (CR) and variable rate of coef-
ficient of variation (VR) [16, 17] were adopted to evaluate the
representativeness of core collection. Those four parameters
were formulated as follows: CR = (1/𝑛)∑𝑛

𝑖=1

(𝑅

𝐶(𝑖)
/𝑅

𝐼(𝑖)
) ×

100, where 𝑅
𝐶(𝑖)

is the range of the 𝑖th trait in the core
collection; 𝑅

𝐼(𝑖)
is the range of the corresponding trait in

the initial collection; n and is total number of traits, VR =
(1/𝑛)∑

𝑛

𝑖=1

(CV
𝐶(𝑖)
/CV
𝐼(𝑖)
) × 100, where CV

𝐶(𝑖)
is the coeffi-

cient of variation of the 𝑖th trait in the core collection; CV
𝐼(𝑖)

is the coefficient of variation of the corresponding trait in the
initial collection; n is total number of traits.

2.4. Data Analysis. The genetic distances calculation, the
LDSS procedures, and the evaluating parameters calculation
were performed using computer code programmed by the
authors based on MATLAB software (version 6.5) [18].

3. Results

3.1. The Assessment of Subcore Collections Constructed by
Different Genetic Distances. Subcore collections were con-
structed by different genetic distances at the sampling per-
centage of 10%, 20%, and 30% (Table 1). In any germplasm
group, CR and VR of sub-core collections constructed by the
genetic distance of Cosine and Correl were much lower than
of those constructed by the other four genetic distances at
the three sampling percentages (Table 1). In HR group, sub-
core collections constructed by Manhat had larger CR and
VR than those constructed by Euclid, Seuclid, and Mahal
at the three sampling percentages (Table 1). In 𝑅 group,
sub-core collections constructed by Euclid had the largest
CR at the sampling percentage of 10% and 30%, and those
constructed by Manhat had the largest VR at the sampling
percentage of 10% and 20% (Table 1). In MR group, sub-core
collections constructed by Mahal had the largest CR at the
sampling percentage of 20% and 30%, and those constructed
by Seuclid had the largest VR at the sampling percentage
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Table 1:The values of CR and VR of different subcore collection constructed by six genetic distances at the sampling percentage of 10%, 20%,
and 30%.

Parameter DRL(a) SP(b) Genetic distance
Euclid Seuclid Mahal Manhat Cosine Correl

CR (%)

10% 76.17 87.16 80.48 82.36 51.34 52.54
HR 20% 89.55 91.96 88.77 91.98 71.08 70.14

30% 95.78 94.17 93.76 97.59 77.57 80.69
10% 91.51 81.60 84.16 89.24 60.62 59.34

𝑅 20% 95.98 86.40 92.55 96.09 73.60 65.00
30% 98.93 96.11 93.64 96.88 81.25 72.20
10% 94.20 92.61 94.58 95.37 58.36 70.18

MR 20% 97.41 96.27 98.00 97.10 66.23 78.06
30% 98.37 97.35 99.31 97.11 75.63 86.26
10% 96.46 96.91 96.05 95.24 69.75 65.32

𝑆 20% 97.81 99.58 98.92 99.46 75.42 72.74
30% 98.04 99.58 99.35 99.49 82.47 77.19
10% 95.33 93.92 95.88 93.88 61.97 63.68

HS 20% 98.65 96.43 97.30 96.81 80.81 73.24
30% 99.20 97.82 97.82 99.20 82.20 82.80

VR (%)

10% 122.67 127.61 124.51 131.10 85.27 79.12
HR 20% 122.60 120.78 119.30 125.19 92.14 90.12

30% 117.73 119.07 113.57 122.80 91.74 91.82
10% 129.66 118.85 118.24 132.61 90.21 82.94

𝑅 20% 119.06 115.52 117.51 120.73 88.99 82.92
30% 112.89 114.32 113.78 113.18 90.82 88.82
10% 128.26 128.60 126.81 128.51 80.95 90.70

MR 20% 119.56 122.15 120.58 120.39 85.01 92.93
30% 116.79 116.78 113.45 115.29 89.06 92.51
10% 130.14 129.53 126.03 127.10 90.40 85.16

𝑆 20% 120.64 120.67 119.72 121.22 88.94 88.29
30% 115.44 115.40 115.53 114.36 92.36 90.24
10% 125.25 128.97 133.16 124.54 89.94 90.06

HS 20% 122.00 122.77 122.13 120.35 92.00 91.91
30% 117.09 116.11 117.42 115.94 87.68 93.25

(a)DRL: drought resistance level (HR: high resistant; 𝑅: resistant; MR: moderate resistant; 𝑆: susceptible; and HS: high susceptible).
(b)SP: sampling percentage.

of 10% and 20%, but similar VR than that constructed by
Euclid at the sampling percentage of 30% (Table 1). In S group,
sub-core collections constructed by Seuclid had the largest
CR at the three sampling percentage, while there was no
significant pattern in VR (Table 1). In HS group, sub-core
collections constructed by Euclid had the largest CR at the
sampling percentage of 20% and 30%, and those constructed
by Mahal had the largest VR at the sampling percentage of
10% and 30% (Table 1). Synthesizing the results above, five
ideal combinations for sub-core collectionwere selected: HR-
Manhat, 𝑅-Euclid, MR-Mahal, 𝑆-Seuclid, and HS-Euclid.

3.2. Selection of the Optimal Sampling Percentage. In each
germplasm group, sub-core collections were constructed
based on the selected genetic distance with the sampling
percentage increasing from 5% to 30%. The value of CR of
each sub-core collection was calculated. Thus, 26 CRs were

calculated in each group. The constructing results of the five
groups were summarized in Figure 2. In each group, the CR
showed logarithmic changing. The CR increased drastically
when the sampling percentage was small. With the sampling
percentage increasing, CR increased steady (Figure 2). The
rangeability in the group of HR and 𝑅 was larger than that in
the groups of MR, 𝑆, and HS (Figure 2).

