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Abstract In higher plants, two types of nitrate transporters,
NRT1 and NRT2, have been identified. In Arabidopsis, there
are 53 NRT1 genes and 7 NRT2 genes. NRT2 are high-affinity
nitrate transporters, while most members of the NRT1 family
are low-affinity nitrate transporters. The exception is CHL1
(AtNRT1.1), which is a dual-affinity nitrate transporter, its
mode of action being switched by phosphorylation and dephos-
phorylation of threonine 101. Two of the NRT1 genes, CHL1
and AtNRT1.2, and two of the NRT2 genes, AtNRT2.1 and
AtNRT2.2, are known to be involved in nitrate uptake. In addi-
tion, AtNRT1.4 is required for petiole nitrate storage. On the
other hand, some members of the NRT1 family are dipeptide
transporters, called PTRs, which transport a broad spectrum
of di/tripeptides. In barley, HvPTR1, expressed in the plasma
membrane of scutellar epithelial cells, is involved in mobilizing
peptides, produced by hydrolysis of endosperm storage protein,
to the developing embryo. In higher plants, there is another fam-
ily of peptide transporters, called oligopeptide transporters
(OPTs), which transport tetra/pentapeptides. In addition, some
OPTs transport GSH, GSSH, GSH conjugates, phytochelatins,
and metals.
� 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

In higher plants, there are two types of nitrate transporters,

known as NRT1s and NRT2s, and two types of small peptide

transporters, known as PTRs (peptide transporters) and OPTs

(oligopeptide transporters). NRT2s are high-affinity nitrate

transporters, while most NRT1s are low-affinity nitrate trans-

porters, with the exception of CHL1 (AtNRT1.1), which is a

dual-affinity nitrate transporter [1]. PTRs are di/tripeptide

transporters, while OPTs are tetra/pentapeptide transporters.

Two plus two normally equals four; however, in this case,

two plus two equals three, as NRT1s and PTRs belong to

the same family, known as NRT1(PTR). In this review, we will

discuss these three transporter families. No sequence homol-

ogy is found between the NRT1(PTR) family and either the

NRT2 family or the OPT family. Most of the in planta func-

tions of the NRT1(PTR), NRT2, and OPT transporters have
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been identified in Arabidopsis, in which there are 7 NRT2

genes, 53 NRT1(PTR) genes, and 9 OPT genes.
2. NRT1(PTR) family

The first NRT1(PTR) gene isolated was CHL1 (AtNRT1.1).

CHL1 stands for CHLorate resistant mutant 1. Chlorate, a ni-

trate analog, can be taken up by plants using nitrate uptake

systems and converted by nitrate reductase (NR) into chlorite,

which is toxic for plants. Mutants defective in nitrate uptake or

NR activity are resistant to chlorate treatment. The low-affin-

ity nitrate uptake mutant, chl1, was isolated in 1978 [2] and the

CHL1 (AtNRT1.1) gene was isolated using a T-DNA-tagged

mutant in 1993 [3]. At that time, CHL1 was a novel protein

showing no sequence similarity with any protein in the data-

base. Using the Xenopus oocyte expression system, it was

shown to be a proton-coupled nitrate transporter [3].

In 1994, five di/tripeptide transporter genes were identified

independently in the rabbit (PepT1) [4], a fungus (fPTR2)

[5,6], Arabidopsis (AtNTR1, renamed as AtPTR2) [7,8], yeast

(PTR2) [9] and a bacterium (DtpT) [10] by functional cloning

based on peptide transport activity when expressed in Xenopus

oocytes (PepT1), complementation of a yeast mutant (fPTR2,

AtPTR2 and yeast PTR2), or complementation of an Esche-

richia coli mutant (DtpT). These peptide transporters were

found to share sequence similarity with the nitrate transporter

CHL1, and, together, they form a new transporter family,

called NRT1 (PTR).

All the evidence indicates that nitrate transporters cannot

transport peptide [11–13], while peptide transporters cannot

transport nitrate [14], i.e. peptide transporters and nitrate

transporters are functionally distinct. Nitrate and peptides

are very different in structure. The question why peptides

and nitrate share the same family of transporter has puzzled

workers in the field ever since the identification of NRT1(PTR)

family. This puzzle should be solved in the future by structure

determination of the nitrate transporters and peptide trans-

porters in this family by mutagenesis or crystal structure stud-

ies. The common feature of peptides and nitrate is that both

are nitrogen sources: nitrate is the primary nitrogen source

in higher plants, while di/tripeptides are the nitrogen sources

in animals. CHL1 (AtNRT1.1) is involved in taking nitrate

from the soil [15,16], and PepT1, expressed in the intestine, is

involved in absorption of the di/tripeptide products of protein

digestion [4]. Most secondary transporters in animals are so-

dium-coupled, but PepT1, like NRT1, is a proton-coupled

transporter. Since all the NRT1(PTR) transporters identified
blished by Elsevier B.V. All rights reserved.
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in organisms other than higher plants are di/tripeptide trans-

porters, it is more likely that nitrate transport activity evolved

from an ancient peptide transporter.
2.1. NRT1(PTR) family in Arabidopsis and rice

Another remarkable feature of the NRT1(PTR) family is the

number of NRT1(PTR) genes in higher plants. In contrast to

the low number in other organism (six in humans, four in C.

elegans, three in Drosophila, and one in yeast), Arabidopsis

has 53 NRT1(PTR) genes and rice 80, suggesting that this fam-

ily plays some unique function in higher plants. We can ask

whether transport of nitrate and/or peptide is sufficient to ac-

count for the large numbers of NRT1(PTR) genes in higher

plants or whether there are any unidentified substrates or func-

tions for this family.

All of the NRT1(PTR) transporters in higher plants contain

12 putative transmembrane (TM) spanning regions, with a

large hydrophilic loop between TM domains 6 and 7.

