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ABSTRACT

Wild-type (WT) Arabidopsis thaliana (L.) Heynh. Col0, (4SN2)-deficient mutant (asn2
mutant) and knockout T-DNA mutant inserted in the ASN2 gene (asn2-1 mutant) were grown
for one month by hydroponic culture at high nitrate level (HN=12mM). Then, plants were
divided into HN and low nitrate (LN=0.2 mM) medium. Effects of short term (6h) salt stress
(100mM NaCl) were assessed in each kind of medium.

On HN-WT leaves, NaCl stress decreased chlorophyll, soluble protein (SP) contents and
glutamine synthetase (GS, EC 6.3.1.2) activity. Despite the lack of ammonium accumulation,
salt treatment induced aminatrice activity of glutamate dehydrogenase (NADH-GDH, EC
1.4.1.2). In (4sn2)-deficient mutant grown on HN medium, salt treatment reduced chlorophyll
content and induced the SP and ammonium contents. In asn2-1 leaves, salt treatment induced
NADH-GDH activity. GS activity and SP content were reduced under salinity. The transfer
of plant to low nitrate (LN) medium for 6h had a stimulator effect on chlorophyll, SP
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contents, GS and NADH-GDH activities in WT leaves. This stimulator effect was lesser
important in leaves of (4sn2)-deficient mutant. In asn2-1 mutant, the transfer to LN medium
had no significant effect on different studied parameters. In WT and (4SN2)-deficient mutant
grown on LN medium, changes were related to low nitrate supply rather than salt stress
effects. In asn2-I mutant, NaCl effects were accentuated by LN treatment in term of
ammonium accumulation, NADH-GDH activity stimulation and GS activity inhibition.
Salinity reduced GS1 protein level under LN medium, however it was more stable on HN
one. The asn2-1 mutant appeared to be more sensitive to salt treatment under LN medium
compared to WT and (4sn2)-deficient mutant. The asn2-/ mutant was the most resistant to
nitrate level reduction in the culture medium relative to WT and (4SN2)-deficient mutant.

Keywords: Salt, ASN, nitrate, Arabidopsis thaliana, ammonium assimilation

INTRODUCTION

Salinity has become major constraint for
plant growth and productivity of crop
plants'. Among consequences, high salinity
produces osmotic stress by decreasing the
water chemical activity and affecting the
cell turgor’. Salinity can inhibit enzymes of
nitrogen assimilation especially glutamine
synthetase (GS) and glutamate synthase
(GOGAT)*™. As well, salinity reduces
photosynthetic capacity, resulting in a
decrease of carbon assimilation’and an
enhanced protein degradation, which leads
to a rapid and excessive accumulation of

. 6-
ammonium®”, and

amino acids
remobilization®. Ammonium is generally
re-assimilated into amides via the
GS/GOGAT cycle. Alternatively, aminating
activity of glutamate dehydrogenase (GDH)
may be involved in  ammonium
reassimilation under stress conditions9,

while in vivo function remained to be

elucidated. Ammonium can be also
assimilated into asparagine by asparagines
synthetase activity (AS, EC 6.3.5.4), in
response to environmental stresses 2.
Asparagine synthetase is encoded by a
small number of genes in plants. Three
genes encoding asparagine synthetase have
been identified in Arabidopsis thaliana
(ASN1, ASN2 and ASN3). Asparagine plays
a key role in nitrogen storage and transport
of nitrogen from sources to sinks organs
because of its high nitrogen to carbon ratio
and its

stability.  Asparagine is a

predominant amino acid transported in

thaliana®.

14

phloem  of  Arabidopsis

Instability of asparagine synthetase "~ and
rapid turnover of  asparagine by
asparaginase'” make it difficult to carry out
biochemical approach by determining
asparagine synthetase activity. By using

molecular approaches, Wong et al.'®
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reported an importance of ASN2 function in
the stress-induced ammonium
reassimilation. However, few data are
available in distinguishing ASN functions in
response to salt stress.

In the present study, ASN2 knockout
mutant was used to assess a role of ASN2 in
the regulation of ammonium metabolism
under NacCl stress.