Each curve of in Figure 2 was treated by curve fitting
analysis, and the results were summarized in Table 2. The
equations showed logarithmic form, and the coefficient of
determination of fitted equations (𝑅2) of each equation was
larger than 0.9 (Table 2). Based on the equations, the optimal
sampling percentage was calculated by setting the value of CR
(%) to 95.00 (Table 2).

3.3. Validation of the Ideal Constructing Strategy. The prin-
cipal component analysis was adopted to validate sub-core
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Table 2: The logarithmic equations on the CR’s value responded to the sampling percentage in five combinations of subcore collection
construction. The optimal sampling percentage was calculated by the equation when the value of CR (%) was set to 95.00.

Combination(a) Equation(b)
𝑅

2(c) Optimal sampling percentage (%)
HR-Manhat 𝑦 = 12.19ln(𝑥) + 58.41 0.9732 20.12
𝑅-Euclid 𝑦 = 6.52ln(𝑥) + 78.17 0.9616 13.21
MR-Mahal 𝑦 = 2.67ln(𝑥) + 90.16 0.9451 6.13
𝑆-Seuclid 𝑦 = 2.80ln(𝑥) + 91.16 0.9392 3.94
HS-Euclid 𝑦 = 2.47ln(𝑥) + 91.14 0.9498 4.77
(a)HR-Manhat: high resistant group combining Manhattan distance; 𝑅-Euclid: resistant group combining Euclidean distance; MR-Mahal: moderate resistant
group combining Mahalanobis distance; 𝑆-Seuclid: susceptible group combining Standardized Euclidean distance; and HS-Euclid: high susceptible group
combining Euclidean distance.
(b)
𝑥: the sampling percentage (%); 𝑦: the value of CR (%).

(c)
𝑅

2: coefficient of determination of fitted equations.
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Figure 2: The coincidence rate of the range (CR) of subcore collec-
tions constructed by five combinationswith the sampling percentage
increasing from 5% to 30%. HR-Manhat, high resistant group com-
bining Manhattan distance; 𝑅-Euclid, resistant group combining
Euclidean distance; MR-Mahal, moderate resistant group combin-
ing Mahalanobis distance; 𝑆-Seuclid, susceptible group combining
Standardized Euclidean distance; the HS-Euclid, high susceptible
group combining Euclidean distance.

collections constructed by the ideal strategy selected by
the present research. Principal component plots of core
accessions and reserve accessions in each germplasm group
were drown in Figure 3.The total genetic variation percentage
of the first two principal components was 71.51% in HR
group, 67.67% in 𝑅 group, 66.90% in MR group, 68.45% in
𝑆 group, and 71.83% in HS group. At the same sampling
percentage, compared to the sub-core collections constructed
by complete random selection, the core accessions selected by

the present strategy showed more symmetrical distribution
in the whole germplasm group, and most extreme accessions
were selected (Figure 3).

4. Discussion

Core collection has been studied for about twenty years [19,
20]. A valid core collection provides a high-efficient way to
assess genetic diversity or to find beneficial genes [21–24].
Most core collection researches focused on finding efficient
ways in sub-core collection selection [25–27]. However, there
is not a widely accepted strategy for constructing sub-core
collection up to now.One commonapproach for constructing
a core collection is splitting the whole germplasm popula-
tion into several groups, then, selecting representative core
accessions from each group to form sub-core collections,
and combining all sub-core collections to form the final
core collection [16, 28]. The present research divided the
whole wheat germplasm population into five groups based on
drought resistance level.The results showed that the distribu-
tion pattern of accessions was various in different germplasm
group, whichmight lead to different suitable strategy for sub-
core collection construction. Therefore, different germplasm
group required different constructing strategy, and it is
needlessly to try to find a widely accepted constructing
strategy.

The representativeness is the most important character
for a core collection. The VR represents the difference of
variance between core collection and the initial collection.
The value of VR is affected greatly by the number of acces-
sions in the core collection. In core collection construction
based on a valid strategy, with the sampling percentage
increasing, the variance decreased and themean almost keeps
unchanging, which led to the decrease of VR. However, at the
same sampling percentage, bigger VR means more variation
preserved in core collection. The CR shows the extent of
preservation of the trait scope in a core collection. The value
of CR is not affected greatly by the number of accessions.
In the present research, the CR showed sensitivity to the
representativeness of a sub-core collection. The CR has been
reported to be an important parameter for the evaluation of
the representativeness of the core collections [9, 29, 30]. Based
on the above analysis, the ideal genetic distance for different
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Figure 3: Continued.
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Figure 3: Principal component plots of core accessions and reserve accessions in the sampling percentage. The upward pointing triangles
represented the core accessions; the crosses represented the reserved accessions. The left column showed plots for subcore collection
constructed by LDSS method based on the selected genetic distance and sampling percentage; the right column showed plots for sub-
core collection constructed by complete random selection based on the same sampling percentage. HR-Manhat, high resistant group
combining Manhattan distance; 𝑅-Euclid, resistant group combining Euclidean distance; MR-Mahal, moderate resistant group combining
Mahalanobis distance; 𝑆-Seuclid, susceptible group combining Standardized Euclidean distance; and HS-Euclid, high susceptible group
combining Euclidean distance.

group was determined first by CR, then by VR. Moreover, a
genetic distance that could make higher CR at low sampling
percentage might be more valid than others.