At1g72120 was originally predicted to encode a protein with

24 TM domains, but Northern blot analysis and RT-PCR

using various primers indicate that At1g72120 should be split

into two genes, At1g72115 and At1g72125, each encoding a

protein with the typical 12 TMs (Wang, Yang, and Tsay,

unpublished data). The position of the long hydrophilic loop

between TMs 6 and 7 is unique to higher plant NRT1(PTR)

and rat PHTs [14]. In most animal NRT1(PTR) transporters,

the long loop is located between TMs 9 and 10, while, in fungi,

it is between TMs 7 and 8. However, the function of the long

hydrophilic loop in the NRT1(PTR) transporters has not been

elucidated.

Phylogenetic analysis of NRT1(PTR) transporters in

Arabidopsis and rice, together with BnNRT1-2 from

Brassica [17], HvPTR1 from barley [18], and AgDCAT1 from

alder [19] shows that they can be classified into four subgroups

I, II, III and IV (labeled, respectively in red, green, pink,

and blue in Figs. 1 and 2). Four clusters in the phylogenetic

tree (Os11g18044–Os04g41410, Os04g50930–Os07g41250,

Os10g02220–Os10g02080, and Os04g59480–Os01g65120) are

rice specific and two clusters (At1g72115–At1g22540 and

At3g45650–At3g45720) are Arabidopsis specific indicating

that the genes in these clusters evolved by duplication after

speciation events. Indeed, genes in the Arabidopsis-specific

clusters are either closely linked or located in the duplicated

blocks of the genome.

RT-PCR analysis using gene-specific primer shows that 51

of the 53 Arabidopsis NRT1(PTR) genes are expressed, and

that only two (At1g69860 and At3g45690), for which no tran-

script could be detected in the tissues tested, might be pseudo-

genes (Fig. 2). Seven NRT1(PTR) genes are tandemly clustered

on chromosome 3 (At3g45650–At3g45720), and five of these

are root-specific, indicative of functional redundancy. In addi-

tion, there are 12 pairs of genes, marked with brackets in

Fig. 2, which (1) share the highest degree of sequence similarity

with each other, and (2) are either closely linked or located on

duplicated blocks of the genome. When the tissue-specific

expression patterns are compared between the genes in each

pair, identical patterns are seen with only three pairs (marked

with a gray background in Fig. 2). Thus, most of the 53 genes,

even those sharing a high degree of sequence similarity, exhibit

different tissue expression patterns and may play unique func-

tions in Arabidopsis.
So far, using Xenopus oocyte system for functional studies,

13 plant NRT1(PTR) genes (AtNRT1.1 [At1g12110] [3],

BnNRT1-2 [17], AtNRT1.2 [At1g69850, NTL1] [12], and

AtNRT1.4 [At2g26690, NTL3] [11] in group I, OsNRT1.1

[13] and At1g32450 [AtNRT1.5, NTL2] in group II,

At1g72115 and At1g72125 in group III, and At1g27080

[AtNRT1.6, NTL9], At1g69870 [AtNRT1.7, NTL4],

At1g18880, At5g62680 and At1g52190 [NTL8] in group IV

[our unpublished data]) have been proven to encode nitrate

transporters (Fig. 1). Nitrate transporters are found in all four

groups. On the other hand, using yeast and/or Xenopus oo-

cytes for functional studies, three of the plant NRT1(PTR)

genes (AtPTR2 [8,14,20], HvPTR1 [18], and AtPTR1 [21])

were found to encode peptide transporters. All three belong

to a cluster in group II (Fig. 1). In addition, AtPTR3

(At5g46050) in group III has been shown to be able to comple-

ment a yeast dipeptide uptake mutant [22], but its dipeptide

transport activity has not been directly tested in either yeast

or oocytes. In summary, nitrate transporters are found in all

four groups, while dipeptide transporters mainly belong to

group II, with one member AtPTR3 in group III.
2.2. Nitrate transporters in the NRT1(PTR) family

2.2.1. CHL1 (AtNRT1.1). CHL1 (AtNRT1.1) was not

only the first NRT1(PTR) gene to be identified, but is also

the most extensively studied. The nitrate concentration in the

soil can vary by four orders of magnitude from the lM to

mM range. To counteract this fluctuation, plants have evolved

two nitrate uptake systems, one high-affinity, with a Km in the

lM range, and one low-affinity, with a Km in the mM range

(Fig. 3). When the chl1 mutant was first isolated, nitrate up-

take studies showed that it was defective in low-affinity nitrate

uptake, but had normal high-affinity nitrate uptake activity

[23]. In addition, based on the currents elicited by different

concentrations of nitrate, the Km, calculated in CHL1-injected

oocytes, was about 5 mM, in the low-affinity range [15]. On the

basis of these two pieces of evidence, the low- and high-affinity

nitrate uptake systems were for a long time thought to be

genetically distinct, and CHL1 was thought to be a low-affinity

nitrate transporter. However, two later independent studies

showed that high-affinity nitrate uptake was also defective in

the chl1 mutant [1,24]. In addition, Xenopus oocytes express-

ing AtNRT1.1 (CHL1) were found to exhibit two phases of ni-

trate uptake, with a Km of about 50 lM for the high-affinity

phase and a Km of about 4 mM for the low-affinity phase, indi-

cating that CHL1 is a dual-affinity nitrate transporter [1].

The mode of action of AtNRT1.1 (CHL1) is switched by

phosphorylation and dephosphorylation of threonine 101

(Fig. 3). Xenopus oocytes expressing the T101A mutant, which

cannot be phosphorylated, exhibit only low-affinity nitrate up-

take activity; while oocytes expressing the T101D mutant,

which mimics the phosphorylated form, exhibit only high-

affinity nitrate uptake activity [25]. This indicates that phos-

phorylated AtNRT1.1 (CHL1) functions as a high-affinity

nitrate transporter, and dephosphorylated CHL1 functions

as a low-affinity transporter. The phosphorylation levels of

AtNRT1.1 (CHL1) are regulated in response to the changes

of the external nitrate concentrations [25].

