Journal of Plant Molecular Breeding (2015), 3(2): 28-35

The responses of L-gulonolactone oxidase and HK72;1 genes in
Aeluropus littoralis’ shoots under high concentration of sodium chloride

Khalil Malekzadeh!, Ali Niazi?, Farajollah Shahriari-Ahmadi'*, Amin Mirshamsi-Kakhaki!,
Mohammad Zare-Mehrjerdi?

IDepartment of Biotechnology and Plant Breeding, Faculty of Agriculture, Ferdowsi University of Mashhad, Iran
ZBiotechnology Institute, Faculty of Agriculture, Shiraz University, Iran

3Shirvan Higher Education Complex, Iran

ABSTRACT: Salinity is one of the most important abiotic stresses that limit crop growth and production. Salt stress
influences plants in two ways: by affecting ion toxicity and increasing osmotic stress. Ion homeostasis, the excretion of
Nat* and using antioxidant systems are the major strategies of salt tolerance in plants. Na* and K* transporters with
enzymes that are involved in detoxification of reactive oxygen species play key roles in salt tolerance in plants. The aim
of this study was to investigate the responses of high affinity K* transporter2;1 gene (HK72;/) which is involved in
regulation of ion homeostasis and L-gulonolactone oxidase (GLOase) which is involved in the ascorbic acid biosynthesis
pathway, under different concentrations of NaCl over different time points in Aeluropus littoralis shoots. Results from
Real Time PCR data showed that expressions of both genes were influenced by external and internal concentrations of
Nat* and the internal K* content. A/HK72;1 was significantly upregulated by increasing Na* concentration at all time
points. Furthermore, its highest expression level in shoots occurred after 6 days in 300mM NacCl in shoots which was
25folds more than untreated shoots. A/GLOase expression levels increased 54 h after initiation of salt stress. These results
indicate that A/HKT2;1 and AIGLOaserespond to different salinity conditions and probably are part of the mechanisms
involved in tolerance to high salt concentrations in A. /ittoralis.
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INTRODUCTION

The main aim of plant breeding is to increase crops yields
and generate new cultivars that tolerate different growth
conditions. World population is growing rapidly and it is
needed to produce more food annually (12, 25).

Abiotic stresses have significant effects on crops and limit
their growth and yield (31). Among abiotic stresses,
salinity is a major stress that affects more than 20 percent
of irrigated agricultural land worldwide (6). In arid areas,
due to improper use of natural resources and applying
unsuitable technologies, especially irrigation in crop
production, considerable parts of cultivated lands have
faced salinity (6, 17). Unfortunately, because of co-
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occurrence of several types of stresses and a variety of
mechanisms that occur simultaneously, in many cases, the
mechanisms that crops use tolerate abiotic stresses and
maintain their yield, are poorly understood (25). Not only
abiotic stresses have complicated signals, but also they
have complex responses in plants (12, 21, 25). In addition,
the variation in sensitivity of crops to abiotic stresses in
different growth stages makes difficulties to apply a
reverse genetics approach to study the tolerance of crops
(8, 19). Therefore, identifying natural variation of abiotic
stress tolerance in varieties, landraces and wild relatives
of crops, and studying the traits that are involved in



29

Journal of Plant Molecular Breeding (2015) 3(2): 28-35

tolerance are highly prior approaches (25). Salinity is a
soil condition characterized by a high concentration of
soluble salts. Sodium chloride is highly soluble and the
most abundant salt in saline soils (21) which causes plants
to expose Na* toxicity (20). High concentration of salt
also makes water uptake harder and leads to water
deficiency. Osmotic stress of water shortage leads to the
generation of reactive oxygen species (ROS) (23). When
ROS accumulates in a large amount, cell membranes will
damage and chlorophyll degradation will occur that will
lead to the decline of net photosynthesis (5, 23). Plants
have different strategies to reduce pernicious influences
of high concentrated sodium, such as limiting the entry of
sodium ion into root cells, Na* exclusion from leaf blades,
cellular compartmentalization of excessive Na* into the
vacuole and increasing K* uptake to rebalance K*/Na*
ratio (6, 21, 30) and improving ROS detoxification
systems including enzymatic and non-enzymatic
antioxidants, such as ascorbic acid (1, 6, 10, 22). Ascorbic
acid (AsA) is the most abundant antioxidant that plays a
main role in minimizing the damage caused by ROS in
plants. It is found in all plant tissues and its highest
concentration is in green matured leaves (10).

