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Nodulated legumes receive their nitrogen via nitrogen-fixing rhizobia, which exist in a symbiotic relationship with the root
system. In tropical legumes like French bean (Phaseolus vulgaris) or soybean (Glycine max), most of the fixed nitrogen is used
for synthesis of the ureides allantoin and allantoic acid, the major long-distance transport forms of organic nitrogen in these
species. The purpose of this investigation was to identify a ureide transporter that would allow us to further characterize
the mechanisms regulating ureide partitioning in legume roots. A putative allantoin transporter (PvUPS1) was isolated from
nodulated roots of French bean and was functionally characterized in an allantoin transport-deficient yeast mutant showing
that PvUPS1 transports allantoin but also binds its precursors xanthine and uric acid. In beans, PvUPS1 was expressed
throughout the plant body, with strongest expression in nodulated roots, source leaves, pods, and seed coats. In roots,
PvUPS1 expression was dependent on the status of nodulation, with highest expression in nodules and roots of nodulated
plants compared with non-nodulated roots supplied with ammonium nitrate or allantoin. In situ RNA hybridization
localized PvUPS1 to the nodule endodermis and the endodermis and phloem of the nodule vasculature. These results
strengthen our prediction that in bean nodules, PvUPS1 is involved in delivery of allantoin to the vascular bundle and
loading into the nodule phloem.

Availability of reduced nitrogen is an important
determinant in the growth and development of
plants. Although in most vascular plant species the
major transport form of reduced/organic nitrogen is
as amino acids (including amides), tropical and sub-
tropical legumes like cowpea (Vigna unguiculata),
soybean (Glycine max), and French bean (Phaseolus
vulgaris) transport large amounts of the nitrogenous
compounds called ureides. The dominant forms of
ureides in these species are allantoin and allantoic
acid (Pate et al., 1980). In legumes that are adapted to
temperate climates (e.g. pea [Pisum sativum] and faba
bean [Vicia faba]), the amides Gln and Asn take on the
major transport function (Herridge et al., 1978; Schu-
bert, 1986). Ureides can comprise up to 90% of the
total nitrogen transported in the xylem of nitrogen-
fixing tropical legumes (Herridge et al., 1978; Pate et
al., 1980) and can be stored in high amounts in the
different plant organs (Matsumoto et al., 1977a;
Streeter, 1979; Layzell and LaRue, 1982). In soybean,
ureides have been found to be in concentrations of 20
or 10 mm in the stem tissue or xylem (Layzell and
LaRue, 1982; Rainbird et al., 1984) and 94 mm in
nodule exudate (Streeter, 1979). In leaves, total ure-

ide concentrations varied from approximately 1 to 3
mm, but analyses of the various leaf cells have shown
that ureides can reach concentration levels up to 59
mm in the paraveinal mesophyll (Matsumoto et al.,
1977b; Thomas and Schrader, 1981; Costigan et al.,
1987). Due to the high concentrations in the vascular
system and in certain plant tissues, ureides are inter-
preted to have an important function in nitrogen
transport and nitrogen storage in tropical legumes.

The synthesis of ureides occurs mainly in root nod-
ules through the coordination of the plant-bacteria
association (Atkins and Smith, 2000; see also Fig. 6).
After nitrogen fixation in bacteroids of infected root
cells, ammonia (NH3), ammonium (NH4

�), or amino
acids are released or transported from the symbio-
some into the cytosol, where they are utilized for Gln
synthesis (Smith and Emerich, 1993; Day et al., 2000;
Lodwig et al., 2003; see Fig. 6). After formation of
Gln, the nitrogen goes through the de novo purine
synthesis pathway in the plastids (Shelp et al., 1983)
or mitochondria (Atkins et al., 1997), followed by
purine degradation via xanthine in the plastids
(Schubert, 1986) or cytosol of infected or uninfected
root cells (Matsumoto et al., 1977c; Atkins et al., 1980;
Shelp et al., 1983). The ureide allantoin is finally
synthesized in the peroxisomes of noninfected root
cells from the purine degradation product uric acid
(Hanks et al., 1981). Allantoic acid is probably pro-
duced in the smooth endoplasmic reticulum of the
noninfected cells after import of allantoin into this
compartment (Hanks et al., 1981). From the place of
synthesis, allantoin and allantoic acid are transferred
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into the cytosol and are then transported to the root
xylem and phloem for long-distance transport (Mc-
Clure and Israel, 1979; Streeter, 1979; Atkins et al.,
1982). The underlying mechanisms of ureide trans-
port in root nodules have not been resolved.