Other Arabidopsis NRT1s have been tested for high-affinity

nitrate transport activity ([1,11,13] and our unpublished data).

Of the 12 tested, eleven showed pure low-affinity nitrate
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Fig. 1. Phylogenetic tree of the Arabidopsis and rice NRT1(PTR) family. Multiple sequence alignments of 53 Arabidopsis NRT1(PTR) transporters,
80 rice NRT1(PTR) transporters, and BnNRT1-2, AgDCAT1, and HvPTR1 were performed using the BLOSUM protein weight matrix and the
phylogenetic tree was constructed using the neighbor-joining method of the ClustalX program [87]. The tree was displayed and manipulated using the
MEGA3 program [88].
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transport activity and only AtNRT1.1 (CHL1) showed dual-

affinity nitrate transport activity. However, the sequence

RXXT101 was found in 36 of 53 Arabidopsis NRT1(PTR)

transporters, including some of those shown to be pure low-

affinity nitrate transporters, indicating that an additional se-

quence is required for the dual-affinity switch. BnNRT1-2

from Brassica napus and Os08g05910 and Os10g40600 from

rice show a higher degree of sequence similarity to AtNRT1.1

(CHL1) than any of the Arabidopsis NRT1s, suggesting that

they are orthologs of AtNRT1.1 (CHL1), and it will be inter-

esting to determine whether these three transporters also func-

tion as dual-affinity nitrate transporters.

Ironically, high-affinity nitrate uptake was found to be nor-

mal in the first studies on the chl1 mutant [23], and, at, that

time, at which no gene involved in nutrient uptake had been

identified, this different behavior of high- and low-affinity ni-
trate uptake in the chl1 mutant was one of the strongest pieces

of evidence supporting the hypothesis that the high- and low-

affinity nutrient uptake systems in higher plants were geneti-

cally distinct. Many more channels and transporters have

now been identified and found to be responsible only for

high-affinity uptake or only for low-affinity uptake, demon-

strating that the ‘‘genetically distinct model’’ is correct, and,

in fact, AtNRT1.1 (CHL1) proved to be an exception to the

rule.

Why was high-affinity nitrate uptake of chl1 mutants some-

times found to be normal and sometime abnormal? This could

be due to there being multiple genes involved in nitrate uptake.

For example, in Arabidopsis, AtNRT1.1 (CHL1), AtNRT2.1,

and AtNRT2.2 are known to be involved in high-affinity ni-

trate uptake [1,24,26–28], and AtNRT1.1 (CHL1) and

AtNRT1.2 are known to be involved in low-affinity nitrate



Fig. 2. Tissue-specific expression pattern of Arabidopsis AtNRT1(PTR) genes. Various tissues were collected for RT-PCR analyses of 53
AtNRT1(PTR) genes. Shoot and root tissues were collected from 14-day-old Arabidopsis grown hydroponically on nylon meshes in magenta box
(Sigma) and the inflorescence stem, cauline leaf, flower, and silique were collected from 4-week-old pot-grown Arabidopsis. Images of RT-PCR
analyses of AtNRT1 genes were quantified using a Luminescent Image Analyzer LAS1000plus (Fujifilm, Tokyo, Japan) and the software program,
Image Gauge Ver. 4.0 (Fujifilm). The expression of the AtNRT1 genes was normalized to that of UBQ10. The sum of the expression of all tissues for
each gene was taken as 100% and the expression in a given tissue expressed as a percentage of this (shown by the area of the circle). Each gene is
represented by a distinct color. Genes for which no expression was detected in the RT-PCR analyses are indicated by an asterisk. Genes sharing the
highest similarity and closely linked or located on duplicated blocks of the genome are indicated by a right-bracket (]); pairs or groups of genes with
similar expression patterns are indicated by a light grey background.
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uptake [12,15] (Fig. 3). The transcription levels of AtNRT1.1

(CHL1) and AtNRT2.1 have been shown to be differentially

regulated by N-starvation [29,30], nitrite [31], and NR defi-

ciency [29,30]. The determination of the relative contribution

of AtNRT1.1 (CHL1), AtNRT2.1, and AtNRT2.2 to high-

affinity nitrate uptake was made more complicated by the facts

that phosphorylation of AtNRT1.1 (CHL1), which controls

the switch between the high-affinity and low-affinity modes

of action, is regulated by different concentrations of nitrate

[25] and that gene compensation has been documented be-

tween CHL1 and AtNRT2.1 [32] and between AtNRT2.1 and

AtNRT2.2 [28]. Thus, the contribution of AtNRT1.1

(CHL1), AtNRT2.1, and AtNRT2.2 to high-affinity nitrate

uptake varies from one condition to the other, and the high-
affinity nitrate uptake defect of the chl1 mutant is only detected

under conditions in which the contribution of AtNRT1.1

(CHL1) is dominant over that of AtNRT2.1 and AtNRT2.2.

Indeed, the age of the plant (the plants used for different up-

take studies ranged from 5-day-old to 6-week-old)

[1,16,24,32], the N-status of the plant [15,16], and the uptake

medium (with or without ammonium) [32,33] can all cause dif-

ferences in uptake behavior of the chl1 mutant. For example,

two studies showing a high-affinity nitrate uptake defect of

the chl1 mutant used 5- to 12-day-old plants, an age when

the high-affinity nitrate uptake of the chl1 mutant is only 10–

30% of the wild type level [1,24]. In contrast, the study which

showed increased or normal high-affinity nitrate uptake activ-

ity in the chl1 mutant used 6-week-old plants [32,33]. These
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results are consistent with the fact that AtNRT1.1 (CHL1) is

more highly expressed in the younger part of the root than

the older part [15,34,35], while the converse is the case for

AtNRT2.1 [36,37]. In fact, no AtNRT2.1 transcripts can be de-

tected in 2- to 5-day-old plants [38].