MATERIALS AND METHODS

Plant material and growth conditions

Arabidopsis thaliana wild-type Col0 and
two T-DNA mutants disrupted in ASN2
were used for the experiments. Arabidopsis
thaliana (Col0) with T-DNA insertion into
intron 3 (SALK 43167) was obtained from
the Not-tingham Arabidopsis stock centre
(Nottingham, UK), homozygous knockout
line (asn2-1 mutant) and (asn2-d)-deficient
mutant, a T-DNA mutant disrupted partially
in ASN2 function were characterized'’.
Seeds were sterilized and stratified at 4°C
for 4 days. Plants were grown under
hydroponic culture in a growth chamber
with an 8-h-light/16-h-dark cycle and 80%
relative humidity. Plants were supplied with
basic nutrient medium containing § mM
KNOs, 1 mM MgSO4, ImM KH,PO4, 2mM
CaNOs3, 5uM MnSOq, 30uM H3;BO;, 1uM
ZnSQOy4, 1uM CuSOy, and 30uM K- iron-
EDTA. Plants were cultivated on control
medium during four weeks (12mM). A

group of plants were maintained in high

nitrate medium with +/- 100mM NaCl
(HN). Another group was transferred on
low nitrate medium (0,2mM nitrate) with
+/- 100mM NaCl (LN) during 6 hours.
Ammonium contents

Ammonium was extracted from plant
material at 4°C with 0.3 mM H,SO,4 and 0.5
% (w/v) polyclar AT. Ammonium content
was quantified according to the reaction of
Berthelot modified by Weatherburn'®.
Protein content

Soluble protein content was quantified
using Coomassie Brilliant Blue'® with
bovine serum albumin as a protein standard.
Chlorophyll determination

Chlorophyll was determined by the method
of Arnon®’. The absorbance of each sample
was read at 460, 645 and 663 nm, after
centrifugation.

Enzyme assays

Glutamine synthetase

Frozen samples were homogenized in a
cold mortar and pestle with grinding
medium containing 25mM Tris-HCI buffer
(pH 7.6), ImM MgCl,, ImM EDTA,
14mM 2-mercaptoethanol and 1% (w/v)
polyvinylpyrrolidone (PVP). The
homogenate was centrifuged at 25,000 g for
30 min at 4°C. GS activity was determined
using hydroxylamine as substrate, and the
formation of y-glutamylhydroxamate (y-
GHM) was quantified with acidified ferric

chloride?".
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Glutamate dehydrogenase
GDH extraction was performed according
to the method described by Magalhaes and
Huber?. Frozen samples were
homogenized in a cold mortar and pestle
with 100mM Tris-HCI (pH 7.5), 14mM 2-
mercaptoethanol, and 1% (w/v) PVP. The
extract was centrifuged at 12,000 g for 15
min at 4°C. GDH activity was determined
by following the absorbance changes at 340
nm.
Western blot analysis
Proteins were extracted from frozen leaf
material in cold extraction buffer containing
50mM Tris-HC1 (pH 7.5), ImM EDTA,
ImM MgCl2, 0.5% (w/v) PVP, 0.1% (v/v)
2-mercaptoethanol and 4mM leupeptine
and separated by SDS-polyacrylamide gel
electrophoresis (PAGE)*. Equal amounts
of protein (40ug) were loaded in each track.
The percentage of polyacrylamide in the
running gels was 12%. Proteins were
electrophoretically transferred to
nitrocellulose membranes for western blot
analysis. Polypeptide detection was done
using polyclonal antiserum raised against a
synthetic polypeptide common to GS1 and
GS2 of Arabidopsis thaliana.

Detection of GDH activity on gel
Leaf and root soluble proteins were
extracted from frozen material in cold

buffer containing 100mM
Tricine, ImM EDTA, 40mM CaCl,, 0,5%

extraction

(w/v) PVP, 0.1% (v/v) 2-mercaptoethanol
and ImM AEBSF ((4-(2-AminoEthyl)-
Benzenesulfonylfluoride). The  protein
separation was carried out in 1 mm-thick
non-denaturing gel as above. Equal amount
of protein (40ug for root and 60ug for leaf)
was loaded in each track. Native PAGE of
the partially purified GDH extracts was
performed by the method of Davis**on 5%
running gel with 4% stacking gel. The
buffer system was 100mM Tris-Glycine
adjusted to pH 8 with HCI. Running was at
4°C, 120V for about 2 h and bands
containing GDH activity were visualized
with the tetrazolium system. The staining
solution contained 150mM Tris-HCI (pH
8.8), S50mM glutamate, 0.5mM NAD’,
0.5mM NBT and phenazine.