In the present research, data of eight agronomic traits in
1,683 wheat varieties were downloaded from public database
of “Chinese Crop Germplasm Resources Information Sys-
tem.” Such a big number of wheat germplasm might not be
planted within one area or one year. Therefore, the upper
data might not be collected based on the same cultivating
standards, which might affect the precision of the final core
collection. However, there were more than one agronomic
trait used in the present research. Data of eight agronomic
traits were used to calculate CR and VR. The two evaluating
parameters reflected the mean representativeness of the eight
agronomic traits in the core collection, which reduced the
error mentioned above. A wheat core collection for the

drought resistance breeding programs was constructed by
the strategy selected in the present research based on the
upper dataset. Table 2 showed the optimal genetic distance
and the relative optimal sampling percentage for sub-core
collection in each germplasm group. Therefore, the whole
core collection was constructed by combining all sub-core
collections. The principal component analysis showed that
the genetic diversity was well preserved in that core collec-
tion.Themethod for the ideal constructing strategy selection
suggested in the present research is also valuable in other
crop’s core collection construction.
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Responses of Ulva prolifera and Ulva linza to Cd2+ stress were studied. We found that the relative growth rate (RGR), Fv/Fm, and
actual photochemical efficiency of PSII (Yield) of two Ulva species were decreased under Cd2+ treatments, and these reductions
were greater inU. prolifera than inU. linza.U. prolifera accumulated more cadmium thanU. linza under Cd2+ stress. WhileU. linza
showed positive osmotic adjustment ability (OAA) at a wider Cd2+ range than U. prolifera. U. linza had greater contents of N, P,
Na+, K+, and amino acids thanU. prolifera. A range of parameters (concentrations of cadmium, Ca2+, N, P, K+, Cl−, free amino acids
(FAAs), proline, organic acids and soluble protein, Fv/Fm, Yield, OAA, and K+/Na+) could be used to evaluate cadmium resistance
in Ulva by correlation analysis. In accordance with the order of the absolute values of correlation coefficient, contents of Cd2+ and
K+, Yield, proline content, Fv/Fm, FAA content, and OAA value of Ulva were more highly related to their adaptation to Cd2+ than
the other eight indices. Thus, U. linza has a better adaptation to Cd2+ than U. prolifera, which was due mainly to higher nutrient
content and stronger OAA and photosynthesis in U. linza.

1. Introduction

Heavy metal contamination is an environmental problem in
the margin sea [1]. As the economy in Asian countries con-
tinues to grow, the release of heavy metals and other con-
taminants has increased noticeably [2, 3]. Due to their acute
toxicity, cadmium (Cd), lead, and mercury are among the
most hazardous metals to the environment and living things
[4].

Cd, an oxophilic and sulfophilic element, forms com-
plexes with various organic particles and thereby triggers a
wide range of reactions that collectively put the aquatic eco-
systems at risk. Cadmium also poses a serious threat to
human health due to its accumulation in the food chain [5, 6].
It has been classified as group (I) a human carcinogen by the
International Agency for Research on Cancer (IARC) [7].
Cadmium toxicity may be characterized by a variety of

syndromes and effects, including renal dysfunction, hyper-
tension, hepatic injury, lung damage, and teratogenic effects
[8]. To removeCd pollutants, various treatment technologies,
such as precipitation, ion exchange, adsorption, and biosorp-
tion, have been employed [9]. Biosorption is one of the
promising techniques for removal of heavy metals. Biosorp-
tion utilizes the ability of biological materials to accumulate
heavy metals from waste streams by either metabolically
mediated or purely physicochemical pathways of uptake [10].
Among the biological materials investigated for heavy metal
removal, marine macroalgae have high uptake capacities for
a number of heavy metal ions [11, 12].

Green algae species of Ulvaceae, especially the members
of the green algal genus Ulva, have been considered as
monitors of heavy metals in estuaries [13–15]. Numerous
studies have shown that green macroalgae such as Ulva
lactuca are able to absorb Cd. These studies mainly focused
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on metabolism-independent Cd accumulation [6], synthetic
surfactants exerting impact on uptake of Cd [12], effect
of pH, contact time, biomass dosage and temperature on
the Cd uptake kinetics [2], and induced oxidative stress by
Cd [7]. However, little information is available regarding
physiological responses of different Ulva species to increased
Cd2+ concentrations.

In this study, Ulva prolifera and Ulva linza were studied
for their responses to different Cd2+ concentrations. Their
growth, chlorophyll fluorescence parameters, osmotic adjust-
ment ability, and accumulation of inorganic ions and organic
solutes were investigated in indoor seawater culture systems.
The specific objective of this study was to determine if there
was species variation in Cd2+ adaptation, and what were the
major physiological parameters involved in the adaptation.

2. Materials and Methods

2.1. The Seaweed Collection, Cultivation, and Cd2+ Treat-
ment. Green algae were collected from the sea in Dafeng
(Ulva prolifera) and Lianyungang (Ulva linza), Jiangsu
province, China. Upon arrival in the laboratory, the sea-
weeds were washed with distilled water and then cultured
in 250mL flasks containing 200mL of sterilized artificial
seawater (33.33 psu, pH 8.0) enriched with VSE medium
[16] for 5 d. The composition of artificial seawater was
(g L−1) HCO

3

− 0.25, SO
4

2− 3.84, Cl− 17.45, Ca2+ 0.76,
Mg2+ 1.00, K+ 0.57, and Na+ 9.46. The composition
of VSE nutrient solution was (mg L−1) NaNO

3
42.50,

Na
2
HPO
4
⋅ 12H
2
O 10.75, FeSO

4
⋅7H
2
O 0.28, MnCl

2
⋅4H
2
O

0.02, Na
2
EDTA⋅2H

2
O 3.72, vitamin B

1
0.20, Biotin 0.001,

and vitamin B
12
0.001. After 5 d acclimation, healthy samples

(0.5 g fresh weight) were cultured in 250mL flasks with
200mL medium as described earlier. CdCl

2
was added to

each flask at the following concentrations: 0, 5, 10, 20, 40,
80, or 120𝜇mol L−1. After 7 d treatment, U. prolifera and U.
linza were harvested and analyzed for selected parameters
as described later. All experiments were performed in three
replicates. During the preculture and the treatment, seaweeds
were grown in a GXZ intelligent light incubator at temper-
ature of 20 ± 1∘C, light intensity of 50 𝜇molm−2 s−1, and
photoperiod of 12/12 h.The culturemediumwas altered every
other day.