In addition to nitrate uptake, AtNRT1.1 (CHL1) is also in-

volved in nascent organ development [34], light-induced sto-

matal opening [39], repression of AtNRT2.1 by high nitrate

[32,33], relief of seed dormancy by nitrate [40], and stimulation

of lateral root proliferation by high nitrate [35]. Some of these

studies suggested that AtNRT1.1 (CHL1) may function as a

nitrate sensor [32,33,35]. In yeast, several unique members of

transporter families (Ssy1p for amino acids, Mep2p for ammo-

nium, and Snf3p and Rgt2p for glucose) do function as extra-

cellular nutrient sensors [41]. With the exception of Mep2p,

these transporter-like sensors in yeast do not transport their

respective nutrients. Since transport activity will alter cytosolic

nutrient concentrations, it is, in fact, difficult to prove or dis-

prove if a functional transporter also acts as a nutrient sensor.

2.2.2. AtNRT1.2 and cLATS. The basal level of nitrate up-

take activity seen in nitrogen-starved plants or ammonium-

grown plants is due to the ‘‘constitutive’’ components of

nitrate uptake and the increase of several folds in activity after

exposure to nitrate is due to the ‘‘inducible’’ components.

There are four components of nitrate uptake, the constitutive

high-affinity system (cHATS), the inducible high-affinity sys-

tem (iHATS), the constitutive low-affinity system (cLATS),

and the inducible low-affinity system (iLATS). In Arabidopsis,

AtNRT1.2 is responsible for cLATS, as shown by the consti-

tutive expression of AtNRT1.2 and the defect in nitrate-in-

duced membrane depolarization seen in the atnrt1.2

antisense mutant grown in ammonium [12]. Although both

AtNRT1.1 and AtNRT1.2 are involved in low-affinity nitrate

uptake, these two transporters differ in three aspects: (1)

expression of AtNRT1.1 is induced by nitrate [3], while
AtNRT1.2 is constitutively expressed [12]; (2) AtNRT1.1 is a

dual-affinity nitrate transporter, while AtNRT1.2 is a pure

low-affinity nitrate transporter [1]; and (3) AtNRT1.1

(CHL1) is expressed in the epidermis in the root tip [15], but

in the cortex and external half of the endodermis in other

regions, whereas AtNRT1.2 mRNA is found only in the epi-

dermis [12]. The physiological impact of the difference in cell

type-specific expression remains to be analyzed.

Similar to AtNRT1.2, OsNRT1 is a constitutive gene encod-

ing a pure low-affinity nitrate transporter and is only expressed

in the root epidermis [13]. However, phylogenetic analysis indi-

cated that AtNRT1.2 and OsNRT1 belong to different groups

of the NRT1(PTR) family (Fig. 1). If OsNRT1 is also respon-

sible for cLATS, this then raises the question why OsNRT1,

and AtNRT1.2 are orthologs, but belong to different groups

of the NRT1(PTR) family.

2.2.3. AtNRT1.4 and petiole nitrate storage. After being

taken up into the root cells, nitrate has to cross several cell

membranes to be distributed in different cellular compartments

and different tissues. Compared to nitrate uptake, less is

known about how nitrate is transported to different cellular

compartments and tissues. AtCLCa, a member of the chloride

channel family (reviewed separately in this issue), functions as

a nitrate/proton exchanger responsible for nitrate accumula-

tion in vacuoles [42]. In addition, several NRT1 genes in Ara-

bidopsis are involved in nitrate distribution in different cellular

compartments and tissues (Tsay, unpublished data). The low-

affinity nitrate transporter gene, AtNRT1.4, is only expressed

in the leaf petiole [11]. In the wild type, the petiole nitrate con-

tent is high, but NR activity is low, indicating that the petiole

is a nitrate storage site. In the atnrt1.4 mutant, the nitrate con-

tent of the petiole is reduced to half that of the wild type level,

but that in the leaf lamina is slightly increased [11]. These stud-

ies on AtNRT1.4 show that the petiole has a unique function

in nitrate homeostasis regulation. This could explain why some

farmers use the petiole nitrate content to monitor the N-de-

mand of crops.
2.3. Dipeptide transporters in the NRT1(PTR) family

In bacteria, yeasts, and animals, the ability to transport pep-

tides, which plays a crucial role in nutrition in terms of carbon

and nitrogen sources, is well established. However, in plants,

the role of small peptides (2–6 amino acids) and their trans-

porters is less defined. To date, three protein families have been

identified as transporting small peptides in higher plants, the

ABC-type transporters, the di/tripeptide transporters (PTR

family), and the OPT family. Peptide transporters within the

ABC superfamily have been reviewed by Stacey et al. [43]. In

this review, we focus on recent data for the PTR and OPT fam-

ilies (Table 1). In addition, we will discuss some new insights

into diverse possible roles of Arabidopsis PTRs in plant devel-

opment, stress responses, and heavy-metal detoxification.