The potential of plants to tolerate salt stress is also
significantly dependent on K* availability (20). Potassium
plays an essential role in a wide range of both biophysical
and biochemical processes such as enzyme activation,
protein  synthesis, photosynthesis, osmoregulation,
stomatal movement, energy transfer, phloem transport,
cation-anion balance and stress tolerance (4, 30). K*
deficiency can be usually observed under salinity stress.
Although most plants are adaptable to different
concentrations of external K*, but the range of
physiological concentrations of K* is strictly limited in
the presence of increasing amounts of sodium (20). The
increasing potassium in saline culture solution not only
takes up K* concentrations in plant tissue, but also
decreases Na* content. Moreover it was shown that it led
to growth increase and salt tolerance. Most reports show
that it is not only pure internal concentration of Na* that
affects on salt tolerance, but the K*/Na™* ratio is also more
important to determine plant salt tolerance (30). The
maintenance of K*/Na* ratio depends on coordinated
activities of ion transport systems located at plasma and
vacuolar membranes (20). Transporters, belonging to the
HKT (high affinity potassium transporter) family play a
key role in salt tolerance by regulating transportation of
Nat and K* (4, 12, 30). Two classes of HKT Transporters

have been identified with different properties and cell

membrane location to regulate Na*t and K* homeostasis
(14, 15). Studies on crops HKT transporters indicated that
they are more effective in potassium related salt tolerant
responses than potassium nutrition (4). This study is
carried out due to the role of ascorbic acid and potassium
in salt tolerance and the importance of A. /itforalis as a
salt tolerant wild member of Poaceae. In the present
study, the responses of L-gulonolactone oxidase
(GLOase) a gene in ascrobate synthesis pathway and a
gene of HKT family (subclass II) are evaluated under salt
stress condition. Moreover some physiological traits
related to K* balance in shoots of A. Ilittoralis are
investigated.

MATERIALS AND METHODS

Plant material

The A. littoralis seeds were received from ICRASN
(Isfahan Center for Research of Agricultural Science and
Natural Resources). Seeds were grown in pots containing
sand and remained in a growth chamber (12/12 day/night,
Temp.18/22). Twenty-day old seedlings were moved to a
hydroponic system containing Yoshida solution (11) (pH:
5-6, 16/8 day/night, Temp. 25 °C). The pH of the Yoshida
solution in the hydroponic system was checked every day
and the medium was refreshed every eight days. The
salinity stress was induced on two-month old seedlings by
adding NaCl in the solution gradually at a rate of 100 mM
per 48 h until reaching 300 mM. Half of these plants were
grown as control plants on a non-stress condition. The
salinity stress experiment was conducted based on a
completely randomized design with three biological
replicates. The sampling of shoots was done at
6h/100mM, 6h/200mM, 6h/300mM, 48h/300mM,
6d/300mM and 11d/300mM. The sampling of control
plants was also done simultaneously with treated ones.

Sodium and Potassium Concentrations

To determine the concentrations of Na* and K* in the
shoot tissues, the sampling was done simultaneously with
qRT-PCR sampling with three biological replicates. After
sampling, each sample was weighed and then placed in a
72°C oven for 48 hours. The measurement of Na* and K*
concentrations was performed according to a wet ashing
method. The protocol was adjusted for 15 mg of tissues

(.
RNA extraction and qRT-PCR

RNA was extracted from shoots using Denazist Column
RNA Isolation Kit (#S-1020, Iran) followed by DNase
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digestion (Thermo Scientific DNase I #EN0525, USA).
The synthesis of first strand cDNAs was performed in a
20 pL reaction containing 1.5 pg total RNA by using
Thermo Scientific RevertAid First Strand cDNA
Synthesis Kit (#K1622).

GLOQOase primers were designed according to an EST
sequence related to L-gulonolactone oxidase (gb:
EE594874.1) and A/HKT primers were designed based
on the membranous HKT7T2;/ of A. lagopoides
(gb:KP081769.1). In order to normalize the qRT-PCR
data, primers for two housekeeping genes: 8Actin and
Elongation factor (EIf) were designed based on A.
littoralis gene sequence and EST databases (Table 1).
gqPCR reactions were carried out using RealQ Plus Master
Mix (AMPLIQON #A314402). Moreover, SpL of 1/16
diluted cDNA of each samples were used as a template in
20 pL final volume. qRT-PCR was performed on a Bioer
thermo cycler machine (Applied Bioer, LineGeneK) with
PCR condition of 94°C/10 min, 40 cycles of 94°C/10sec,
Ta (Table 1) /20sec and 72°C/25sec. Normalization of
gRT-PCR data was done by geometric averaging of
multiple internal control genes (28) and the relative gene
expression was calculated according to the comparative
Ct method (26).