Molecular studies on organic nitrogen transport
have mainly concentrated on amino acid transport in
Arabidopsis. A minimum of 53 amino acid transport-
ers are predicted to be present (Wipf et al., 2003).
Another type of transporter of nitrogenous com-
pounds that has been isolated is the Arabidopsis
AtPUP1 nucleobase transporter specific for adenine,
guanine, hypoxanthine, and probably purine deri-
vates, and Lpe1 from maize (Zea mays) that is specific
for uric acid, xanthine, and also recognizes ascorbate
(Gillissen et al., 2000; Argyrou et al., 2001). Recently,
an Arabidopsis transporter (AtUPS1) was identified
that mediates transport of derivates of heterocylic
nitrogen compounds including allantoin, uric acid,
and xanthine (Desimone et al., 2002), but Arabidopsis
does not have significant pools of these compounds
in its tissues. The only organic nitrogen transporters
characterized in legumes so far are members of the
AAP family that are probably involved in transloca-
tion of neutral amino acids across the plasma mem-
brane, and two peptide transporters (VfPTRs,
VfAAPs, and PsAAPs from faba bean and pea; Mon-
tamat et al., 1999; Tegeder et al., 2000; Miranda et al.,
2001, 2003). Molecular studies on ureide transport in
legumes have not been reported at all. In this publi-
cation, we describe the characterization of an allan-
toin transporter from French bean (PvUPS1) as well
as the regulation and localization of the transporter.

RESULTS

Identification of a Putative Allantoin Transporter from
French Bean

A putative allantoin transporter (PvUPS1) was iso-
lated using RNA from nodulated roots of French
bean and an reverse transcriptase (RT)-PCR ap-
proach with degenerate primers based on AtUPS1
(Desimone et al., 2002) and legume expressed se-
quence tags (ESTs). PvUPS1 (P. vulgaris ureide per-
mease 1) has an open reading frame of 1,224 bp and
encodes a protein of 407 amino acids with a predicted
molecular mass of 44 kD (accession no. AY461734). A
search through the databases shows 60% to 75% sim-
ilarity of the amino acid sequence of PvUPS1 to mem-
bers of the UPS family from Arabidopsis (At2g03590,
At2g03530, At2g03600, At2g03520, and At1g26440)
from which AtUPS1 (At2g03590) has been character-
ized and interpreted to be a transporter of derivates of
heterocylic nitrogen compounds including allantoin
(Desimone et al., 2002). PvUPS1 was 93% similar to
VuA3 (X90487) from cowpea, an ATP-/GTP-binding
protein with unknown function. The close relatedness
between PvUPS1 and VuA3 was confirmed by phylo-
genetic analysis using the UPS proteins. The legume

proteins group together, whereas the UPS proteins
from Arabidopsis form a separate group (Fig. 1A). A
number of additional legume genes related to this
family of proteins were identified in the database of
ESTs that show high similarity on the nucleotide
level to PvUPS1 (e.g. ESTs from soybean [AW707051,
AW311266, BM095010, AW311266, and CA801058]
and Medicago truncatula [BG448192, BF647275, and
BF646038]). Alignment of the derived full-length pro-
teins PvUPS1, VuA3, and AtUPS1 (Fig. 1B) shows
homology of the C and N terminus between all se-
quences, whereas the legume sequences are very dif-
ferent from the Arabidopsis AtUPS1 in the mid part
of the proteins from about amino acid 175 to 210. All
sequences contain the conserved Walker A motif (�
P-loop; Saraste et al., 1990) that is thought to be
responsible for ATP/GTP binding. Hydropathy anal-
ysis indicates that the predicted PvUPS1 protein is
highly hydrophobic and contains 10 putative
membrane-spanning regions with the C and N ter-
minals protruding outside of the cell in the apoplast
(Fig. 1C). Five sequence stretches form cell inward-
directed loops and the third inward loop (amino
acids 165–231) is predicted to be 67 amino acids long.
This cytoplasmic loop represents the above discussed
sequence that is highly conserved between the two
legume proteins, but is very different between the
legume and Arabidopsis proteins. The Walker A mo-
tif is located at the end region of the cytoplasmic
loop, as also shown for AtUPS1 from Arabidopsis
(Desimone et al., 2002).