2.3.1. The PTRs in Arabidopsis. The first plant peptide

transporter, AtPTR2 (At2g02040, formerly AtNRT1), was iso-

lated by complementation of a yeast histidine transport-defi-

cient mutant with an Arabidopsis cDNA library. However, no

uptake of radiolabeled histidine could be measured in S. cerevi-

siae expressing AtPTR2 [7]. Later, AtPTR2 was transformed

into a yeast peptide transport-deficient mutant in which

AtPTR2 displayed high-affinity, low-selectivity transport activ-

ity for di- and tripeptides [8]. AtPTR2 (formerly AtPTR2-B)



Table 1
Properties of Arabidopsis dipeptide and oligopeptide transporters

AGI Expression Localization Substrate specificity Phenotypes

mRNAa Promoter-GUS In yeastb In oocytes

AtPTRs
AtPTR2 At2g02040 Root, 3d-germ. seed,

silique; other tissues
– Di- and tripeptides*;

phaseolotoxin
Di- and
tripeptides

?d

AtPTR1 At3g54140 Weak expression
in all tissues

Vascular tissue throughout
the plant

Plasma
membrane

Dipeptides;
phaseolotoxin

Di- and
tripeptides;
4-APAAc

No unusual
phenotype

AtPTR3 At5g46050 – Cotyledons, leaves Di- and tripeptides – Reduced defense
against pathogens

AtOPTs
AtOPT1 At5g55930 Flower; leaf, stem Vascular tissues; pollen and

pollen tubes
KLLLG –

AtOPT2 At1g09930 Equal in all tissues – – –
AtOPT3 At4g16370 Flower, leaf,

root; stem
Vascular tissues; pollen
and embryo

Cu2+; Mn2+; Fe2+ – Embryo arrested
at the preglobular
stage

AtOPT4 At5g64410 Equal in all tissues Vascular tissues; embryonic
cotyledons

KLLG; KLGL*;
KLLLG

GGFL;
GGFM;
KLGL

AtOPT5 At4g26590 Flower – KLLLG –
AtOPT6 At4g27730 Flower; root Vascular tissues; ovules,

embryo, stamen filaments
and lateral root initiation

KLLLG; GSH*;
GSSG

–

AtOPT7 At4g10770 Flower; root Vascular tissues; embryonic
cotyledons

KLLLG –

AtOPT8 At5g53520 – Pollen, early stages of
embryogenesis

– –

AtOPT9 At5g53510 – – – –

aWords in bold indicate a stronger expression.
bYeast growth complementation assays reveal possible substrates for the indicated AtOPT. Substrates further confirmed by uptake experiments are
marked with an asterisk. Metal transport by AtOPT3 is nicotianamine-independent.
c4-APAA: Aminophenylacetic acid.
dPhenotypes observed in antisense mutants of AtPTR2 are delayed flowering and arrested seed development, however, the T-DNA insertion lines
show no unusual phenotypes (personal communication).
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was also cloned by Song et al. by functional complementation

of a yeast peptide transport mutant with an Arabidopsis cDNA

library [20]. Again, it was demonstrated that, when expressed in

yeast [20] or Xenopus oocytes [14], it could mediate the uptake

of various di- and tripeptides, but showed no His or nitrate up-

take activity. AtPTR2 is expressed in most plant tissues, with

high levels in green silique, root, and young seedlings [7,20].

In situ hybridization indicated that AtPTR2 is expressed in

the embryo at the heart stage of development [8]. It is notewor-

thy that the role of AtPTR2 in planta is still an open question,

because the late flowering and seed abortion phenotype ob-

served in antisense AtPTR2 plants is not seen in the T-DNA-in-

serted atptr2 mutant (G. Stacey, personal communication),

indicating that the phenotype was caused by cross-silencing

an unknown member(s) of the NRT1(PTR) family.

Functional analysis of AtPTR2 and fungus fPTR2 (formerly

AtPTR2-A, isolated by complementing a yeast mutant with an

Arabidopsis cDNA library, but later found to be a gene from a

fungal contaminant [5,6]) in Xenopus oocytes under voltage

clamp conditions revealed that both transport a broad spec-

trum of dipeptides, with Kms ranging from 30 lM to 3 mM

[14]. Similar to rabbit PepT1, AtPTR2 and fPTR2 prefer

dipeptides; the tripeptide and amino acid transport activities

being �60% and 10%, respectively, of the dipeptide activity

[14]. The low level of amino acid transport activity may explain

why AtPTR2 was originally isolated by complementing a his-

tidine transport-deficient mutant, but no histidine transport

activity was observed. The substrate preferences of AtPTR2
and fPTR2 are quite similar. In addition, kinetic analysis sug-

gests that both AtPTR2 and fPTR2 operate by a random bind-

ing, simultaneous transport mechanism [14].

Subsequently, AtPTR1 (At3g54140), which mediates the up-

take of di- and tripeptides, was also identified by heterologous

complementation of a yeast peptide transport-deficient mutant

and found to recognize not only a wide spectrum of naturally

occurring di- and tripeptides, but also the modified tripeptide,

phaseolotoxin, and substrates lacking peptide bonds [21].

Transient expression analysis of a GFP fusion indicated that

AtPTR1 is a plasma membrane protein and GUS staining

analysis revealed strong expression of AtPTR1 in vascular tis-

sue throughout the plant, indicating a role in long-distance

peptide transport [21].

AtPTR3 (At5g46050), a mechanical wounding-induced gene,

was identified by screening mutant lines transformed with T-

DNA containing a promoter trap vector carrying a GUS re-

porter [44]. Further study showed that AtPTR3 expression is

induced by salicylic acid (SA), and that wound-induced expres-

sion of AtPTR3 was abolished in the SA signaling mutants,

NahG and npr1. AtPTR3 is able to complement the growth de-

fect of the yeast dipeptide uptake mutant, ptr2, using dipep-

tides as the amino acid source [22]. One of the T-DNA

inserted mutants, atptr3-1, showed increased susceptibility to

the pathogen, Erwinia carotovara subsp. carotovora, but the

phenotype was not so obvious in another mutant, atptr3-2,

with a different ecotype background. The converse was true

for another pathogen, Pseudomonas syringae with increased
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susceptibility found in atptr3-2 and no phenotype in atptr3-1

[22]. Whether dipeptides are the primary substrate of AtPTR3,

the role of AtPTR3 in pathogen defense, and whether these ac-

count for the ecotype-specific and pathogen-specific pheno-

types remain to be determined.