2.2. Measurement of Relative Growth Rate (RGR). Fresh
weight was determined by weighing the algae after blotting
by absorbent paper. RGR was calculated according to the
formula RGR (%d−1) = [ln(𝑀

𝑡
/𝑀

0
)/𝑡]× 100%, where𝑀

0
and

𝑀

𝑡
are the fresh weights (g) at days 0 and 7, respectively [17].

2.3. Measurement of Osmotic Adjustment Ability (OAA).
Saturated osmotic potential was measured by the freezing-
point depression principle. Seaweeds were placed in double-
distilled water for 8 h and then rinsed 5 times with double-
distilled water. After blotting dry with absorbent paper,
seaweeds were dipped into liquid nitrogen for 20min. The
frozen seaweeds were thawed in a syringe for 50min, and the

seaweed sapwas then collected by pressing the seaweed in the
syringe [18].The𝜋

100
wasmeasured by using a fully automatic

freezing-point osmometer (8P, Shanghai, China). OAA was
calculated by the following equation:

Δ𝜋

100
= 𝜋

𝜇

100

− 𝜋

s
100

, (1)

whereby 𝜋𝜇
100

was the 𝜋
100

of control seaweeds, and 𝜋s
100

was
the 𝜋
100

of Cd2+-stressed seaweeds.

2.4. Measurements of Chlorophyll (Chl) and Carotenoid (Car)
Contents. Determination of Chl and Car was carried out by
the method of Häder et al. [19]. Weighed 0.1 g fresh seaweeds
were cut with scissors and extracted with 95% (v/v) ethanol
(10mL) in the dark for 24 h. The absorbance of pigment
extract was measured at wavelengths of 470, 649, and 665 nm
with a spectrophotometer. From the measured absorbance,
concentrations of Chl a, Chl b, and Car were calculated on a
weight basis.

2.5. Determination of Chlorophyll Fluorescence Parameters. A
PHYTO-PAM Phytoplankton Analyzer (PAM 2003, Walz,
Effeltrich, Germany) was used to determine in vivo chloro-
phyll fluorescence from chlorophyll in photosystem II (PSII)
using different experimental protocols [19]. Before determi-
nation, samples were adapted for 15min in the total darkness
to complete reoxidation of PSII electron acceptor molecules.
The maximal photochemical efficiency of PSII (Fv/Fm) and
the actual photochemical efficiency of PSII in the light (Yield)
were then determined.

2.6. Measurement of Nitrogen (N) and Phosphorous (P) Con-
centrations. Dried samples were ground in a mortar and
pestle. Total N in seaweed tissue was analyzed by an N gas
analyzer using an induction furnace and thermal conductiv-
ity. Total P in seaweed tissuewas quantitatively determined by
Inductively Coupled Plasma Atomic Emission Spectrometry
(ICP-AES, Optima 2100DV, PerkinElmer, USA) following
nitric acid/hydrogen peroxidemicrowave digestion.The total
amounts of N and P in the seaweed tissue were calculated by
multiplying N and P contents in tissue as a proportion of dry
weight by the total dry weight of the sample [20].

2.7. Measurement of Inorganic Elements. After 7 d, seaweeds
were harvested, washed, and oven-dried at 65∘C for 3 d. A
50mg sample was ashed in a muffle furnace. The ash was
dissolved in 8mL of HNO

3
: HClO

4
(3 : 1, v : v) and diluted

to 50mL with distilled water. The contents of Cd, Na, K,
Ca, andMg were determined by Inductively Coupled Plasma
Atomic Emission Spectrometry (ICP-AES, Optima 2100DV,
PerkinElmer, USA) [21]. To determine Cl content, the ash
was dissolved in 100mL distilled water and analyzed by
potentiometric titration with silver nitrate (AgNO

3
) [18].

Total nitrate was measured as described previously [22] with
nitrate extracted from the tissue by boiling fresh seaweeds
(20mg) in distilled water (400 𝜇L) for 20min. The nitrate
concentrations in the samples were measured spectrophoto-
metrically at 540 nm.
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2.8. Measurement of Organic Solutes. Soluble sugars (SS)
determination was carried out by the anthrone method [23].
Water extract of fresh seaweeds was added to 0.5mL of
0.1mol L−1 anthrone-ethyl acetate and 5mL H

2
SO
4
. The

mixture was heated at 100∘C for 1min, and its absorbance
at 620 nm was read after cooling to room temperature. A
calibration curve with sucrose was used as a standard. Soluble
proteins (SPs) were measured by Coomassie Brilliant Blue G-
250 staining [24]. Fresh seaweeds (0.5 g) were homogenized
in 1mL phosphate buffer (pH 7.0). The crude homogenate
was centrifuged at 5,000 g for 10min. An aliquot of 0.5mL
of freshly prepared trichloroacetic acid (TCA) was added
and mixture centrifuged at 8.000 g for 15min. The pellets
were dissolved in 1mL of 0.1mol L−1 NaOH, and 5mL of
Bradford reagent was added. Absorbance was recorded at
595 nm using bovine serum albumin as a standard. Free
amino acids (FAAs)were extracted and determined following
the method of Zhou and Yu [23]. A total of 0.5 g fresh tissue
was homogenized in 5mL 10% (w/v) acetic acid, extracts were
supplemented with 1mL distilled water and 3mL ninhydrin
reagent, then boiled for 15min and fast cooled, and the
volume was made up to 5mL with 60% (v/v) ethanol.
Absorbance was read at 570 nm. The content of total free
amino acids was calculated from a standard curve prepared
using leucine. Proline (PRO) concentration was determined
spectrophotometrically by adopting the ninhydrinmethod of
Irigoyen et al. [25]. We first homogenized 300mg fresh leaf
samples in sulphosalicylic acid. To the extract, 2mL each of
ninhydrin and glacial acetic acid were added. The samples
were heated at 100∘C.Themixturewas extractedwith toluene,
and the free toluene was quantified spectrophotometrically
at 528 nm using L-proline as a standard. Organic acids (OAs)
were extracted with boiling distilled water.The concentration
of total OAwas determined by 0.01mmol L−1 NaOH titration
method, with phenolphthalein as indicator [26].