Data analysis

All experiments were performed based on a completely
randomized statistical design with three biological
replicates. The gene expression analysis was done with
two identical technical replicates to increase the
reliability of data. Statistical tests of significance were
performed using the ANOVA in MINITAB v16 following
the Tukey multiple comparison procedure (a = 0.05) to

separate the means.

Table 1. Gene specific and reference primers used for qRT-
PCR in A. littoralis

. Primer sequence Ta Product
Primer oC
5'=3' %) (bp)
GCCAGGGTCTGCCGCTC
GLOase 10 AGTTATTGCCGCTGCTTG 61 136
GAAACCGAGCAACCCTGAC
AHKT:L ) 1o CTAAGTATCTAACGCTC 63 369
‘ TGCTGGCCGAGACCTTAC
BActin - GGCGAGCTTTTCCTTGATG 59 13

ACCTTCTCTGAATACCCTCCTCTG

it CTTCTCCACACTCTTGATGACTCC 65 20

RESULTS

The Na* concentration in treated plants increased from
4.4 to 25 mg g''DW shoot tissues and then it maintained
constantly after ten days of inducing salt stress. The
increasing of sodium concentration was not continuous
and was constant between 6h/200mM and 6h/300mM
NaCl (Figure 1). But, it appeared that the concentration of
Na* was consistent for about 2.5 mg g"'DW in the shoot
of control Aeluropus plants at all time points. Also, as it
is shown in Figure 2, the K* concentration in the shoot
tissue of control plants did not have significant changes
and maintained about 38 mg g''DW at all time points. In
contrast, concentration of K* in treated shoots decreased
gradually and reduced from 40 to 17 mg g"'DW.
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Figure 1. The fluctuation pattern of Na+ concentration in A.
Iittoralis shoot in the control and salt treated samples with three
biological replicates.

*Shows times from the initiation of the concentration.
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Figure 2. The fluctuation pattern of K* concentration in A.
Iittoralis’ shoot in the control and salt treated samples with three
biological replicates.

*Shows time from the initiation of the concentration.
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Figure 3. K*/Na* ratio in shoot of A. /ittoralis in the control and
salt treated samples with three biological replicates.

*Shows time from the initiation of the concentration.
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Figure 4. Dry/Fresh weight Ratio in A. Zittoralis’ shoot in the
control and salt treated samples with three biological replicates.
*Shows time from the initiation of the concentration.

The increasing sodium and decreasing K* concentration
in the shoot of treated plants led to reduction in K*/Na*
ratio significantly (Figure 3).

As it is illustrated, this ratio decreased rapidly for
6h/200mM NaCl, and after that, it decreased slowly. The
shoot dry/fresh weight (Dw/Fw) ratio was calculated for
both control and salt treated plants. As it is shown in
Figure 4, Dw/Fw ratio had been constantly maintained for
approximately 0.15 in control plants, however in treated
plants it increased from 0.15 to 0.18 for 6h/200mM NaCl
and then remained constant.

The expression level of L-gulonolactone oxidase gene
(GLOase) in shoots was affected by NaCl treatment. The
results showed GLOase relative expression was constant
for 6 h in 100mM NaCl, but then it increased for
48h/300mM NaCl, and it was about 4folds higher in
treated plant shoots than untreated ones (Figure 5).
Subsequently, the level of GLOase transcript decreased
and it reached a third of the level in the controls. Also
transcript levels of AIHKTZshowed a significant increase

NaCl Concentration/ Time point
Figure 5. Relative expression pattern of L-gulonolactone
oxidase in A. littoralis’ shoot under salinity stress.

*Shows time from the initiation of the concentration.
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Figure 6. Relative expression pattern of ALHKTZ2.1 in A.
littoralis’ shoot under salinity stress.

*Shows time from the initiation of the concentration.

at all time points in shoots of salt treated plants compared
to the controls (Figure 6).

The increase of AIHKTZ2expression in treated shoots was
about 2 times more than the controls for 6h/100mM and
48h/300mM NaCl. 6 days after reaching NaCl
concentration to 300mM, the mRNA abundance of
AIHKT? in the shoots of salt treated plants showed the
highest level and it was 25.34 times more than in shoots
of the controls.