PvUPS1 Transports Allantoin

To analyze its substrate specificity, PvUPS1 was
expressed in two yeast mutants lacking different
amino acid or ureide uptake systems (Fig. 2). Amino
acids were tested to analyze if PvUPS1 mediates
growth of yeast cells on these different substrates as
has been shown for the amino acid permeases from
Arabidopsis (AtAAPs). AtAAPs transport amino ac-
ids including citrulline (Wipf et al., 2003). The yeast
strain 22�8AA is unable to grow on �-amino butyric
acid (GABA), Pro, Asp, Arg, and citrulline as sole
nitrogen source (Tegeder et al., 2000). The mutant
dal4/dal5 cannot grow on minimal media supple-
mented only with allantoin. The yeast strains were
transformed with the empty expression vector
pDR196, PvUPS1 in pDR196, or the positive controls
(AtUPS1 and Arabidopsis amino acid permease 2
[AtAAP2] in pDR196) followed by complementation
on the different amino acids and ureides, respec-
tively. PvUPS1 was not able to restore growth on
selective amino acids, whereas the positive controls
were able to mediate yeast growth (data only shown
for citrulline and Pro complementation, Fig. 2B). The
complementation experiments using ureides demon-
strated that PvUPS1 does mediate growth of cells on
allantoin as nitrogen source (Fig. 2A).
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Figure 1. Analysis of PvUPS1 and related proteins. A, Phylogenetic analysis. The tree is based on maximum parsimony analysis
(PAUP 4.0b5, Rogers and Swofford, 1998) of aligned protein sequences from French bean (PvUPS1), cowpea (VuA3
protein/X90487), and Arabidopsis (AtUPS1/At2g03590, At2g03530, At2g03600, At2g03520, and At1g26440). The numbers
indicate the occurrence of a given branch in 10,000 bootstrap replicates of the given data set. B, Amino acid sequence of
PvUPS1 and alignment with two related members of the UPS family. Using PvUPS1 from French bean, AtUPS1 from
Arabidopsis (At2g03590) and VuA3 from cowpea (X90487), a sequence alignment was generated by Clustal algorithm
(LASERGENE software; DNASTAR, Madison, WI). Black background shows identical amino acids. Dashes indicate gaps in the
sequences to allow maximal alignment. The third cytoplasmic loop is highlighted as well as the “Walker A” motif (A-x(4)-G-
K-S), in which asterisks refer to variable amino acids. C, Topology of PvUPS1 using a transmembrane prediction program
(TMHMM version 2.0; http://www.cbs.dtu.dk/services). PvUPS1 contains a large central loop probably located in the cytosol.
The C and N terminus are predicted to be outside.
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Transport studies in yeast cells with [14C]-labeled
allantoin showed that PvUPS1 mediates uptake of
allantoin (Fig. 3A) and that uptake activity strongly
depends on the pH (Fig. 3B). The optimal pH for
allantoin uptake ranged between pH 4 and 5. The
transport activity determined at pH 4.5 was depen-
dent on the substrate concentration and showed a
Michaelis-Menten constant (Km) for allantoin of 98
�m (Fig. 3C). PvUPS1 transport activity was reliant
on the presence of Glc (metabolic energy) and was
sensitive to protonophores (2,4-dinitrophenol and
carbonyl cyanide m-chlorphenyl-hydrazone) and a
plasma membrane H�-ATPase inhibitor (diethylstil-
bestrol), suggesting that allantoin uptake is energy
dependent (Fig. 3D). This data, together with the pH
dependence of transport, suggest an active transport
mechanism. The transport could be energized by a
proton motive force, as has been shown for a number
of transport systems for nitrogenous organic com-
pounds (Desimone et al., 2002; Wipf et al., 2002; see
Fig. 3, B and D). On the other hand, the Walker A
consensus site for ATP binding might imply a direct
role of ATP in the transport. Additional experiments
need to be performed to determine if the transport
mechanism involves a proton motive force or direct
ATP hydrolysis.

