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Abstract Two rice genotypes, Kalanamak 3119
(KN3119) and Pusa Basmati 1(PB1) differing in their
optimum nitrogen requirements (30 and 120 kg/ha,
respectively) were undertaken to study the expression of
both high and low affinity ammonium transporter genes
responsible for ammonium uptake. Exposing the roots of
the seedlings of both the genotypes to increasing
(NH4)»,SO,4 concentrations revealed that all the three fam-
ilies of rice AMT genes are expressed, some of which
get altered in a genotype and concentration specific man-
ner. This indicates that individual ammonium transporter
genes have defined contributions for ammonium uptake
and plant growth. Interestingly, in response to increasing
nitrogen concentrations, a root specific high affinity gene,
AMT1;3, was repressed in the roots of KN3119 but not in
PB1 indicating the existence of a differential ammonium
sensing mechanism. This also indicates that not only
AMT1;3 is involved not only in ammonium uptake but
may also in ammonium sensing. Further, if it can differ-
entiate and could be used as a biomarker for nitrogen
responsiveness. Expression analysis of low affinity AMT
genes showed that, both AMT2;1 and AMT2;2 have high
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levels of expression in both roots and shoots and in
KN3119 are induced at low ammonium concentrations.
Expressions of AMT3 family genes were higher shoots
than in the roots indicating that these genes are probably
involved in the translocation and distribution of ammonium
ions in leaves. The expression of the only high affinity
AMT gene, AMT1;1, along with six low affinity AMT
genes in the shoots suggests that low affinity AMTs in the
shoots leaves are involved in supporting AMT1;1 to carry
out its activities/function efficiently.

Keywords Nitrogen responsiveness - Ammonium
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Abbreviations
NUE Nitrogen use efficiency

AMT Ammonium transporter

RT-PCR Reverse transcriptase polymerase chain
reaction

Introduction

Nitrogen is quantitatively the most essential nutrient for
plants and thus often a major limiting factor in plant pro-
duction. The major form of nitrogen that is available for
growth of rice plants in paddy fields is NH,", requiring
NH, ™ transport systems at the root plasma membrane. The
first step in nitrogen assimilation is the uptake of nitrate
and ammonium into root cells from the soil solution. Since
ammonium assimilation requires less energy than that of
nitrate [1], ammonium is the preferential form of nitrogen
uptake when plants are subjected to nitrogen deficiency [2].
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However, excessive ammonium uptake into plants can be
toxic [3, 4]. Therefore, ammonium uptake and metabolism
in plants must be tightly regulated. Ammonium uptake
from the soil solution is mediated by ammonium trans-
porters that have been isolated and partially characterized
in several plant species.

AMT inrice roots is comprised of four families OsAMT],
OsAMT?2, OsAMT3 and OsAMT4. Except for the family
OsAMT4 which contain only one member i.e., OsAMT4;1,
each of the three families contain three members viz.,
OsAMT1 (OsAMTI1;1, OsAMTI1;2 and OsAMTI;3),
OsAMT?2 (OsAMT2;1, OsAMT2;2 and OsAMT?2;3) and
OsAMT3 (OsAMT3;1, OsAMT3;2 and OsAMT3;3). The
members of OsAMT1s share high sequence similarity to
each other and are very dissimilar to the other three OsAMT
families and have been characterized as high-affinity trans-
port system (HAT). The other three families have been
characterized as low affinity transport system (LAT) [5, 6].
At low NH," concentration, uptake is mediated by HATs
and exhibits sensitivity to metabolic inhibitors while at high
NH," concentration (between 1 and 40 mM), uptake is
mediated by LATs and is less responsive to metabolic
inhibitors [7]. The presence of similar ammonium trans-
porters have also been reported and partially characterized
in several plant species, such as Arabidopsis thaliana
(AtAMTI1;1, AtAMTI1;2; AtAMTI1;3 and AtAMT2;
[2,8—10] Brassica napus (BnAMT1;2) [11], Lotus japonicas
(LjAMT1;1, LJAMT2;1) [12, 13] and Lycopersicon escu-
lentum (LeAMT1;1, LeAMT1;2 and LeAMT1;3) [14-16].
Despite of the knowledge that rice is an ammonium loving
plant whose most of the growth period is under flooded
conditions in which ammonium ions are the dominant
nitrogen species and further large amount of nitrogenous
fertilizers are added to the rice fields in order to achieve
higher yields, little work is available in the literature till date
describing work on the regulation of rice ammonium
transporters.