Statistical analysis
The data are presented in the figures and in
the tables as the average of at least six
replicates per treatment and means =+
confidence limits at P = 0.05 level.
RESULTS

Chlorophyll contents

In order to determine whether salt-stress
results in a phenotype of Arabidopsis
thaliana lines, we first determined
chlorophyll contents. In the different line
and under high nitrate concentration, 6h of
salt treatment reduced+/- slightly total
chlorophyll  (Chl)
(ASN2)-deficient mutant. The plant transfer

content mainly in
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on low nitrate medium (LN) upon 6 hours,
induced Chl content increase in WT. In
asn2-d mutant, Chl content decreased
strongly at low nitrate medium (36%). In
asn2-1 leaves, the reduction of nitrate level
in culture medium had no significant effect
on Chl content.

In LN medium, salt addition had same
effects of nitrate level reduction in WT and
asn2d. In asn2-1 mutant, salt addition on
LN medium decreased strongly Chl content
(44%).

Soluble protein and ammonium contents
After 6h of salt treatment on control
medium (HL), soluble protein (SP) content
was found to decrease in wild-type leaves
and in asn2-1 leaves (Fig. 1A). In (ASN2)-
deficient mutant, salt treatment on HL
medium induced SP content (14%). The
plant transfer on LN medium had no
significant effect on SP content in WT and
two ASN2 mutants. The salt stress
application on LN medium induced SP
accumulation in WT (15%).Under salt
stress on LN medium, SP content decreased
in (ASN2)-deficient mutant (12%) and
mostly in ans2-1 mutant leaves (19%).

Salt stress application on HL medium had
no effect onNH4+ content in WT leaves
(Fig. 1B). While, in (ASN2)-deficient
mutant and asn2-Imutant, NH4+ content
increased respectively with 19% and 15%.

The plant transfer on LN medium upon 6

hours had no significant effect in WT
leaves but slightly induced NH4+ content in
(ASN2)-deficient mutant (7%) . In asn2-1
mutant, NH4+ content decreased (12%)
(Fig. 1B). Salt treatment addition on LN
medium upon 6 hours had no significant
effect in WT leaves. The salt treatment on
LN medium induced NH4+ accumulation in
(ASN2)-deficient mutant (9%) and mostly
in asn2-1 mutant (30%).

Salt effects on ammonium-assimilating
enzymes
Glutamine synthetase activity and
enzyme protein level

The lack and the deficiency of ASN2
mRNA had no significant effect on
glutamine synthetase (GS) activity in the
leaves under the control condition without
NaCl (Fig.2A). In HL medium, the
inhibitory effect of salt on GS activity in
the leaves appeared 6h after a stress
application to both the wild-type and asn2-
I (Fig. 2A). In (ASN2) deficient mutant, salt
addition on HL medium induced GS
activity with 12% with refer to control. The
GS activity induction was due to the GS1
protein accumulation detected by western
blot in asn2-d mutant (Fig.2B).

The plant transfer on LN medium
induced GS activity with 15% and 8%
respectively in WT and asn2-d with refer to
control. In asn2-1 mutant, the reduction of

nitrate concentration in culture medium
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upon 6 hours had no significant effect on
GS activity although the GS2 protein
accumulation detected in leaves (Fig.2B).
The salt addition on LN medium induced
GS activity in WT and asn2-d mutant
leaves with 15% referring to controls.
Western blot analysis showed that GS
activity induction was due primarily to
plastidic GS2 accumulation (Fig. 2B). In
asn2-1 mutant, salt addition on LN medium
reduced GS activity with 27% referring to
control. In asn2-1 mutant, The GS1 protein
decrease induced the GS activity reduction
under salt treatment on LN medium.