2.9. Statistical Analyses. All experiments were performed in
three replicates. The data are presented as the mean ± SD.
Datawere analyzed using SPSS statistical software. Significant
differences between means were determined by Duncan’s
multiple range test. Unless otherwise stated, differences were
considered statistically significant when 𝑃 ≤ 0.05. Statistical
analysis on two-way variance analysis (ANOVA), and corre-
lation coefficient was performed using Microsoft Excel.

3. Results

3.1. Effect of Cadmium Stress on RGR and OAA of U. prolifera
and U. linza. Compared to the control, treatments with
5 𝜇mol L−1 Cd2+ for 7 d did not change RGR of U. linza,
but significantly decreased RGR of U. prolifera. The RGR of
both Ulva species was significantly decreased as Cd2+ con-
centration increased. After 7 d exposure to 10, 20, 40, 80; or
120𝜇mol L−1 Cd2+, RGR of U. linza decreased by 53, 75, 116,
177, and 277%, respectively; U. prolifera decreased by 93, 139,
271, and 357%, respectively. U. prolifera died at 120𝜇mol L−1
Cd2+ on day 7 (Figure 1).
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Figure 1: Effects of different concentrations of Cd2+ (0, 5, 10, 20, 40,
80, and 120 𝜇mol L−1) on relative growth rate (RGR) in U. prolifera
and U. linza.

The OAA of both species was enhanced by low Cd2+
concentration treatments. The enhancement occurred at 5
and 10 𝜇mol L−1 for U. prolifera and 5, 10 and 20𝜇mol L−1
for U. linza (Figure 2). However, OAA was negative when U.
prolifera was treated by 20, 40, and 80𝜇mol L−1 Cd2+, and U.
linza treated by 40 and 80 𝜇mol L−1 Cd2+ (Figure 2).

3.2. Effect of Cadmium Stress on Cadmium Content in U.
prolifera and U. linza. Cadmium contents in U. prolifera
and U. linza increased as Cd2+ concentrations increased
(Figure 3). At 5, 10, 20, 40, and 80 𝜇mol L−1Cd2+, Cd contents
in U. prolifera was 32, 78, 114, 140, and 165 times of the Cd2+
= 0 treatment, respectively, and 10, 26, 44, 65, and 79 times of
its control treatment in U. linza, respectively.

3.3. Effect of Cadmium Stress on Chl and Car Contents in U.
prolifera and U. linza. Both Chl and Car contents decreased
with the increased Cd2+ concentration. There was no signifi-
cant change in Chl andCar when both species were treated by
5 and 10 𝜇mol L−1 Cd2+ for 7 d. However, significant declines
in Chl and Car contents were observed when they were
exposed to 20, 40, or 80𝜇mol L−1 Cd2+. Compared to the
control treatment, Chl contents decreased by 18, 25, and 45%
at 20, 40, and 80𝜇mol L−1 Cd2+ in U. prolifera, respectively;
and the decreaseswere 16, 20, and 39% inU. linza, respectively
(Figure 4(a)). The Car content declined by 16, 29 and 54% at
20, 40 and 80 𝜇mol L−1 Cd2+ in U. prolifera, respectively; and
by 13, 16, and 44% in U. linza, respectively (Figure 4(b)).
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Figure 3: Effects of different concentrations of Cd2+ (0, 5, 10, 20, 40,
and 80 𝜇mol L−1) on cadmium concentration of U. prolifera and U.
linza.

3.4. Effect of Cadmium Stress on Chlorophyll Fluorescence
Parameters of U. prolifera and U. linza. Compared to the
control treatment, Fv/Fm of U. prolifera and U. linza were
not significantly affected by the treatments of 5 or 10 𝜇mol L−1
Cd2+. However, Fv/Fm of both Ulva species fell significantly

when Cd2+ concentrations reached 20𝜇mol L−1. In compar-
ison with the control, Fv/Fm of U. prolifera decreased 17, 22,
and 31% at 20, 40, and 80𝜇mol L−1 Cd2+; whereas Fv/Fm of
U. linza decreased 9, 10, and 15% after exposure to 20, 40,
or 80 𝜇mol L−1 Cd2+, respectively (Figure 5(a)). For actual
photochemical efficiency of PSII (Yield) of U. prolifera, there
was an obvious decrease when Cd2+ concentrations rose
from 20 to 80 𝜇mol L−1; whereas Yield of U. linza showed no
significant decline until Cd2+ concentration was 80𝜇mol L−1
(Figure 5(b)).

3.5. Effect of Cadmium Stress on Contents of N and P in U.
prolifera and U. linza. Contents of N and P in both Ulva
species showed a declining trend after an initial increase.The
highest N content was recorded at 10 𝜇mol L−1 Cd2+ in U.
prolifera and at 20𝜇mol L−1 Cd2+ inU. linza. N contents inU.
linza in all Cd2+ treatments were higher than those of control;
however, in U. prolifera, N contents at 20, 40, or 80 𝜇mol L−1
Cd2+ were significantly decreased compared to the control
(Figure 6(a)).

U. prolifera had the highest P concentration at 5𝜇mol L−1
Cd2+; but the highest P concentration was observed when
U. linza was treated by 10 𝜇mol L−1 Cd2+. The P contents
decreased 31, 40, and 54% at 20, 40, and 80 𝜇mol L−1 Cd2+
in U. prolifera, respectively. Compared to the control, the
P concentration of U. linza at 20𝜇mol L−1 Cd2+ increased
significantly, and then decreased by 11 and 27% under 40, and
80 𝜇mol L−1 Cd2+, respectively (Figure 6(b)).