In this study, NH," uptake of two rice genotype dif-
fering in their optimum nitrogen requirement were inves-
tigated by studying the expressions of both high and low
affinity ammonium transporters OsAMTls (HATs-
OsAMTI;1-1;3, LATs-AMT2;1-2;3 and AMT3;1-3;3)
under different nitrogen conditions to understand the
mechanisms associated with differential nitrogen sensing.

Materials and methods
Selection and growth of rice genotypes
Two rice genotypes Pusa Basmati 1 and Kalanamak 3119

were chosen based on their differential response to nitro-
gen. Kalanamak 3119 is a relatively long (121 cm height),
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long duration (154 days for maturity) and low average
yield (0.8 t/ha) genotype having optimum nitrogen dose of
30 kg/ha. Whereas the Pusa Basmatil has a relatively
shorter height (90-110 cm) and duration (130-135 days)
but higher average yield (4.5 t/ha) having optimum nitro-
gen dose of 120 kg/ha [17]. Seeds of both the genotypes
were sterilized in 1% [v/v] NaClO for 20 min and thor-
oughly rinsed in sterile distilled water, grown hydroponi-
cally in tap water for a week, and then seedlings were
transferred to nutrient solution (1 mg l_lNaZHPO4-12H20,
1.19 mg 1" 'KCI, 1.05 mg1~' CaCl,-2H,0, 3.05 mg1~'
MgCl,-6H,0, 9.90 mg 17" FeSO4-7H,0, 2.02 mg 1~' Mn
FeSO44H,0, 286 mgl™' H3BO,,  0.87 mgl™’
ZnSO4-7H,0, 0.039 mg 17! CuSO4-7H,0, 0.012 mg 17!
Na,Mo0,4-2H,0) [5] which do not contain any source of
nitrogen for 2 weeks. Plants were then transferred to a
nitrogen-free nutrient solution, or to solutions containing
increasing concentrations of (NH4),SO,4 as a sole nitrogen
source. Five concentrations were used viz., 0.15, 1.5, 15,
150 uM and 1 mM. Plants were grown under light for 2 h,
at 60% relative humidity, and a temperature of 30°C.

Selection of stages for RNA isolation and cDNA
synthesis

Total RNA was isolated after 2 h from the roots and shoots
of 25 days old nitrogen deprived seedlings of both the
plants growing under increasing (NH,4),SO, concentra-
tions. Total RNA was isolated using Concert Plant RNA
purification reagent (Invitrogen) followed by on column
DNA digestion using RNeasy plant minikit and RNase free
DNA digestion kit (Qiagen, Germany). The quality of RNA
was checked by running on 1% agarose gel and was
quantified using a spectrophotometer. Minimum of three
plant replicates were selected for RNA isolation. The
quantified individual total RNA replicates were further
used to prepare cDNA. 2 pg of total RNA was used to
prepare cDNA. The reaction condition was as follows, for
20 pl reaction, 2 pg total RNA, 1 ul (200 U) MMLV
reverse transcriptase (Invitrogen), 5x (4 pl) first strand
buffer, 2 Wl DTT, 0.4 pl ANTP mix (100 mM), 1 pl Su-
perase RNase inhibitor (Ambion) (20 U/ul) and 0.5 ng
oligo dT primer (Qiagen) for 60 min at 37°C and a final
denaturation step at 70°C for 15 min.