Glutamate dehydrogenase activity

NaCl stress on HN medium induced
aminating GDH activity (NADH-GDH)
with 9%, 14% and 16% respectively in WT,
asn2-d and asn2-1 with refer to control
(Fig. 3A). The reduction of nitrate
concentration in the culture medium
stimulated slightly NADH-GDH activity in
WT (14%) and in asn2-d mutant (6%). The
plant transfer on LN medium upon 6 hours
had no significant effect on NADH-GDH
activity in asn2-1 mutant (Fig. 3A). The salt
addition on LN medium upon 6 hours
stimulated NADH-GDH activity in WT
(16%) and mostly in asn2-1 mutant (27%).

The salt treatment on LN medium had no
effect on NADH-GDH activity in asn2-d
mutant.
Glutamate dehydrogenase subunit
patterns

The revelation of GDH activity on
polyacrylamide gel showed the presence of
7 GDH subunit patterns in the leaves
formed by the association of six of two
different subunits o and B (Fig. 3B). The
basal GDH band was formed by six
subunits o, while the apical GDH band was
formed by only six subunit f3.

The detection of the GDH activity on gel
revealed a slight decrease of GDH subunits
by salt stress in the wild-type and asn2-1
mutant leaves. In asn2-d mutant, 6 hours of
salt treatment on HL medium had no effect
on GDH subunits. The plant transfer on LN
medium had no effect on GDH pattern in
WT and asn2-d mutant but a slight decrease
was detected in asn2-1 mutant leaves.

The salt addition on LN medium upon 6
hours reduced all GDH subunits intensities
in WT and mostly in asn2-/ mutant. In
asn2-d mutant, salt treatment on LN

medium had no apparent effect on GDH
subunits (Fig. 3B).
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Table 1: NaCl effects on total chlorophyll level (mg/g FW) in wild-type (WT), (ASN2)-deficient mutant asn2-d and
knock-out asn2-1 mutants. Plants were cultivated on control medium during four weeks with high nitrate level
(12mM). A group of plants were maintained in high nitrate medium with +/- 100mM NaCl (C and C+S). Another
group was transferred on low nitrate medium (0,2mM nitrate) with +/- 100mM NaCl (C-N and C-N+S). Data are
means of six replicates = CL at 0.05

C

C+S

C-N

C-N+S

Chl
(mg/g FW)

WT

1.55+ 0,03

1.39+ 0,005

1.86=+ 0,03

1.81+ 0,07

Asn2-d

1.73£ 0,045

1.18+ 0,064

1.28+ 0,108

1.29+ 0,002

Asn2-1

1.85+ 0,05

1.82+ 0,11

1.85+ 0,045

1.23+ 0,04

NH4+ {umol/g FW)

0,9
0.8 -
0,7 -
0.6 -
0.5 -
0.4 -
0,3 -
0,2
0,1

14

asn2-1

mle
B C+S
IC-N

B C-N+5

12

10

Soluble proteine (mg/ g FW)

WT

asn2-d

ol B ruil

asn2-1

CC
m C+S
E3 C-N

TMC-N+5

Fig. 1: NaCl effects on soluble protein levels in leaves (A) (mg/FW) and endogenous free ammonium contents (B)
(nmol/g FW) in the wild-type (WT), asn2-d mutant and asn2-1 mutant (asn2-1). Plants were cultivated on control
medium during four weeks with high nitrate level (12mM). A group of plants were maintained in high nitrate
medium with +/- 100mM NaCl (C and C+S). Another group was transferred on low nitrate medium (0,2mM
nitrate) with +/- 100mM NaCl (C-N and C-N+S). Data are means of six replicates + CL at 0.05 levels
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Figure 2: NaCl effects (100mM) on GS activity (nmol y-glutamylhydroxamate (GHM) mg'1 soluble protein min™) (A)
and GS protein (B), in the wild-type (WT), asn2-d and asn2-1 mutants in response to 6h of salt addition. Plants were
cultivated on control medium during four weeks with high nitrate level (12mM). A group of plants were maintained in
high nitrate medium with +/- 100mM NaCl (C and C+S). Another group was transferred on low nitrate medium
(0,2mM nitrate) with +/- 100mM NaCl (C-N and C-N+S). Data are means of six replicates + CL at 0.05 levels.
‘Western blot analysis was carried out from the wild-type (WT), asn2-d and asn2-1 mutant (asn2-1) in response to 6h
salt treatment. An aliquot of 40 pg of total protein from leaves of each line was loaded. Total proteins were extracted
as described in “Materials and Methods”. Bands were quantified with “Quantity one” program from BioRad.
Histograms of band quantification were expressed as an arbitrary unit.
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Figure 3: Effects of NaCl treatment (100mM) on NADH-GDH activity (nmol NADH oxidized mg! soluble
protein h') (A) and NADH-GDH activity on native polyacrylamide gel (zymogram) (B) in leaves of the wild-
type (WT), asn2-d and asn2-1 mutants. Data are means of six replicates + CL at 0.05 levels. Electrophoresis