3.6. Effect of Cadmium Stress on Inorganic Elements of U.
prolifera and U. linza. The Na+ content of U. prolifera grown
at 5 or 10𝜇mol L−1 Cd2+ was not significantly different from
the control, and it increased by 42, 67, and 83% at 20, 40,
and 80𝜇mol L−1 Cd2+, respectively. However, in U. linza, 5,
10, 20, and 40 𝜇mol L−1 Cd2+ had no significant influence on
Na+ content, and 80 𝜇mol L−1 Cd2+ increased Na+ content
by 36% (Table 1). The K+ content of U. prolifera grown at
5 or 10 𝜇mol L−1 Cd2+ remained unaffected compared to
the control; it decreased significantly by 41, 45, and 62% at
20, 40, and 80 𝜇mol L−1 Cd2+, respectively. In U. linza, 5,
10, and 20𝜇mol L−1 Cd2+ had no significant influence on
K+ content, whereas 40 and 80 𝜇mol L−1 Cd2+ decreased
K+ content by 34 and 50%, respectively (Table 1). The Ca2+
content of U. prolifera grown at 5, 10, 20, or 40𝜇mol L−1
Cd2+ remained unaffected, but increased significantly (24%)
at 80𝜇mol L−1 Cd2+. However, in U. linza, 5 and 10𝜇mol L−1
Cd2+ had no significant influence on Ca2+ contents, whereas
20, 40, and 80 𝜇mol L−1 Cd2+ increased Ca2+ content by
22, 39, and 50%, respectively (Table 1). The Mg2+ content
of U. prolifera grown at 5, 10, 20, 40 or 80 𝜇mol L−1 Cd2+
remained unaffected. With increasing Cd2+ concentrations,
Mg2+ contents ofU. linza showed an increasing trend after an
initial decline (Table 1). The Cl− contents appeared to have a
declining trend with increasing Cd2+ concentration similarly
to Mg concentrations. However, no obvious difference in Cl−
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Figure 4: Effects of different concentrations of Cd2+ (0, 5, 10, 20, 40, and 80𝜇mol L−1) on chlorophyll content (a) and carotenoid content (b)
in U. prolifera and U. linza.

contents among all Cd2+ treatments was noted in the two
Ulva species (Table 1). Nitrate content in U. prolifera showed
an uptrend with increasing Cd2+ concentration; however,
with increasing Cd2+ concentrations, nitrate content of U.
linza showed a decline trend after an initial increase. We
also found that nitrate contents of U. linza were much more
than those of U. prolifera under all treatments except for
80 𝜇mol L−1 Cd2+ treatment (Table 1).

The K+/Na+ and Ca2+/Na+ ratios in U. prolifera were
not influenced by 5 and 10 𝜇mol L−1 Cd2+, but they showed
declining trends at 20, 40, and 80 𝜇mol L−1 Cd2+ (Table 1). In
U. linza, 5 and 10 𝜇mol L−1 Cd2+ had no significant influence
on the K+/Na+ ratio, whereas 20, 40, and 80𝜇mol L−1 Cd2+
decreased that ratio by 6, 45, and 64%, respectively. However,
in U. prolifera, 20, 40, and 80 𝜇mol L−1 Cd2+ decreased
the K+/Na+ ratio by 55, 65, and 78%. No Cd2+ treatment
significantly changed the Ca2+/Na+ ratio in U. linza.

3.7. Effect of Cadmium Stress on Organic Solutes in U. prolifera
and U. linza. With increasing Cd2+ concentration, soluble
sugar (SS) content appeared to have an ascending trend
after an initial decline in both Ulva species. In U. prolifera,
40 𝜇mol L−1 Cd2+ did not change the SS content, and
80 𝜇mol L−1 Cd2+ increased SS concentration by 27% com-
pared to the control. However, inU. linza, 40 and 80𝜇mol L−1
Cd2+ increased SS content by 40 and 90%, respectively

(Table 2). In U. prolifera and U. linza, 5 𝜇mol L−1 Cd2+
significantly increased free amino acid (FAA) content by 25
and 16%, respectively. However, 10 𝜇mol L−1 Cd2+ had no
obvious change on FAA contents of the two Ulva species.
Treatments with 20, 40, and 80 𝜇mol L−1 Cd2+ significantly
decreased FAA content by 52, 79, and 87% in U. prolifera and
by 2, 25, and 43% inU. linza (Table 2). Proline (PRO) content
was greatly enhanced by Cd2+ treatments in both Ulva
species. At 5, 10, 20, 40, and 80 𝜇mol L−1 Cd2+, PRO content
was increased 154, 431, 715, 1031, and 1069%, respectively, in
U. prolifera; and increased 147, 420, 726, 1040, and 1147%,
respectively, in U. linza (Table 2). Organic acid (OA) content
in U. prolifera was not affected at 5, 10 and 20𝜇mol L−1 Cd2+,
and OA concentration inU. linzawas not affected at 5, 10, 20,
and 40 𝜇mol L−1 Cd2+. Treatments with 40 and 80𝜇mol L−1
Cd2+ decreased OA content by 29 and 47%, respectively,
in U. prolifera, whereas in U. linza only 80 𝜇mol L−1 Cd2+
decreased OA content by 27% (Table 2). The soluble protein
(SP) content in the two Ulva species was not affected at
5, 10 and 20𝜇mol L−1 Cd2+ and was decreased at 40 and
80 𝜇mol L−1 Cd2+. Treatments with 40 and 80𝜇mol L−1 Cd2+
significantly decreased SP content by, respectively, 16 and 42%
in U. prolifera and by 8 and 25% in U. linza (Table 2).

