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Multiple roles of nitrate transport accessory
protein NAR2 in plants
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Two component high affinity nitrate transport system, NAR2/NRT2, has been defined in several plant species. In
Arabidopsis, AtNAR2.1 has a role in the targeting of AtNRT2.1 to the plasma membrane. The gene knock out mutant
atnar2.1 lacks inducible high-affinity transport system (IHATS) activity, it also shows the same inhibition of lateral root (LR)
initiation on the newly developed primary roots as the atnrt2.71 mutant in response to low nitrate supply. In rice, OsNAR2.1
interacts with OsNRT2.1, OsNRT2.2 and OsNRT2.3a to provide nitrate uptake over high and low concentration ranges. In
rice roots OsNAR2.1 and its partner NRT2s show some expression differences in both tissue specificity and abundance. It
can be predicted that NAR2 plays multiple roles in addition to being an IHATS component in plants.

Function of NAR2 as a Nitrate Accessory Protein

The plant NAR2-type genes were first named WR3 identified
by expression that was induced by wounding' and pathogens.?
The involvement of NAR2 in the high-affinity transport sys-
tem (HATY) for nitrate was initially identified genetically using
mutants in Chlamydomonas reinbardtii, in which NAR2 is next to
NRT2.1 in the nitrate-related gene cluster.** Functional analysis
of the CrNAR2/CrtNRT2.1 components for nitrate HATS was
demonstrated in Xenopus oocytes.>® Numerous genes belong-
ing to the NAR2 family have been identified during recent years
in several plants species. At present, three very similar barley
NAR2 genes (HUNAR2.1-HvINAR2.3),” two Arabidopsis NAR2
genes (AtNAR2.1 and AtNAR2.2),* and two rice NAR2s genes
(OsNAR2.1 and OsNAR2.2),° have been characterized. However,
not all NAR2 family members demonstrated a function in two-
component nitrate HATS. For example, among three barley
NAR2 genes, only HYNAR2.3 formed a functional unit with
HvNRT2.1. In rice OsNAR2.1, but not OsNAR2.2, functions
in rice two-component nitrate HATS.

Clarifying the function of NAR2 family members in nitrate
transport requires the identification of partner pairs and the
specificity of their interaction. In Arabidopsis, besides the well-
characterized interaction with AtNRT2.1, AtNAR2.1 showed
weak interaction with AcINRT2.3 in yeast, but the co-expression
of AtNAR2.1 and ActNRT2.3 did not show nitrate uptake activ-
ity in oocytes.® In rice, OsNAR2.1 can cooperate with both
OsNRT2.1/2.2 and OsNRT2.3a in yeast,” and the interaction
provided NO," uptake both in oocytes and rice over low to high
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concentration ranges.'’ In tobacco NpINRT2.1, which is an ortho-
log of A#INRT?2.1, can complement the atnrt2.1-1 mutant, but not
the atnar2.1 mutants." The finding suggests that NpNRT2.1 can
function in nitrate transport, but it is not known if NpNRT2.1
needs an accessory protein for its function.

The NAR2s are a small proteins, possibly containing a single
TM domain in CrNAR?2 and two TM domains in HYNAR2.3.>7
The NRT2s are typical carrier-type proteins, containing 12 puta-
tive TM domains.® The NAR2 protein plays a role in establishing
HATS activity by targeting NRT2 to the plasma membrane.'*"
In the r7el mutant of Arabidopsis, it was suggested that an aspar-
tate residue in the central loop of NAR2 was important for HATS
activity."* Immunological results demonstrated an oligomer, pro-
posed to contain a tetramer consisting of two subunits each of
AtNRT2.1 and AtNAR2.1, was active in HATS.? In barley, a
direct protein-protein interaction was shown to occur between
the HYNRT2.1 C-terminal, S463A, and the HYNAR2.3 central
region."? However, it is difficult to determine if this serine is a key
residue because it is not conserved in AtNRT2.1 and HYNRT2.1
C-terminal.!? In rice roots we detected some differences in the
tissue specific expression of OsNAR2.1 and its interacting NRT2
members.'” OsNAR2.1 expression was strongest in the epidermal
cells and much lower in the cortical and stelar cells (Fig. 1), while
OsNRT2.1, OsNRT2.2 and OsNRT2.3 were expressed abun-
dantly in the stelar cells."