Primer designing

mRNA sequences of all the members of rice AMT gene
family were downloaded from NCBI and their gene spe-
cific primers were designed using Lasergene DNASTAR
software package. The list of primers used to study the
expression profiles of rice AMT genes is given in the
Table 1.
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Table 1 List of gene specific primers used for the study of expression profiles of members of rice ammonium transporter family involved in

nitrogen uptake

S. no.  Gene name (acc. no.) Primer sequences forward 5'-3’ Primer sequences reverse 5’3’ Amplicon size  Tm °C
(in bp)
1 OsAMT1;1 (AAL05612) TTTTGCTGGGCTTCTCTTGT ACCATTCCACCACACCCTTA 171 58
2 OsAMT1;2 (AAL05613) CTTCATCGGGAAGCAGTTCT TGAGGAAGGCGGAGTAGATG 170 58
3 OsAMT1;3 (AAL05614) CGGCTTCGACTACAGCTTCT GACCAGATCCAGTGGGACAC 165 58
4 OsAMT2;1 (BAB87832) CTGGCTCCTCCTCTCCTACA CAGGATGTTGTTCGGTGAGA 196 58
5 OsAMT2;2 (NM_190445) GCCTCGACGTCATCTTCTTC TTGTGGAGGATCATCATGGA 172 58
6 OsAMT2;3 (NM_190448) GCCTCGACGTCATCTTCTTC GGAAGGTGGATTTCTTGTGC 186 58
7 OsAMTS3;1 (BAC65232) ACCAAGGACAGGGAGAGGTT AAGATGACGTCGAGGCAAGT 197 58
8 OsAMT3;2 (AAO41130) GCACAGAAGGACAGGGAGAG GCAGATGTTGGTGTTGAGGA 156 58
9 OsAMT3;3 (AK108711) CGAGCATCACCATCATCATC ATGACACCCCACTGGAAGAG 154 58
10 OsAMT4 (AAL58960) GAACAACGTCCTGCTCACG AAGACGAAGCTGTCGAGGAG 177 58
11 Actin CCCCCATGCTATCCCTCGTCTC CTCGGCCGTTGTGGTGAATGA 103 58

Semi-quantitative RT-PCR and cloning of RT-PCR
products

RT-PCR using individual cDNAs sets obtained from each
of the three replicates was performed for generating the
expression profiles of members of AMT genes. Before
generating the expression profiles for densitometry analy-
sis, the PCR was optimized by analyzing the PCR products
of 10, 20, 30, 35 and 40 cycles. Thirty PCR cycles was
found to be optimum in order to avoid plateau of PCR
reaction cycles. RT-PCR reaction was performed using
aliquots of 1 pl of the cDNA and 12.5 pmol of gene spe-
cific primer in a 50 pl reaction volume containing 0.2 mM
of each dNTPs, 2 mM MgCl, and 1 U GoTaq Flexi DNA
polymerase (Promega) which is provided with a green
buffer containing gel loading dye so that the PCR products
can be loaded directly onto the gels. The temperature
profiles used for the PCR were 95°C for 2 min initial
denaturation followed by 30 cycles of 95°C for 20 s, 58°C
for 30 s (primer anneling), 72°C for 30 s and final exten-
sion for 10 min. Rice actin primer was taken as internal
control. The PCR products were separated on 1% agarose
gels and the single specific band of PCR product obtained
was cloned into the pGEM-T easy vector (Promega) for
sequencing. The nucleotide sequencing analysis revealed
almost 98-99% homology of OsAMTs genes with the
preexisting sequences available in the NCBI database.

Real-time PCR

Real-time PCR was done using the 5 Prime Real Master
Mix SYBR ROX (Eppendorf India Limited, Chennai,
India) according to manufacturer’s instructions. The ther-
mocycler used was eppendorf thermocycler eprealplex.
Two-step real-time PCR was carried out using cDNA

prepared as mentioned earlier from different developmen-
tal stages. The primers for AMT genes and actin genes used
were same as earlier described. The reverse transcription
efficiencies of AMT and actin genes were almost equal as
analyzed by comparing the CT values at different dilutions
of cDNA [18]. The amplification program used was: 95°C
for 2 min, 40 cycles at 95°C for 30 s, 60°C for 30 s, 72°C
for 30 s; 60°C for 15 s and 95°C for 15 s. All samples were
amplified in triplicate, and the mean value was considered.