3.8. CorrelationAnalysis betweenRGRandOther Physiological
and Biochemical Indexes under Cadmium Stress. Correlation
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Figure 5: Effects of different concentrations of Cd2+ (0, 5, 10, 30, 40, and 80 𝜇mol L−1) on Fv/Fm (a) andYield (actual photochemical efficiency
of PSII) (b) of U. prolifera and U. linza.

analysis indicated that RGR of bothUlva species was insignif-
icantly related to contents of Chl, Car, Na+ and Mg2+, and
the Ca2+/Na+ ratio. In contrast, RGR was highly negative
correlated with the contents of Cd2+, Ca2+, SS, and PRO,
and highly positive correlated with the contents of N, P, K,
Cl, FAA, OA and SP, K+/Na+ ratio, OAA, Fv/Fm, and Yield
(Table 3).

4. Discussion

Plant growth can be suppressed by Cd [7, 17]. It was reported
that Ulva lactuca was sensitive to cadmium, as obviously
shown by growth reduction and lethal effects at 40𝜇mol L−1
Cd2+ within 6 days [27]. In the study presented here,
U. prolifera and U. linza, the dominant free-floating Ulva
species of green tide bloom in the Yellow Sea of China [28],
showed sensitivity to Cd2+ (reduction in RGR, Fv/Fm, and
Yield). Furthermore, this reduction was found to be more
pronounced inU. prolifera thanU. linza. After 7 d,U. prolifera
died at 120𝜇mol L−1 Cd2+, whereas U. linza was still alive
(Figures 1 and 4).This result indicated thatU. linza had better
adaptation to Cd2+ toxicity than U. prolifera.

It is known that marine macroalgae can concentrate
heavy metals to a large extent [2, 29]. In this study, Cd
accumulation in U. prolifera and U. linza increased sig-
nificantly in response to increased Cd2+ concentrations.
However, U. prolifera accumulated more Cd than U. linza
(Figure 3). In general, plant accumulation of a given metal

is a function of uptake capacity and intracellular binding
sites [30]. The cell walls of plant cells contain proteins and
different carbohydrates that can bind metal ions. After the
binding sites in the cell wall become saturated, intracellular
Cd accumulation mediated by metabolic processes may lead
to cell toxicity [31].

Ulva species are widely distributed in the coastal inter-
tidal zones where had full change on salinity level. Thus,
manyUlva species have strongOAA to copewith variable and
heterogeneous environments. Similarly to a number of other
stresses, heavy metal toxicity can decrease cell water content
and lower the cell water potential (𝜓

𝑤
) through increased

net concentrations of solutes (osmotic adjustment), which
is a common response to water stress and an important
mechanism for maintaining cell water content and, thus,
turgor [18, 32]. In our experiments, OAA of U. linza had
positive values in the treatments with 5, 10, or 20𝜇mol L−1
Cd2+, whereas U. prolifera had positive OAA only at 5 and
10 𝜇mol L−1 Cd2+ (Figure 2). When OAA values inUlvawere
positive, that is, OAA contributed tomaintaining turgor,Ulva
could continue growing, and RGR was positive. However,
when OAA in Ulva was negative resulting in turgor loss,
the growth was stopped, and RGR was negative. Correlation
analysis also showed that RGRwas positively related to OAA,
suggesting that OAAplayed an important role inmaintaining
algal growth. Also, good osmotic adjustment enabled plants
to maintain high photosynthetic activity (Figure 5).

Cadmium is a nonessential element for plant growth,
and it inhibits uptake and transport of many macro- and
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Figure 6: Effects of different concentrations of Cd2+ (0, 5, 10, 20, 40, 80 𝜇mol L−1) on contents of N (a) and P (b) of U. prolifera and U. linza.

micronutrients, inducing nutrient deficiency [7, 17]. Con-
tradictory data can be found in the literature on the effects
exerted by Cd2+ on terrestrial plant. Cadmium was reported
to reduce uptake of N, P, K, Ca, Mg, Fe, Zn, Cu, Mn, Ni, and
Na in many crop plants [33], whereas other authors found
reducedKuptake but unchangedPuptake or even an increase
in K content of several crop varieties under Cd2+ stress
[34, 35]. Obata and Umebayashi [36] reported that Cd2+
treatment increased Cu content in the roots of pea, rice, and
maize, but unchanged Cu content in cucumber and pumpkin
plants. With Cd2+ stress, Maksimović et al. [37] observed a
reduction in themaize root influx and root-shoot transport of
Cu, Zn, andMn, a reduction in the root-shoot transport of Fe,
but an increase in Fe influx and Ca and Mg transport. In this
study, the response of total N and P concentrations in tissues
of the two Ulva species to Cd2+ treatments was positively
related to their Cd resistance. We found that the treatment
with low concentration of Cd2+ enhanced N and P contents,
but high concentrations of Cd2+ (≥20𝜇mol L−1) decreased
N and P contents in both Ulva species. The maintenance
of total N and total P was more pronounced in less Cd-
sensitive U. linza than Cd-sensitive U. prolifera (Figure 6).
This suggests that the maintenance of a normal level of total
N content upon challenge with Cd is likely to be a feature in
relative Cd-resistant marine macroalga, similarly to terres-
trial plants [38]. In Ulva, we found that the contents of K+,
Ca2+, and Cl− were related to RGR, especially K+reduction
caused Ulva growth reduction significantly (Table 1). Thus,
the K+/Na+ ratio in both Ulva species decreased signifi-
cantly with increasing Cd2+ treatment concentrations, and

Cd2+-sensitive U. prolifera showed a greater K+/Na+ decline
than Cd2+-sensitive U. linza (Table 1).

We measured a decline in soluble sugar (SS) concentra-
tion at low Cd2+ treatment concentrations and an increase
at high Cd2+ concentrations in both Ulva species. Moreover,
the SS increase of U. linza is more marked than that of U.
prolifera. In other studies, the decline in SS concentration cor-
responded with the photosynthetic inhibition or stimulation
of respiration rate, affecting carbon metabolism and leading
to production of other osmotica [39]. The accumulating
soluble sugars in plants growing in presence of Cd2+ could
provide an adaptive mechanism via maintaining a favorable
osmotic potential under adverse conditions of Cd2+ toxicity
[40].