analysis was carried out from the wild-type (WT) and asn2 mutants. An aliquot of 60 pg of total protein from
leaves of each line was loaded. Plants were cultivated on control medium during four weeks with high nitrate
level (12mM). A group of plants were maintained in high nitrate medium with +/- 100mM NaCl (C and C+S).
Another group was transferred on low nitrate medium (0,2mM nitrate) with +/- 100mM NaCl (C-N and C-
N+S). Total proteins were extracted as described in “Materials and Methods”. Bands were quantified with
“Quantity one” program from BioRad. Histograms of band quantification were expressed as an arbitrary unit.
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DISCUSSION
Salinity up to several days results in an
inhibited growth phenotype of glycophytes

such as Arabidopsis thaliana® >, tomato

seedlings’, soya bean’and sweet sorghum?’.
When the wild-type Arabidopsis thaliana
was subjected to a salt treatment for 24h,
the soluble protein contents inleaves were
reduced, while root soluble protein contents
remained constant (Fig. 1). We did not
observe a reduction in the contents of
chlorophyll a and b in the wild-type leaves
(Tablel). By contrast, the asn2-1 leaves
displayed a phenotype of highly reduced
soluble protein contents and chlorophyll
contents after 24h of salt stress (Table 1).
Decrease in soluble protein contents by salt
treatment as observed in asn2-1 leaves is

reported for many plant 2830

species
Glycophytes such as chickpea and tomato
seedlings develop a chlorosis and a fall in
chlorophyll contents following a prolonged
salt stress™ ** * *172 Diminution in the
soluble protein and chlorophyll contents
may reflect low nitrogen assimilation
and/or proteolytic activity, which is induced
by salinity4.It is assumed that the salt
stressed asn2-1 leaves were affected in the

nitrogen assimilation and translocation.

accumulates in
33-35

Asparagine rapidly

response to salt treatment™ “and it serves
as ammonium detoxification amino acid in

plants®®. ASN2 is the most highly expressed

ASN gene in the wild-type leaves (Fig. 2).
This suggests that ASN2 expression controls
ammonium assimilation in response to salt
stress. ASN2 mRNA levels were slightly
increased under salinity in the wild-type
leaves, where there was no ammonium
accumulation (Figs. 1C, 2A) as described
previously in the salt-treated Arabidopsis

thaliana'®.

By contrast, in silico data
showed that salt treatment down-regulated
ASN2 mRNA level within 6h in the wild-
type seedlings (Arabidopsis eFP browser:
http://bbc.botany.utoronto.ca/efp). As
inorganic  nitrogen  (nitrate/ammonium)
down-regulates A4SN2 expression’’, a slight
induction of ASN2 mRNA may be mediated
by other metabolites such as amino acids
(asparagine, glutamine and glutamate) **.
We examined whether ammonium
assimilation was modified under the salt
stress in the absence of 4 SN2 expression in
the asn2-1 mutant. ASNI mRNA levels
were induced by salinity in the asn2-1
leaves as well as in the wild-type leaves
(Fig. 2). More pronounced increase of
ASNI mRNA level in the asn2-1 leaves
than in the wild-type leaves (Fig. 2)
indicates that ASN/ compensates ASN2 for
its function in the asn2-1 line. The increase
of ASN mRNA level was also observed
under abiotic and biotic stress™*'. While,
several results from databases showed that