2.3.2. The PTRs in barley. In the past few years, using

degenerate primers designed to conserved regions of peptide

transporters, homologous genes encoding peptide transporters

have been identified in barley [18], Vicia faba [45], and the car-

nivorous plant, Nepenthes, [46]. The barley scutellar peptide

transporter, HvPTR1, is the best characterized plant PTR, as

peptide transport in germinating barley grain has been exten-

sively studied using biochemical approaches [18,47,48]. Unlike

AtPTRs, which are expressed in almost all tissues, expression

of HvPTR1 is highly tissue- and developmental stage-specific,

with transcripts being detected in scutellar epithelial cells dur-

ing germination [18]. All the evidence indicates that HvPTR1,

localized in the plasma membrane of scutellar epithelial cells, is

responsible for remobilizing small peptides, produced by the

hydrolysis of storage protein in the endosperm, to the growing

seedling [18,49]. In response to increased levels of amino acids

(present at the later stage of germination), the dipeptide

transport activity of the scutella is reduced and HvPTR1

protein is regulated at the post-translational level by phos-

phorylation [50]. This could be an important regulatory mech-

anism for controlling the amount of organic nitrogen

transported from the endosperm to the embryo during seed

germination.
2.4. Other substrates and potential substrates of the

NRT1(PTR) transporters

In addition to nitrate and dipeptides, histidine and malate

have been shown to be transported by some NRT1(PTR)

transporters. RnPHT1, expressed in rat brain, exhibits high-

affinity dipeptide and high-affinity histidine transport activity

(KHis
m is about 20 lM), but no transport activity can be detected

for other amino acids [51]. BnNRT1-2 from Brassica trans-

ports nitrate and histidine with similar Kms (both in the mM

range), but different pH dependencies [17]. AtPTR1 and

AtPTR2 are high-affinity dipeptide transporters with low-affin-

ity, low-capacity histidine transport activity [14,21]. RnPHT1

therefore transports dipeptide and histidine with equal effi-

ciency, but AtPTR1 and AtPTR2 transport dipeptide much

more efficiently than histidine. On the other hand, AgDCAT1,

a member of the NRT1(PTR) family expressed in the actino-

rhizal nodules of alder, has been shown to be a dicarboxylate

transporter, with a Km of 70 lM for malate [19]. Located at the

symbiotic interface, it may be responsible for providing the

intracellular bacteria with dicarboxylates as carbon sources.

It will be interesting to determine whether any of the Arabid-

opsis NRT1(PTR)s can transport malate.

What could be other potential substrates for NRT1(PTR)

transporters accounting for such a large family in higher

plants? IAA-amino acid conjugates, c-glutamylcysteine, and

glutathione, with similar structures to di- and tripeptides, are

important molecules for plant development, nutrition, stress

adaptation, and heavy metal detoxification. Using a reverse ge-

netic approach, it was found that c-glutamylcysteine and glu-

tathione can be transported by one of the AtNRT1(PTR)

transporters and that the T-DNA-inserted mutant was cad-

mium-sensitive (Tsai and Tsay, unpublished data).
3. NRT2 family

The NRT2 family of high affinity nitrate transporters was

first discovered in the chlorate-resistant mutant, crnA, now re-

named NRTA, of Aspergillus nidulans: the nitrate uptake de-

fect of this mutant is seen in the conidiospore and young

mycelia stages, but not in older mycelia [52,53]. Subsequent

searches led to the identification of an equivalent gene family

in Chlamydomonas [54], marine cyanobacterium [55], and a

variety of plants, including barley [56], tobacco [57], soybean

[58], and Arabidopsis [30,38].
3.1. A two-component high-affinity nitrate uptake system

NRT2 protein contains 12 TM domains. In the fungus,

Aspergillus nidulans, NRT2 protein is functional on its own.

A. nidulans NRT2 cDNA expressed in Xenopus oocytes exhib-

its nitrate, nitrite, and chloride (nitrite analogue) uptake

activity [59]. The nitrate-induced inward currents are pH-

dependent, consistent with a proton-coupled mechanism.

Mutagenesis analysis indicated that two conserved arginine

residues (R87 and R459) in TM domains 2 and 8 are required

for substrate binding, and intragenic suppression analysis

revealed a functional interplay between R87 in TM 2 and

N459 in TM 11 [60]. In contrast, in Chlamydomonas and

higher plants, NRT2 protein alone does not show any nitrate

transport activity and an additional component, NAR2, a pro-

tein with a single TM domain, is required. The involvement of

NAR2 in high-affinity nitrate uptake was first identified genet-

ically in Chlamydomonas reinhardtii, in which NAR2 is next to

NRT2.1 in the nitrate-related gene cluster [54,61]. Xenopus

oocytes co-injected with CrNAR2 and CrNRT2.1 show pH-

dependent, nitrate-elicited currents, while oocytes injected with

either one alone do not [62]. A direct interaction between

NRT2 and NAR2 was further confirmed using the yeast

split-ubiquitin system [63]. The interaction between NAR2

and NRT2 is very specific. For example, in barley, there are

three NAR2 genes, only one of which, HvNAR2.3, can form

a functional unit with HvNRT2.1 [64].
3.2. Genes involved in high affinity nitrate uptake (HATS)

According to the physiological analyses, there are two high-

affinity nitrate uptake systems, inducible HATS (iHATS) and

constitutive HATS (cHATS). The Vmax of iHATS is several

folds higher than that of cHATS.

In Arabidopsis, there are seven NRT2 genes. AtNRT2.1 and

AtNRT2.2 are next to each other on the chromosome, and

both are involved in high affinity nitrate uptake [26–28]. In

the nrt2.1 and nrt2.2 mutants, iHATS is reduced by 50–72%

and 19%, respectively, indicating that AtNRT2.1 plays a more

dominant role and AtNRT2.2 a minor role in iHATS [28].