To study the substrate specificity of PvUPS1 fur-
ther, [14C]allantoin uptake in yeast cells was deter-
mined in the presence of a 9-fold molar excess of
allantoin, citrulline, purines, or purine derivatives
(up- and downstream products of allantoin synthe-
sis, Fig. 3E; see also Fig. 6). Competition with an
excess of unlabeled allantoin led to a reduction of the

uptake rate by 90%, confirming the notion that
PvUPS1 mediates transport of allantoin. Xanthine
and uric acid were also found to be effective compet-
itors for [14C]allantoin uptake when applied in ex-
cess. Adenine, urea, citrulline, and the ureide allan-
toic acid showed very weak or no inhibition of
allantoin uptake. These results suggest that besides
allantoin, PvUPS1 binds the precursors of allantoin
synthesis xanthine and uric acid, but not allantoic
acid, citrulline, purines, or other purine degradation
products like urea.

PvUPS1 Expression and Its Regulation

The expression of PvUPS1 throughout the plant
body and its regulation were examined in French
bean plants in relation to nodulation status and un-
der different nitrogen conditions using RNA gel-blot
analysis. Full-length 32P-labeled cDNAs of PvUPS1
were used as a probe. Because further members of
the UPS family might exist in French bean, cross-
hybridization cannot be excluded, although the ex-
periments were performed under high stringency
conditions. In nodulated, soil-grown plants, PvUPS1
was found to be expressed to varying amounts
throughout the plant body with highest expression in
roots, source leaves, pods, and seed coats (Fig. 4A).

Further studies were conducted with roots of
plants grown in perlite with and without nitrogen
supply. The non-nitrogen-fed plants were nodulated,
whereas the plants supplied with allantoin or ammo-
nium nitrate showed no nodulation. PvUPS1 was
expressed in non-nodulated roots supplied with am-
monium nitrate or allantoin (Fig. 4B). The differences
in the expression level in roots of ammonium nitrate-
or allantoin-fed plants shown in Figure 4B are due to
differences in loading of total RNA. This was con-
firmed by densitometric measurements showing that
the divergence in rRNA loading or PvUPS1 expression
between ammonium nitrate- or allantoin-fed plants
was about 35% for both (data not shown). PvUPS1 is
most highly expressed in roots of nodulated plants
and in nodules, indicating that in roots, the expression
level of PvUPS1 depends on the status of nodulation,
which is consistent with very high levels of allantoin
present in nodules/nodulated roots (Streeter, 1979).

In Nodules, PvUPS1 Is Localized to the
Endodermis and Phloem

To further define the functional role of PvUPS1 in
nodules, in situ RNA localization was performed
(Fig. 5). French bean nodules are determinate in
structure, and have an endodermis layer that sepa-
rates the inner cortex from outer cortex of the nod-
ules. Within the nodule inner cortex, vascular bun-
dles are present (Fig. 5A, B, and H). Using DIG-
labeled PvUPS1 antisense riboprobes, PvUPS1
expression was located in two positions: the nodule
endodermis and the vasculature of the nodules (Fig.

Figure 2. Yeast complementation of PvUPS1. Growth assays were
performed with the yeast strains dal4/dal5 (A) and 22�8AA (B). A,
dal4/dal5 that is deficient in allantoin transport was transformed with
PvUPS1/pDR196, AtUPS1, and AtAAP2 in pDR196 (Fischer et al.,
1995; positive controls) or pDR196 only (negative control) and were
grown on media containing allantoin as sole nitrogen source. B, To
test if PvUPS1 mediates growth of yeast cells on amino acids,
22�8AA (deficient in citrulline, Pro, Arg, Asp, and GABA transport)
expressing PvUPS1/pDR196, AtUPS1/pDR196, AtAAP2/pDR196, or
the empty pDR196 vector were grown on media supplemented with
citrulline, Pro, Arg, Asp, and GABA as sole nitrogen source (here
shown only yeast complementation on citrulline and Pro).
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5, F, G, and J). To confirm PvUPS1 expression in the
nodule endodermis, the suberin of this cell layer was
visualized by autofluorescence under UV light and
its location was consistent with the color detection of
DIG-labeled PvUPS1 antisense probes (Fig. 5, E–G).