Statistical analysis

Three independent determinations for each parameter were
recorded and mean + SE values were calculated for sta-
tistical analysis. CRD was used for analyzing the gel real
time PCR data. For comparing two data sets paired ‘¢’ test
was used.

Results

Expression profiling of members of ammonium
transporter genes in roots of PB1 and KN3119

In both the genotypes, the expression of OsAMTI;1 and
OsAMTI1;2 in the roots was high. However, higher
expression was observed in case of KN3119. The real time
data showed that there was a slight increase in the
expression of AMT1;1 gene in both the genotypes. In case
of AMT1;2 in PB1, maximum expression (2.94 fold
increase) was observed at 150 uM whereas in KN3119
maximum expression (1.8 fold increase) was observed at
0.15 pM when compared to the control (Figs. 1, 2). Simi-
larly, the expression of OsAMT1;3 was also high in PB1
(Figs. 1, 3) but there was no significant change (P > 0.05)
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Fig. 1 Expression profiles of
high and low affinity
ammonium transporter genes in
the roots of Pusa Basmatil
(PBI) and Kalanamak 3119
(KN3119). Total RNA was
isolated after 2 h from roots of
25 days old nitrogen deprived
seedlings of PB1 and KN3119
exposed to increasing
(NH4),SO,4 concentration. 2 pig
of total RNA was use to prepare
cDNA and expression of
individual genes were detected
using gene specific primers.
Lanes: A control, B 0.15 pM,
C1.5uM, D 15 uM, E 150 uyM
and F 1 mM

Pusa Basmati 1

Kalanamak 3119
cC D

AMT 3,3

Tubulin Control

Control 0.15pM 1.5uM 15pM 150pM 1mM Control 0.15pM 1.5pM 15pM 150pM 1mM

Fig. 2 Relative expressions of EZEF  Control
rice ammonium transporter 109 0.15pM

genes in the roots of Pusa
Basmatil

Relative expression

in expression across different nitrogen concentrations.
However, in case of KN3119 its expression (Figs. 1, 4) was
high at lower nitrogen concentrations that declined sharply
beyond 15 pM and at 1 mM only 0.37 of the control was
detected (Fig. 4). The expression of the gene OsAMT2;1
was also differential. In PB1 highest expression was
detected at the control and 0.15 uM (NH4),SO4 which
declined continuously as the (NH,4),SO,4 concentration was
increased. In KN3119 the OsAMT2;1 transcripts signifi-
cantly increased (P < 0.05) (6.68 fold over the control) at
0.15 pM (NH4),SO,4 and reached a constant level (around
3.84 fold over the control) and then declined to a lowest
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E= 1.5uM 2 150uM
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AMT2;1  AMT2;2 AMT2;3  AMTS;1

level at 1 mM (NH4),SO, (Figs. 1, 4). OsAMT2;2 was
highly expressed in the roots of both the genotypes. In PB1
no significant change (P > 0.05) in its expression was
detected across different (NH4),SO4 concentrations
whereas in KN3119, its expression sharply increased
(10.28 fold as compared to the control) at 0.15 pM but
significantly declined (P < 0.05) when the concentration
was increased beyond 15 pM. The expression profiles of
the gene OsAMT2;3 showed that it is weakly expressed in
the roots. Transcripts from this gene could not be detected
in the control, however, its expression was significantly
induced when nitrogen source was added into the medium.
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In both the genotypes, OsAMT?2;3 transcripts were induced
at 0.15 pM (NHy4),SO4 (8.57 fold in PB1 and 6.63 fold in
KN3119 as compared to the control) concentration but
declined as the concentration was raised beyond 0.15 pM
(Figs. 1, 4). A continuous decrease in the expression was
observed from 0.15 to 1 mM. In KN3119 the repression of
the gene was such that no transcripts could be detected at
150 uM and 1 mM (NH,4),SO4 concentration. In both the
genotypes OsAMT?3;1 expression was found to decrease
with the increase in (NH,4),SO4 concentration. In PB1, the
gene was found to express at higher rates than KN3119. In
both the genotypes highest level of expression was detected
in the controls which declined with increase in concentra-
tion. In PB1 the OsAMT3;2 gene was found to be induced
at 0.15 pM and increased steadily as the (NH,4),SO4 con-
centration was increased. Maximum expression (1.13 fold
as compared to the controls) of this gene in PB1 was
therefore detected at 1 mM (NH,),SO, concentration.