Soluble protein (SP) content in organisms is an important
indicator of metabolic changes and responds to a wide
variety of stresses [41]. In this work, SP contents in U.
prolifera andU. linza declinedwith increasingCd2+ treatment
concentrations. Free amino acid (FAA) contents in both
Ulva species first increased and then declined, with such a
decline more pronounced in U. prolifera than in U. linza.
The decreased protein content together with the increased
free amino acid content suggest that the protein synthesizing
machinery was impaired due to the Cd2+ effect [42].

PRO accumulation in plant tissues in response to a
number of stresses, including drought, salinity, extreme
temperatures, ultraviolet radiation, or heavy metals, is well
documented [43]. In this study, even though PRO content
was increased in Cd2+-treated Ulva, its absolute amount was
relatively low. Under assumed localization of inorganic ions
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Table 2: Effects of different concentration of Cd2+ (0, 5, 10, 30, 40, and 80 𝜇mol L−1) on organic solute content of U. prolifera and U. linza.

Cd2+ treatment SS FAA PRO OA SP
𝜇mol L−1 mmol g−1 DW mmol g−1 DW mmol g−1 DW mmol g−1 DW mg g−1 DW

U. prolifera

0 0.15 ± 0.02 b 1.03 ± 0.05 b 0.13 ×10−3 ± 0.02× 10−3 e 0.17 ± 0.01 a 42.15 ± 2.33 a
5 0.15 ± 0.02 b 1.29 ± 0.12 a 0.33 ×10−3 ± 0.02× 10−3 d 0.17 ± 0.01 a 41.38 ± 2.76 a
10 0.12 ± 0.01 bc 1.10 ± 0.04 ab 0.69 ×10−3 ± 0.04× 10−3 c 0.19 ± 0.02 a 40.45 ± 1.86 a
20 0.10 ± 0.01 c 0.49 ± 0.11 c 1.06 ×10−3 ± 0.07× 10−3 b 0.16 ± 0.02 a 38.39 ± 2.75 ab
40 0.14 ± 0.01 b 0.22 ± 0.05 d 1.47 ×10−3 ± 0.09× 10−3 a 0.12 ±0.01 b 35.53 ± 2.63 b
80 0.19 ± 0.01 a 0.13 ± 0.06 d 1.52 ×10−3 ± 0.12× 10−3 a 0.09 ± 0.01 c 24.35 ± 1.88 c

U. linza

0 0.10 ± 0.01 cd 1.23 ± 0.03 b 0.15 ×10−3 ± 0.05× 10−3 f 0.11 ± 0.02 a 39.27 ± 1.22 a
5 0.10 ± 0.01 cd 1.43 ± 0.09 a 0.37 ×10−3 ± 0.02× 10−3 e 0.12 ± 0.01 a 38.89 ± 2.37 ab
10 0.07 ± 0.01 d 1.21 ± 0.10 b 0.78 ×10−3 ± 0.03× 10−3 d 0.13 ± 0.01 a 38.52 ± 2.67 ab
20 0.10 ± 0.01 c 1.20 ± 0.06 b 1.24 ×10−3 ± 0.08× 10−3 c 0.14 ± 0.02 a 37.13 ± 1.89 ab
40 0.14 ± 0.02 b 0.97 ± 0.06 c 1.71 ×10−3 ± 0.07× 10−3 b 0.12 ± 0.01 a 35.95 ± 2.41 b
80 0.19 ± 0.01 a 0.76 ± 0.08 d 1.87 ×10−3 ± 0.15× 10−3 a 0.08 ± 0.01 b 29.34 ± 1.87 c

Different letters in the same column indicate statistical difference according to Duncan’s multiple range test (𝑃 ≤ 0.05). “SS, FAA, PRO, OA, and SP” in the
table indicate the content of soluble sugar, free amino acid, proline, organic acid, and soluble protein, respectively.

Table 3: Correlation coefficients between RGR and other indices for
U. prolifera and U. linza.

Index Correlation coefficient
Chl content 0.072
Car content 0.198
Fv/Fm 0.830∗∗

Yield 0.858∗∗

Cd2+ content −0.899∗∗

N content 0.561∗∗

P content 0.687∗∗

OAA 0.766∗∗

Na+ content −0.138
K+ content 0.881∗∗

Ca2+ content −0.677∗∗

Mg2+ content 0.060
Cl− content 0.444∗∗

K+/Na+ 0.627∗∗

Ca2+/Na+ −0.079
SS content −0.617∗∗

FAA content 0.828∗∗

PRO content −0.841∗∗

OA content 0.731∗∗

SP content 0.752∗∗
∗Significant at 5% level, ∗∗significant at 1% level (two-tailed, 𝑛 = 18).

in the vacuole and organic solutes in the cytoplasm, FAA
and PRO may be mainly in the cytoplasm, accounting for
about 5%–10% volume in mature cells [44]. A small amount
of FAA and PRO accumulating in the cytoplasm can increase
concentration significantly and play an important role in
balancing vacuolar osmotic potential [44]. It has often been
suggested that PRO accumulation may contribute to osmotic
adjustment at the cellular level [39]. In addition, PRO as a

compatible solute may protect enzymes from dehydration
and inactivation [18].

In conclusion, exposing U. prolifera and U. linza to
different concentrations of Cd2+ resulted in the changes in
growth, pigment content, chlorophyll fluorescence param-
eters, Cd accumulation, OAA, and concentration of N, P,
main inorganic ions, and organic solutes. These changes
make U. linza better adapted to withstanding Cd2+ stress in
comparison withU. prolifera. Our results highlight the role of
osmotic adjustment in Ulva during Cd2+ stress as an impor-
tant mechanism enabling Ulva to maintain photosynthetic
activity and, thus, growth under Cd2+ stress.
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