Structural analysis of the vasculature and examining
the vascular system of the nodule under UV light
demonstrated that each vascular bundle is sur-
rounded by an endodermis (Fig. 5, H and I) similar to
what was shown in indeterminate nodules of broad
bean (Vicia faba; Hartmann et al., 2002). PvUPS1 ex-

pression was found in the vascular endodermis and in
the phloem of the vascular nodule tissue (Fig. 5J),
suggesting a role of PvUPS1 in importing allantoin
into the symplast to pass the endodermis and in load-
ing of allantoin into the sieve element/companion cell
complex of the phloem for long distance transport.

DISCUSSION

Nitrogen partitioning in plants requires long-
distance translocation of reduced nitrogen via the

Figure 3. Biochemical properties of PvUPS1: analysis of allantoin transport. A, Time-dependent uptake of [14C]allantoin in
yeast cells. dal4/dal5 mutant was transformed with PvUPS1/pDR196 (circles) or the vector pDR196 alone (squares) and was
incubated with 200 �M [14C]allantoin in 100 mM potassium phosphate buffer (pH 4.5) and 100 mM Glc at 30°C for uptake
studies. B, pH-dependent uptake of [14C]allantoin in PvUPS1-expressing yeast cells. C, Michaelis-Menten kinetics of
[14C]allantoin uptake. D, Inhibition of [14C]allantoin uptake in yeast cells. [14C]allantoin uptake in dal4/dal5 yeast cells
expressing PvUPS1 was measured after preincubation of yeast cells for 5 min with Glc (100 mM, control), without Glc, with
Glc and 0.1 mM 2,4-dinitrophenol, 0.1 mM diethylstilbestrol, or 0.1 mM carbonyl cyanide m-chlorphenyl-hydrazone. Data
are expressed as percentage of control values. E, Substrate specificity of PvUPS1 from French bean. Competition of
[14C]allantoin (200 �M) uptake into yeast cells (dal4/dal5) expressing PvUPS1 in the presence of a 9-fold molar excess of
purines or purine degradation products. The noncompeted uptake rate was taken as 100% corresponding to 1.2 nmol
allantoin min�1 mg�1 protein. A through E, Results represent means of three independent experiments (�SD).
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phloem and xylem. Although most vascular plants
(including temperate legumes) transport primarily
amino acids/amides, major transport forms of or-
ganic nitrogen in tropical legumes are the ureides
allantoin and allantoic acid. Yet, little is known about
the mechanisms of ureide transport, and this is the
first study describing the characterization of PvUPS1,
an allantoin transporter from French bean. PvUPS1
shows similarity of approximately 93% to the cowpea
homolog VuA3, encoding a protein with unknown
function (Chaya et al., 1996), indicating a close rela-
tionship of these legume proteins. This close relation-
ship was confirmed by phylogenetic analysis where
the peptide sequences of the two “ureide-
transporting” legumes group together, whereas the
UPS proteins of the “non-ureide transporting” spe-
cies Arabidopsis form separate groups (see Fig. 1A).
Equally important with respect to the phylogenetic
study, molecular analysis of the UPS amino acid
sequences shows variation of the large third cyto-
plasmic loop between the Arabidopsis and the le-
gume proteins (see Fig. 1, B and C). The role of this
protein segment is currently not known, however, it
may possibly function in regulation of transport ac-

tivity, especially because a putative binding site for
the phosphate residue of ATP or GTP (P-loop motif)
exists in the end region of the loop. Although
PvUPS1 and AtUPS1 recognize similar substrates
(this study; Desimone et al., 2002), the high similarity
of the third loop between legume sequences and their
divergence from the Arabidopsis sequences may be a
reflection of differences in regulation of transporter
function in these species.