AMT2;1 AMT2;2  AMT2;3  AMTS; AMT3;3

Rice Ammonium transporter genes

AMT3;2

Unlike PB1 the gene OsAMT3;2 was not induced in
KN3119 roots even at higher (NH4),SO,4 concentrations
but maintained a low and constant level of expression.
OsAMT3;3 was induced in both the genotypes with
increase in nitrogen concentration. Induction of 1.4 fold in
PB1 and 3.7 fold in KN3119 at 15 and 150 pM, respec-
tively was observed and further increase in the (NH4),SO,4
concentration only slightly decreased the expression.

Expression profiling of ammonium transporter genes
in the shoots of 25 days old rice seedling of PB1
and KN3119

As reported earlier and confirmed in the present study,
unlike roots the genes OsAMT1;2 and OsAMT1;3 do not
express in the leaves of the 25 days old seedling. While the
gene OsAMT1;1 was strongly expressed in the shoot leaves
of both the genotypes and was induced by the addition of
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(NH4),SO,4 in the medium (Fig. 5). In PB1 OsAMT1;1
transcript was significantly (P < 0.05) induced (2.49 fold
increase) at 1.5 pM (NH4),SO,4 concentration which fur-
ther increased with higher (NH4),SO,4 concentration (11.79
fold at 150 uM (NH4),SO4). In KN3119 significant
induction (P < 0.05) of OsAMT1;1 was also observed but
at a higher (NH4),SO, concentration than PB1 i.e., at
150 pM (NH4)»,SO4 (5.77 fold). Unlike the OsAMTI
family, transcripts all the members of the OSAMT?2 family
i.e., OsAMT2;1, OsAMT2;2 and OsAMT?2;3 were found to
be expressed in the shoot leaves of both the genotypes. In
PB1, OsAMT2;1 was induced (2.78 fold increase) at
0.15 pM (NHy4),SO,4 and maximum expression was detec-
ted at 1 mM (NH4),SO, concentration (6.21 folds as
compared to the control) (Figs. 5, 3). In contrast to PB1

Fig. 5 Relative expressions of
rice ammonium transporter
genes in the shoots of
Kalanamak 3119

Pusa Basmati 1
CcC D

=
m

m
m

Control 0.15pM 1.5pM 15uM 150pM 1mM
{NH,).50, Concentration

maximum transcript levels of OsAMT2;1 in KN3119 was
detected in the control which declined slowly as the
(NH4)>SO4 concentration was increased to 1 mM.
OsAMT?2;2 was found to be differentially expressed. In
PB1 the expression of OsAMT?2;2 was significantly
induced (P < 0.05) (4.03 fold increase) at 1.5 uM
(NH4),SO,4 concentration which did not change with
increase in (NH4),SO,4 concentration. However, in KN3119
the transcript levels was high in the control which steadily
decreased as the (NH,4),SO, concentration was increased to
1 mM (Figs. 5, 6). The gene OsAMT2;3 was found to be
weakly expressed in the shoots of both the genotypes
studied. In PB1 its expression in gel could only be detected
at 1.5 uM (NH,4),SO, concentration (which correspond to
4.62 fold increase) which declined when the (NH,4),SOy4