DISCUSSION

In most plants, the redelivery of Na* from shoots to roots
is done in a small proportion of the Na* that is sent from
the roots to the shoots, so a large proportion of delivered
Na* to shoot remains in it, and the concentration of Na*
will reach the toxic level and cause cell death (21). A.
Iittoralis uses the salt excretion strategy to avoid increase
of Nat* concentration in shoot tissues. There are lots of

trichomes and salt glands in the surface of Aeluropus
leaves that specialized in excreting NaCl (2, 3).
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In our study, the initiation of salt excretion was observed
five days after the addition of salt in the medium. As the
investigated results implicated the concentration of Na*
was constant during 300mM NaCl treatment which was
25 mg g!'DW. The accumulation of Na* in shoots
increased by adding NaCl to culture media which is in
agreement with the results of Barhoumi er al. 2007. As it
is illustrated in Figure 1, the constancy of Na* content in
shoots between 6h/200mM and 6h/300mM NaCl is
probably due to beginning salt excretion form leaves and
the increasing of Na* content after that time points may
be due to adding more salt to culture media.

In contrast, it is reported that the concentration of
potassium in salt stressed Aeluropus shoots decreased by
increasing NaCl concentration and this decline was more
severe in shoots than roots (3). Similar results were shown
in our study. Several studies indicated K* starvation
affects regulating HKT genes (9, 14).

All members of HKT?2 are expected to be K* transporters
(29). In rice, two members of the subclass 2, OsHKT2;1
and OsHKT2;2 act as Na*-K* symporters (16, 29). As
previously mentioned, by increasing Nat concentration
and reducing inner K* content, the expression of
AIHKTZ;1 showed a significant increase in salt treated
shoots. Jabnoune et al. used in situ hybridization and
indicated HKT2;1 was expressed in rice in vascular
tissues, phloem, xylem and mesophyll cells and
expression patterns of HKT2;/ in the leaves were not
modified by different growth conditions (16). Our study
showed that increasing expression levels of A/HKT72;1/
were variable in different salt concentrations and time
points. The role of HKT?2;1 is not well understood in shoot
tissues, so, enhancing in transcription levels of HK72;1
by this plant probably serves to get rid of Na* in cells and
move to outside of shoot tissues or catalyze K* influx to
shoots. In some monocot plants like rice and barley, the
expression of HK72;1 in roots is increased based on low
external K* availability. HK72;/ is also expressed in
leaves, but at a lower level than in roots (29). It seems
HKT2;1 has a role in osmoregulatory processes in leaf
tissues and bulliform cells (29).

Another reaction to salt stress is osmotic stress which
causes disruption in water absorption of plants (6, 21) so,
plants adjust their water potential to more negative levels
such as salinity increase (24). It was found that the water
content was about 13% less in treated plants compared
with controls. This decline in water content probably
resulted in the decrease of growth rate in vegetative
growth of salt treated plants. Water deficiency caused by

salt stress, as well as ion toxicity and K* starvation
strongly affects photosynthesis and causes oxidative
stress (6). Most of salt tolerant genotypes apply
antioxidative defense systems for the detoxification of
ROS (6, 12, 21). Among plant antioxidants, the ascorbic
acid acts as an agent in reducing harmful effects of ROS
(1, 10, 13). Moreover, AsA plays a vital role in multiple
physiological processes including photosynthesis,
photoprotection, the control of cell cycles and cell
elongation, gene regulation, and senescence (18). L-
gulonolactone oxidase (GLOase) is one of the key
enzymes as well as the final enzyme that catalyzes the
transformation of L-Gulonolactone to ascorbic acid (13,
27). It is reported that in the salt stressed wheat, AsA leaf
contents decreased however, adding AsA in culture media
enhanced AsA leaf contents and improved growth (1). As
it is illustrated in Figure 5, GLOase relative expression
showed a significant increase at 6h/200mM NaCl and
continued until 6d/300mM NaCl in treated shoots. This
enhancing may be correlated with reduction in K* and
water content, and increase in Nat concentration. These
parameters that were previously mentioned induce
oxidative stress that results in increasing ROS. It seems
A. littoralis plants under these conditions, upregulated
GLOase to produce more AsA and detoxified ROS and
helped plants to tolerate salt stress. As it is reported over
expression of GLOase in transgenic potato which was
done by increasing AsA content, improved salt tolerance
(13). Also, engineered A rabidopsis for over expression of
GLOase showed the same results (18). But, we observed
a significant reduction in GLOase expression level for
11d/300mM NacCl, compared with controls and other time
points in salt treated shoots. It is probable because of the
recovery pathway of ascorbic acid that produces AsA
from Monodehydroascorbate (Monodehydroascorbate is
generated by reaction of ASA with ROS) that provides
AsA in suitable levels that are needed and it probably has
a negative effect on GLOase expression (27).

In conclusion, according to the fact that tolerance to
salinity is a polygenic trait, and our investigation shows
that the expression of AIHKT2;[/and AIGLOase genes are
a body of complex reactions of A. /ittoralisto salinity, So,
introducing of these genes and regulatory elements of
them can be assumed as reliable element to improve other
relative crops toward salinity stress.
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