However, when AtNRT2.1 is mutated, AtNRT2.2 mRNA lev-

els are increased three-fold to compensate the functional loss

of AtNRT2.1 [28]. In Arabidopsis, there are two NAR2 genes,

NAR2.1 (AtNRT3.1, At5g50200) and NAR2.2 (AtNRT3.2,

At4g24720). AtNAR2.1 is known to participate in high-affinity

nitrate uptake [63,65]. In the nar2.1 null mutant, cHATS is re-

duced by up to 89%, while iHATS is reduced by up to 96%

[65]. It is noteworthy that, in a nrt2.1 nrt2.2 double knock

out mutant, cHATS was only reduced by 30–35% [28]. The

severe defect of cHATS in the nar2.1 mutant [65], but not

the nrt2.1 nrt2.2 double mutant [28], suggested that another
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NRT2 gene(s) was probably responsible for cHATS. A mutant

defective in cHATS, chl8, was isolated by chlorate selection at

low concentration [66], but the gene mutated in chl8 has not

been identified. It will be interesting to determine whether

one of the NRT2 genes, particularly NRT2.6 or NRT2.7, both

of which are constitutively expressed in root [67,68], is respon-

sible for the chl8 phenotype.

3.3. Regulation of AtNRT2.1

AtNRT2.1 is involved in iHATS. The expression of

AtNRT2.1 matches the iHATS response pattern, increasing

rapidly upon first provision of NO�3 to nitrate-starved roots

and decreasing when the NO�3 supply is maintained [38]. NR

mutants and block of NR activity by tungstate were used to

determine whether nitrate itself or a reduced nitrogen metabo-

lite was responsible for the feedback inhibition [29,30]. In NR

mutants in which high levels of NO�3 accumulate and low levels

of reduced nitrogen metabolites are synthesized, NRT2.1 tran-

script levels are increased, suggesting that NO�3 is responsible

for induction of AtNRT2.1 expression and that its downstream

metabolites are responsible for repression. Further studies

using the glutamate synthase inhibitor, AZA, or exposure to

NHþ4 or various amino acids suggested that glutamine plays

an important role in the downregulation of NRT2.1 [36,38].

Similar results were obtained in expression analyses of

NpNRT2.1 in tobacco and HvNRT2 in barley [57,69,70].

Although the increased accumulation of NRT2.1 transcripts

in NR mutants suggested that nitrate itself was not responsible

for the feedback repression of NRT2.1 [29,30,69,70], two recent

studies indicated that, in the presence of ammonium, the expres-

sion of AtNRT2.1 is repressed by a high concentration of nitrate

[32,33]. More interestingly, the dual affinity nitrate transporter,

AtNRT1.1 (CHL1), is required for this high-nitrate repression,

as AtNRT2.1 expression is de-repressed in the chl1 mutant [32].

3.4. Role of AtNRT2.1 in root architecture

As with CHL1 (AtNRT1.1), some studies on root develop-

ment suggested that AtNRT2.1 may act as a nitrate sensor

or signal transducer. In the wild type, lateral root initiation

is repressed by a high sucrose/nitrate ratio and this repression

is overcome in the lin1 mutant, which shows increased lateral

root initiation under high sucrose/low nitrate conditions and

carries a mutation in the AtNRT2.1 gene [71]. De-repression

of lateral root initiation in the lin1 mutant is seen even in ni-

trate-free medium, showing that the phenotype of lin1 is ni-

trate-independent and suggesting that AtNRT2.1 may act as

a nitrate sensor or signal transducer in regulating root plastic-

ity [71]. However, an independent study showed an opposite

phenotype of the atnrt2.1 mutant, with reduced lateral root ini-

tiation [37]. Since the growth conditions and medium compo-

sition were different in these two studies, no conclusive

statement can be made about the roles of AtNRT2.1 in nitrate

sensing and root development.
4. OPT family

In addition to PTRs, which transport di/tripeptides, a dis-

tinct transport system that can transport tetra- and pentapep-

tides (oligopeptide transporters, OPTs) was first discovered in

Candida albicans [72]. Later, OPT orthologs were identified in

higher plants (Arabidopsis OPT1-OPT9, rice GT1, and Bras-
sica juncea GT1) by sequence similarity searches using the com-

plete sequence of the C. albicans OPT1 gene [73], or by RT-

PCR, using primers corresponding to the conserved regions

[74,75]. None of the OPT members show any significant se-

quence similarity to known PTRs.

OPTs and YS (yellow strip) are two different groups of a

large transporter family [76,77]. ZmYS1 was shown to be a

proton-coupled symporter for phytosiderophore- and nico-

tianamine-chelated metal complexes [78]. Since peptides, phyt-

osiderophores, and nicotianamine are all amino acid

derivatives, this could explain why these two types of trans-

porter belong to the same family. It is noteworthy that mem-

bers of this family (OPT/YS family) are found in fungi,

bacteria, plants, and archaea, but not in animals [77]. The

involvement of YS transporters in iron and metal transport

is discussed in another review in this issue. In this review, we

will focus on the OPTs.
4.1. OPTs in Arabidopsis

In Arabidopsis, there are nine OPT genes [73] (Table 1).

AtOPT promoter-GUS fusion analyses revealed that the

majority of AtOPTs are preferentially expressed in vascular tis-

sues, suggesting a role in the long-distant transport of their

respective substrates, and some AtOPTs show tissue-specific

expression patterns, particularly during flower and seed devel-

opment, suggesting distinct roles for specific OPTs in Arabid-

opsis [79]. Expression of AtOPT1, 4, 5, 6, and 7, but not

AtOPT2 and 3, in a Leu auxotrophic yeast strain permitted

prototrophic growth on the pentapeptide KLLLG, indicating

that these five AtOPTs function as pentapeptide transporters

[73]. The tetrapeptide and pentapeptide transport activity of

AtOPT4 was confirmed by electrophysiological analysis of

AtOPT4-injected Xenopus oocytes [80].
4.2. Role of Arabidopsis OPT3 in embryo development and