Kalanamak 3119
¢ D E

=
w
-

AMT 1:1

AMT 2;1

AMT 2;2

AMT 2;3

AMT 3;1
AMT 3;2

AMT 33
Tubulin Control

Control 0.15pM 1.5uM 15uM 150pM 1mM
(NH,).S0, Concentration

Fig. 6 Relative expressions of EZEA Control = 1.5uM 150uM
rice ammonium transporter 6 === 0.15uM 10 15uM 1mM

genes in the shoots of Pusa
Basmati 1

Relative expression
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concentration was raised above 150 uM. In KN3119 the
expression of OsAMT2;3 was slightly induced at 0.15-150
(NH,4),SO,4 concentration and similar to PB1 also declined
at 1 mM (NH4),SO,4 concentration (Figs. 5, 6). Similar to
OsAMT?2 gene family, all the members of OSAMT3 family
i.e., OsAMT?3;1, OsAMT?3;2 and OsAMT?3;3 were found to
express in the shoots leaves of both the genotypes and were
affected by varying nitrogen concentrations. In PBI1
OsAMT3;1 was strongly induced at 1.5-150 puM
(NH,4),SO,4 concentration (14.68 fold increase in expres-
sion at 150 (NH4),SO,4) but was weakly induced at 1| mM
(NH4),SO, concentration. In KN3119 no significant
change in expression was detected up to 150 uM
(NH,4),SOy4 concentration but similar to PB1 declined at
1 mM. Expression of OsAMT3;2 was induced in both the
genotypes but at varying concentrations of (NH4),SO4. In
PB1, OsAMT3;2 was induced (4.01 fold as compared to
the control) at 1.5 uM (NHy4),SO4 while in KN3119 it was
induced at 0.15 puM. In both the genotypes further increase
in (NH4),SO, concentration slightly increased the expres-
sion. Similar to OsAMT3;2 the expression of OsAMT3;3
was also induced in the shoot leaves of both the genotypes.
Like OsAMTS3;2, OsAMT?3;3 in PB1 was also induced
(5.79 fold as compared to the control) at 1.5 uM
(NH4),SO4 but in KN3119 it was induced (6.06 fold as
compared to the control) at 15 uM and further increase in
(NH,4),SO,4 concentration slightly increased the expression
in PB1 but not in KN3119.

Discussion

In the present investigation, attempts were undertaken to
study the expressions of genes involved nitrogen uptake in
two rice genotypes differing in their level of optimum
nitrogen requirement. The optimum nitrogen requirement
of these two rice genotypes has been experimentally
determined that KN3119 is a low nitrogen requiring non
basmati scented rice genotype having optimum nitrogen
requirement of 30 kg/ha while the optimum nitrogen
requirement of PB1 is 120 kg/ha. On increasing the nitro-
gen dose of KN3119 there was a substantial reduction in
the yield thereby making the genotype fit for organic
farming [17]. The difference of optimum nitrogen
requirement in these two rice genotypes provides excellent
plant materials to study nitrogen responsiveness in rice
genotypes. To further understand the molecular basis of
responsiveness of these two contrasting rice genotypes to
different nitrogen inputs at the nitrogen uptake level, a
laboratory experiment was conducted to study how mem-
bers of ammonium transporter gene family responds to
different nitrogen conditions. Semiquantitative RT-PCR
was initially used to study the expression of patterns of rice

OsAMT genes and was further confirmed by quantitative
RT-PCR.