It was shown that the expression of AZNAR2.1, AtNRT2.1 and
AtNRT2.2 in Arabidopsis was perfectly coordinated with nitrate
HATS regulation: induction by low external nitrate concentra-
tion and sudden N deprivation, and suppression by high nitrate
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Figure 1. Root cross sections of plants transformed with OsNAR2.T promoter-GUS genes. The expression specificity of OSNAR2.1 in the root of ten-day-
old seedlings (Oryza sativa L. ssp. Japonica cv. Nipponbare) cultured with de-ionized water containing 25 mgL' hygromycin. Transverse sections are
taken from approximately 0.5 mm (A), 1.5 mm (B), 1 cm (C) and 1.5 cm (D) from the root tip.

supply.>>'¢ In rice roots the expression of OsNAR2.1, OsNRT2.1,
OsNRT2.2 and OsINRT2.3a genes was induced by both low and
high nitrate concentrations.” In the Arabidopsis aznar2.1 knock-
out mutant, the expression of AtNRT2.1 decreased when com-
pared with WT grown at 0.2 mM nitrate, while it increased at
6 mM nitrate.® The expression level of AzNRT1.1 did not change
significantly between the atnar2.1 and wild type plants under
a high nitrate concentration.® In rice, RNAi-knockdown of
OsNAR2.1 suppressed the expression of OsINRT2.1, OsNRT2.2
and OsNRT2.3a very largely, but not the expression of OsNRT1.1,
OsNAR2.2, OsNRT2.3b and OsNRT2.4, at both 0.2 mM and 5
mM nitrate supply levels.” It is interesting to know if there are the
large different responses of NAR2/NRT?2 members to the change
of N supply among the genotypes of each rice or Arabidopsis
species. If not, the expressional discrepancies of NAR2/NRT2
members between Arabidopsis and rice could link to the evolu-
tionally adaptation of the plants to varied N form and concentra-

tions in upland and flooded paddy soils.
Role of NAR2.1 in Root Development

Local stimulation of lateral root growth was shown to be due
to a specific NO, signaling pathway, involving the putative
MADS-box transcription factor ANR1.” NRT1.1 acts upstream
of ANRI in the NO; signaling pathway governing lateral root
growth.”® It has also been shown that A#NRT2.1 plays a crucial
role in root branching independently of its NO," uptake activ-
ity.?® The atnar2.1 and atnrt2.1-1 mutants display the same
inhibition of lateral root (LR) initiation on the newly developed
primary roots.*"" The tobacco gene Np/NRT2.1 cannot function-
ally replace the Arabidopsis gene A#NRT2.1 for the LR response
while it can restore the HATS activity under nitrogen (N) limi-
tation.®"! Compared with the Ro/DNpNRT2.1 overexpresser
(the plants overexpressing NpINRT2.1 gene) and wild type,
RolIDNpNRT2.1X atnar2.1 plants (the atnar2.1 mutant comple-
mented with the NpNRT2.1 gene) and atnar2.] mutant had
significantly lower numbers of new LRs under a low nitrate con-
centration supply."! The Arabidopsis a#nar2.1 mutants showed
decreased growth and lower numbers of new lateral roots (LR)
only under a low nitrate supply condition.®!!
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Does NAR2 Gene Regulate the Expression
of Partner NRT2 s?