metal transport

A T-DNA insertion mutation in one of the AtOPT homo-

logs, AtOPT3, resulted in arrested embryo development at

the early stage of embryogenesis [81]. Since so many nitrogen

transporters [amino acid transporters, OPTs, and

NRT1(PTRs)] are expressed in developing embryos, it is unli-

kely that the embryo lethality of the opt3 mutant can be ex-

plained by a defect of nitrogen mobilization. Histochemical

analysis of GUS activity showed that AtOPT3 is highly ex-

pressed in pollen, developing embryos, and the vascular tissues

of mature plants [81]. More interestingly, AtOPT3 expression

is highly upregulated by iron limitation, but not Zn or Cu defi-

ciency [79,82]. AtOPT3 expression can rescue the growth de-

fect of yeast mutants deficient in Cu, Fe, or Mn uptake, but

growth is not affected by adding nicotianamine to the medium,

suggesting that AtOPT3 can facilitate metal acquisition in

yeast, but unlike ZmYS1, this is not mediated by transporting

nicotianamine-chelated metal complexes [82]. The metal com-

plexes transported by AtOPT3 must be determined to under-

stand its role in embryo development and iron deficiency.

This involvement of AtOPT3 in metal transport reduces the

functional gap between OPTs and YS transporters.
4.3. Glutathione transport activity of OPTs

The yeast OPT transporter, ScOPT1 (HGT1), was found to

be able to transport glutathione, oxidized glutathione, and
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glutathione conjugates [80,83]. Similar to the behavior of

OsGT1 and BjGT1 (OPTs from rice and B. juncea, respec-

tively) [74,75], expression of AtOPT6, but not AtOPT7, was

able to restore the growth defect of the yeast glutathione trans-

port-deficient mutant, hgt1, using GSH or GSSG as the sole

sulfur source [84]. Similar to OsGT1, AtOPT6 expressed in

the hgt1 mutant performed [3H]GSH uptake, with two Km val-

ues of 400 lM and 5 mM. The affinity and transport rate of

AtOPT6 for GSH measured in yeast are much lower (6–8 times

lower) than those of ScOPT1 (HGT1, KGSH
m is 54 lM) [83,84].

Moreover, the [3H]GST uptake activity of ScOPT1 (HGT1)

can be inhibited by GST or GSSG with equal efficiency [83],

whereas that of AtOPT6 is inhibited more efficiently by GSSG

than by GSH itself [84], Thus, it is possible that GSSH, rather

than GSH, is the primary substrate of AtOPT6.
4.4. Phytochelatin transport activity of OPTs

In addition to GSH, GSSG, and oligopeptides, ScOPT1 ex-

pressed in Xenopus oocyte also transports the phytochelatin

PC2, displaying the highest affinity for PC2 [80]. PCs, formed

from GSH, are involved in heavy metal detoxification. Recent

studies involving complementing PC-deficient mutants with

the PC synthase gene under the control of tissue-specific pro-

moters have shown that PCs can be transported from the root

to the shoot and from the shoot to the root [85,86]. In addi-

tion, grafting experiments also showed shoot to root transport

of PCs [86]. The majority of AtOPTs are preferentially ex-

pressed in vascular tissue [79], making them perfect candidate

genes for the long-distance transport of PCs. It will be interest-

ing to determine whether any of the Arabidopsis OPTs, partic-

ularly AtOPT3, can transport PCs.
5. Concluding remarks

Physiological studies have shown that there are four nitrate

uptake systems, iHATS, cHATS, iLATS, and cLATS, and

molecular genetic studies have shown that four nitrate trans-

porter genes, AtNRT1.1 (CHL1), AtNRT1.2 (NTL1),

AtNRT2.1, and AtNRT2.2, are involved in nitrate uptake

(Fig. 3). However, there is no simple one-to-one relationship

between the genes and their corresponding uptake systems.

Multiple genes are involved in each uptake system, and, some-

times, a single gene is involved in multiple uptake systems. For

example, CHL1, AtNRT2.1, and AtNRT2.2 are nitrate-induc-

ible genes and have been shown to be involved in iHATS, but

their basal levels of expression contribute to part of the

cHATS [1,28]. The relative contributions of CHL1, AtNRT2.1,

and AtNRT2.2 to HATS depend on the age of the plant and

the nitrogen composition of the growth medium and uptake

medium. Gene compensation between CHL1 and ATNRT2.1

[32] and between AtNRT2.1 and AtNRT2.2 [28] make it more

complicated to evaluate the relative contribution of each trans-

porter. Further studies on the regulatory network controlling

these genes and gene products at the transcriptional and

post-transcriptional levels will help us to understand the bene-

ficial effects of this redundancy.

With respect to substrate specificity, the members of the

NRT1(PTR) family fall into two distinct subtypes, namely ni-

trate transporters and peptide transporters. To date, no nitrate

transporters have been found to have peptide transport activ-
ity and no peptide transporters have been found to transport

nitrate. This raises the questions whether none of the nitrate

transporters in this family transport peptides and whether

the feature responsible for substrate specificity can be used

to predict the substrate specificity of new members of this fam-

ily. This puzzle will be solved by identifying the structure deter-

minants for the substrate specificity of NRT1(PTR)

transporters.

Other than the nutritional role of dipeptide transporters in

germinating seeds, less is known about the in planta functions

of the PTR and OPT peptide transporters. T-DNA-tagged mu-

tants of AtPTR1 and AtPTR2 show no difference in overall

growth behavior compared to the wild type, but this is proba-

bly due to the functional redundancy of PTRs, and multiple-

knockout mutants might be required for further investigation.

It has been suggested that peptide-type hormones could be the

substrates of PTRs or OPTs, but all peptide-type hormones so

far identified are too large to be transported by either PTRs or

OPTs. The identification of the substrates of PTRs and OPTs

and the correlation of their transport activity with the mutant

phenotype are key challenges in this field.
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