Low and high affinity OSAMT genes are differentially
expressed in the roots and shoots

In a similar experiment using the rice genotype ‘Nippon-
bare’, workers reported constitutive expression in shoots
and roots for OsAMTI;1, root-specific and ammonium-
inducible expression for OsAMT1;2 and root specific and
NH,*-derepressed expression for OsAMT1;3 [5]. In the
present investigation similar results were found with
OsAMT1;1 in roots where it was found to be constitutive
and was induced in both roots and shoots leaves of both the
genotypes which was however seen at different nitrogen
conditions. This indicates that the nitrogen in the soil
solution is being sensed and its transportation starts within
2 h of application of nitrogen fertilizers reaching to soil
solution. This induction of OsAMT1;1 in the shoots is may
be due to the transport of NH," ions from the roots to the
shoots. Although, it has been known that NO3;™ enters in
the xylem, there had been some debate in the past as to
whether NH,4 " is also translocated in the xylem. Loque and
von Wiren [6] using positron emitting tracer imaging found
3N from root-applied '*N labelled ammonium in the shoot
tissue within less than 2 min suggesting that root-to-shoot
translocation of ammonium or of ammonium-derived
nitrogen is rapid. Also recently, another group reported that
the xylem sap NH," concentrations increased markedly
1 day after nitrogen application further suggesting direct
transportation of NH4* from the rice roots to the above-
ground parts [19]. These results indicate the possible
involvement of the ammonium transporters in uptake/
downloading of NH," from the xylem sap into the leaf
tissues similar to roots for further assimilation through the
cytosolic GS1/GOGAT pathway [6, 20, 21]. Interestingly,
in PBI1 this induction was observed even at the lowest
NH,* concentration supplied (0.15 pM) compared to
KN3119 where the induction was observed at a higher
NH,* concentration. However, the high affinity
OsAMT]1;2 did not showed NH," inducibility in the roots
of both the genotypes but was found to be expressing
higher in the roots of KN3119 compared to PB1 indicating
that ammonium uptake at the root level through this
transporter is higher in KN3119.

In contrast OsAMT1;1 and OsAMT 1;2 the expression of
OsAMTI1;3 was differential among the two genotypes
studied. Expression of OsAMTI;3 in rice roots has been
reported to be high under nitrogen limiting conditions that
repress when the nitrogen concentration of the medium
increase [5]. In the present study similar repression of
OsAMT1;3 was observed when KN3119 roots were
exposed to increasing nitrogen concentration but in
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contrast was unchanged in PB1. This clearly indicates that
the repression of OsAMT1;3 with increase in nitrogen
input may not be a universal mechanism but is dependent
on genotype and probably the level of nitrogen requirement
or probably much higher concentration of NH, ™ is required
i.e., higher than 1 mM to repress OsAMT1;3 gene in PB1
roots. Interestingly, the rice genotype ‘Nipponbare’ is a
low nitrogen requiring cultivar like KN3119 used in the
present study [5, 19]. If in general the expression of
OsAMT1;3 distinguishes rice genotypes requiring low and
high doses of nitrogen it could be used as an biomarker in
determining the optimum nitrogen doses of rice varieties.
The subsequent prove to validate OSAMT1;3 as biomarker
for optimization of N-dose can be obtained by screening
large number of genotypes requiring different N-doses and
also analyzing the mapping populations derived from the
hybridizations resulting from low and high nitrogen
responsive genotypes. These differences in induction of
high affinity AMT genes are may be due to the differences
in nitrogen sensing and signaling. The induction or
repression of transporter-gene expression has been reported
to require some N-sensing system(s) within the cell, per-
haps in the nucleus or at the cell surface. Membrane-
associated proteins have been identified as possible sensors
of soil N availability [22, 23]. These sensors located at the
root/soil interface may be involved in sensing flux through
the transporter protein and/or availability of particular
forms of N at the cell surface. These sensors may have a
role in regulating cellular N pools and/or detecting avail-
able pools of N both inside cells and in the soil around the
root [24].