Members of the NRT2 family showed a variety of tissue expres-
sion patterns and regulation'® (Table 1). The expression patterns
of some NAR2 and NRT2 family members of different species
show common responses to different N forms, they are induced
by nitrate and repressed by feedback regulation from N metabo-
lites! (Table 1). Furthermore, HATS activity and transcript
levels of NAR2.1 and NRT2.1 in Arabidopsis and barley plants
are repressed significantly by high nitrate concentrations.'*"
Interestingly, in rice the expression patterns of NAR2.1 and
NRT?2s in roots treated with high nitrate are similar to those
treated with low concentrations.” At present, no trans-acting fac-
tors (TFs) that are absolutely necessary to regulate nitrate-respon-
sive transcription have been identified in higher plants. We found
a nitrate regulated element (NRE) in the OsNAR2.1 promoter"
had a highly similar NRE to one located in the Arabidopsis NIR
promoter, with only one base changed from A to C.'>* However
there was no such conserved sequence in the -1,000 bp promoter
regions of OsNRT2 genes in rice, and AtNAR2.1/AtNAR2 genes
in Arabidopsis.” One possibility is that OsNAR2.1 can more
directly sense nitrate than the OsIVNR72s in rice plants. However,
because the identity of the TFs or NRE(s) is still uncertain,
another possibility is that OsNAR2.1 and OsNRT2s have their
own independent and perhaps rice specific NREs.

The overexpression of Np/NRT2.1 in tobacco plants failed to
yield any increase in nitrate uptake.”? It may be that the over-
expression of NRT2.1, without NAR2.1, is unlikely to increase
nitrate uptake. AzZNAR2.1 expression is similar in wild-type and
amrt2.1-1 plants growing under differing supplies of nitrate,
while AzNRT2.1 expression is repressed in atnar2.] mutants
under low nitrate concentration.!® When both atnar2.1 and
atnrt2.] mutants were supplied with low nitrate concentrations
(0.2 or 0.5 mM), the atnar2.1-1 mutant has a more severely
stunted growth phenotype than the amrz2.1-1 mutant.® After 4 d
supplied with low nitrate, the anar2.1-1 mutant cannot sustain
an increased growth rate while no limitation was reported for
the atnrt2.1 mutant.® An explanation is probably that atnar2.1-1
mutants suffer more N deficiency than atnrt2.1-1, indicating
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Gene (Accession number)

AtNRT2.1/2.2 (AF019748/AF01979)

AtNRT2.3 (AB015472)
AtNRT2.4 (AB015472)
AtNRT2.6 (AL353992)

AtNRT2.5 (AC012187)

AtNRT2.7 (AL163792)
ZmNRT2.1 (AY129953)

ZmNRT2.2 (AY659965)

NpNRT2 (Y08210)

HVNRT2.1
OsNAR2.1 (AP008208)
OsNRT2.1 (AP008519)
OsNRT2.2 (AP008519)

OsNRT2.3a (AP003245)
OsNRT2.3b (AP003245)

OsNRT2.4 (AP004614)

Expression

Characterization

Root cortical and epidermal cells

Mainly in roots

Shoots; Embryo; seeds
Root epidermis and cortex

Root endodermis, centralcylinder and lateral
primordia

Strong in epidermis and endodermis close to
the root tip, week in the epidermis and lateral
root primordia in the mature part of the root

Root

Strongest in root epidermis and lower in
cortex and stele

Whole roots; leaves; week in hulls and anthers

Whole roots; leaves; strong in hulls and
anthers

Root stele; leaves; seed scutellum

Adventitious root primordial; leaves; ends of
the hull and in vascular tissue of the anther

Table 1. Literature summary of the tissue expression and regulation of some NRT2s in higher plants

Technique

RT-PCR; GUS/GFP fusion

RT-PCR

RT-PCR; GUS/GFP fusion

RT-PCR; In situ
hybridization

RNA gel blot; In situ
hybridization

RNA gel blot

RT-PCR; GUS fusion

Regulation

NO,;, sucrose and light induction;
NH,* and amino acids repression

NO, induction in shoots
Modest NO, induction

NOB' repression; Glucose
induction

NO, insensity

NO," induction; Glucose down-
and sucrose upregulation

NO, induction

NO, and NO, induction

NO,, light and sucrose
upregulation; NH,* repression

light and sucrose upregulation

NO,; light and sucrose
upregulation; NH,* repression

that AtNAR2.1 had a greater role in N uptake than AcNRT2.1.5
Some studies have suggested that AINRT2.1 might act as a
nitrate transceptor® like AtNRT1.1.%* Because of the lack of con-
firmed nitrate sensing motifs, it is difficult to determine which
gene in the NAR2/NRT?2 partnership acts as the nitrate sensor/
signal transducer.
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