salt stress for 6h represses ASNI/ mRNA

IBPAS, April; 2019, 8(4)
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expression together with ASN3 mRNA
levels  (Arabidopsis  eFP  browser:
http://bbc.botany.utoronto.ca/efp).
Consistently, ASNI mRNA levels in the
roots of wild-type and asn2-1 lines were
repressed by the salt treatment (Fig. 2).
Ammonium is rapidly assimilated by the
reaction of glutamine synthetase. The salt
stress repressed GLN2 expression in the
leaves of the asn2-1 mutant as well as the
wild-type line (Fig. 3). This is in agreement
with databases showing that GLN2
expression is inhibited after 6h of salt
treatment (eFP Browser,
http://bbc.botany.utoronto.ca/efp). Low
GLN2 mRNA levels were correlated with
low levels of chloroplastic GS2 protein in
the leaves of the asn2-1 and wild-type lines
(Fig. 3). However, salinity did not affect the
GS2 protein levels in the roots where
cytosolic GS1 proteins are the major
isoforms (Fig. 4). Among five GLNI genes
for cytosolic GS1, we measured two GLNI
genes and higher expression of GLNI:2
was detected in the leaves and roots (Fig.
3). The salt treatment did not reduce
GLNI:2 mRNA levels in the leaves but
down-regulated in the roots of wild-type
and asn2-1 lines (Fig. 3). This repression
pattern confirms the results of databases
from 18-days old Arabidopsis thaliana
eFP  browser:

seedlings  (Arabidopsis

http://bbc.botany.utoronto.ca/efp). In

contrast, it is reported that GLN/ mRNA
levels in soybean roots were induced by salt
stress together with the GS1 protein™’.
Activity of GS to assimilate ammonium
was evaluated in the asn2-I mutant under
salt stress. Total GS activity was found to
be inhibited by the salt treatment in the
leaves of wild-type and asn2-1 lines. This
likely reflects a down-regulation of GLN2
mRNA and GS2 protein, which is the major
GS isoform in leaves (Figs. 2, 3, 4). Also,
the decrease in GS protein may result from
an enhancement of proteolytic activity,
which affects GS protein stability and half-
life*”. Moreover, salt stress is accompanied
by oxidative stress, which may also have an
effect on GS2 activity via amino acid redox
change®. Total GS activity in the roots
under salinity was also found to be

inhibited in both asn2-1 wild-type and lines
(Fig. 4).

It has been suggested that aminating
GDH activity catalyzes an alternative
ammonium assimilating pathway when GS
activity is impaired by abiotic stress™ **.
Expression of two genes encoding the two
subunits o and B of NADH-GDH is
regulated by metabolites and environmental
stress™ . NADH-GDH is formed by seven
bands following PAGE®. The 7 NADH-
GDH bands were detected in grapevine

shoot callus®, while in triticale seedlings

NAD-GDH activity revealed on gel showed

IBPAS, April; 2019, 8(4)
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only one band®’. In the wild-type leaves and
roots, a-enriched NADH-GDH bands were
accumulated under salinity (Fig. 5). This
may be associated with an increase in
aminating GDH activity in the wild-type
roots under salinity (Fig. 5), while
enhancement of GDH activity in the leaves
was not detected (Fig. 5). The stimulation
of aminating GDH activity is thought to
improve salt resistance’. However, o-
enriched GDH bands from the asn2-1
leaves and roots under salinity remained
low, indicating that there was no significant
contribution of GDH aminating activity in
the asn2-1 mutant.

Ultimately, we concluded that asn2-1
mutant was more sensitive to salt stress
than the wild-type line. Despite a salt-
induced ASNI mRNA levels in the asn2-1
leaves, the asn2-I mutant showed a
phenotype related to inhibited use of
nitrogen. It remains to elucidate whether
inhibition of asparagine synthesis by ASN2-
encoded asparagine synthetase affected
assimilation and transport for wuse of
nitrogen in the asn2-1 mutant.
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