In addition to the high affinity OsAMT genes, all the
low affinity OsAMTs except OsAMT4, were also found to
express in both roots and shoots of both the genotypes
studied. Even after testing several primers sets the
expression of OsAMT4 could not be studied. This may be
due to very low levels of its expression or maybe it is
expressed under certain conditions. Expression of all the
low affinity OsAMTs in both roots and shoots suggests that
low affinity OsAMTs are also involved in ammonium
uptake and its translocation to ariel parts of the plant. The
expression profiling of members of OsAMT?2 and OsAMT?3
family showed interesting and distinct tissue specific level
of expression. The expression level of OsAMT2;1 and
OsAMT?2;2 was almost similar in roots and shoots while
the expression of all the members of OsAMT3 gene family
was higher in the shoots than in the roots. On the basis of
expression, only OsAMT2;1 of the OsAMT?2 family has yet
been characterized as a constitutively expressed gene in the
roots and shoots irrespective of the nitrogen supply [25]. It
was interesting to observe that in PB1 which is a high
nitrogen responsive genotype expressions of both the
OsAMT?2 family genes, OsAMT2;1 and OsAMT2;2 were
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high even in the controls compared to KN3119 which was
low but was induced at lower nitrogen conditions and
repressed at higher conditions. Low expression levels of
OsAMT?2;3 in both roots and shoots in all the nitrogen
conditions applied indicate that its role in ammonium
uptake and translocation is limited. Taken together it can
be assumed that all the OsAMT?2 family genes in both roots
and shoots of low nitrogen responsive genotype are
repressed under high nitrogen. In contrast to the OsAMT2
family genes higher expression of members of AMT3
family genes in the shoots than in the roots indicate that
their major roles are in the leaves for translocation and
distribution of ammonium ions brought from the roots
through the xylem. Similar to OsAMT2;1, only OsAMTS3;1
of the OsAMT3 family has been characterized. In ‘Nip-
ponbare’ OsAMT3;1 is weakly expressed in the roots and
shoots [25]. The present study not only confirm that
OsAMT3;1 is weakly expressed in the roots but also report
that the other two members of this family i.e., OsAMT3;2
and OsAMT?3;3 are also weakly expressed in rice roots. In
contrast to root, all the members of AMT3 family were
induced in the shoots of both the genotypes except
OsAMT3;1 in KN3119. Differential expression of the
members of OsSAMT2 and OsAMT?3 family genes further
suggests differential nitrogen sensing mechanism in the
genotypes differing in their nitrogen responsiveness. It can
also be seen that in low nitrogen responsive genotype many
of the low affinity OSAMT genes are repressed under high
nitrogen conditions. The expression pattern of almost all
the low affinity OsSAMT genes were also affected by the
changes in nitrogen conditions provided to the plants
indicate the optimization of nitrogen uptake by varying the
expression levels of AMT genes. These results along with
the expression profiles of OsAMT]1;3 suggests a probable
relation between the nitrogen responsiveness of rice
genotypes and the expression patterns of OsAMT genes.
Further, the expression of the only high affinity ammonium
transporter gene OsAMT1;1 along with six low affinity
OsAMT genes in leaves probably provides a support to the
high affinity OsAMT to carry out its full function.

The expression of many ammonium transporter genes in
the shoots raises one obvious question that, ‘where do the
AMT proteins localize in the leaf tissue?’ It is known that
the ammonium released from the photorespiratory cycle
inside the mitochondria is assimilated by chloroplastic/
plastidic form of glutamine synthetase GS2 [26, 27] and for
this process to occur, NHACL released from the mitochondria
has to enter chloroplast for its assimilation which might be
facilitated by the ammonium transporters present in the
membranes of these organelles. Although computer simu-
lation have predicted with considerable likelihood the
existence of N-terminal signal peptides for chloroplastic
localization (TargetP, www.cbs.dtu.dk) in Arabidopsis and


http://www.cbs.dtu.dk

Mol Biol Rep (2012) 39:2233-2241

2241

Tomato ammonium transporters (AtAMTI1;1, AtAMT]I;2,
LeAMTI1;1, and LeAMT1;3), chloroplast import assays
showed that in vitro translated radio-labelled proteins were
not incorporated into isolated chloroplasts [28]. A similar
study with all rice AMTs (using TargetP, www.cbs.dtu.dk)
have also predicted with considerable likelihood the exis-
tence of N-terminal signal peptides for chloroplastic
localization but its functional validation remains awaited
(unpublished data).
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