Even though protein analyses are predictive, we
cannot exclude that the actual protein structure dif-
fers from the model, and only further studies such as
x-ray structure analysis (Dencher et al., 2000) will
resolve the final configuration of the transporter pro-
tein. However, all these data indicate the existence of
different UPS gene families and are consistent with
probable differences in function of the transporters
between the ureide-transporting legumes and the
non-ureide transporting Arabidopsis. Further se-
quence data of UPS proteins from various ureide
versus non-ureide plant species are needed to verify
our prediction that different UPS gene families with
differences in their function or regulation of function
exist.

Homology is a powerful tool for initial identifica-
tion of protein candidates, but it does not prove
function. Therefore, the putative function of PvUPS1
was explored by yeast complementation and uptake
studies into yeast cells. The results clearly demon-
strate that PvUPS1 transports allantoin but not cit-
rulline or allantoic acid and urea (downstream prod-
ucts of the purine pathway; see Figs. 2 and 3).
However, products of the purine pathway upstream
of allantoin synthesis, uric acid and xanthine, are
competitors for allantoin uptake when applied in
9-fold excess. This indicates that PvUPS1 binds or
even transports these compounds in addition to al-
lantoin. Similar results were obtained from competi-
tion experiments with AtUPS1 and were further con-
firmed by uric acid transport studies (Desimone et
al., 2002). The recognition of allantoin and its precur-
sors by PvUPS1 could be dependent on the oxo-
derivation of the purine/imidazole ring, present in
all three compounds, but not in adenine, hypoxan-
thine, and downstream products of the purine path-
way (see also Desimone et al., 2002).

Although uric acid and xanthine are recognized,
these compounds might not represent important sub-
strates for PvUPS1 in beans. PvUPS1 might be
swamped by an excess of allantoin present in the
nodule apoplast and symplast. In nodules of tropical
legumes, ureides are present in extremely high
amounts (Herridge et al., 1978; Streeter, 1979; Atkins
et al., 1982). For example, the allantoin concentration
in soybean nodule exudates were shown to be 94 mm
(Streeter, 1979). Our hypothesis is supported by
PvUPS1 mRNA in situ hybridization studies where
PvUPS1 was localized to the nodule and vascular
endodermis as well as to the nodule phloem. This

Figure 4. Northern-blot analysis of PvUPS1. A, Organ-specific ex-
pression of PvUPS1 in nodulated bean plants. Expression was ana-
lyzed by RNA gel-blot hybridization with 32P-labeled PvUPS1 full-
length cDNAs as probe. At the bottom, ethidium bromide-stained
rRNA is shown. B, PvUPS1 gene expression in nodules and roots
under different nitrogen regimes. French bean plants were fertilized
with Hoagland solution without nitrogen (-N), with ammonium ni-
trate (�N), or with allantoin (�All) as sole nitrogen source. Plants
without nitrogen fertilization developed nodules, whereas �N and
�All plants showed no nodulation. Expression was analyzed by RNA
gel-blot hybridization with 32P-labeled PvUPS1 full-length cDNAs as
probe. Ethidium bromide-stained rRNA is shown below the RNA
blots.
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Figure 5. In situ RNA localization of PvUPS1 in French bean nodules. Nodule paraffin sections were treated with digoxygenin
(DIG)-labeled PvUPS1 sense (C and D) and antisense (F, G, and J) riboprobes. Suberin of nodule endodermis (E) and vascular
endodermis (I) is visualized by autofluorescence under UV light. F, G, and J, PvUPS1 is strongly expressed in the nodule
endodermis, vascular endodermis, and in the phloem of the vascular bundles. A, B, and H, Resin sections stained with safranin
O reveal structure of nodules. nE, Nodule endodermis; vE, vascular endodermis; VB, vascular bundles; iZ, infected zone; iC,
inner cortex; oC, outer cortex; PH, phloem; XY, xylem. Bar in A � 60 �m, bar in B � 24.5 �m, and bar in H � 9.5 �m.
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suggests a role in uptake from an apoplast that is
enriched with allantoin. Thus, PvUPS1 would be ex-
pected to predominantly import allantoin into the
nodule cells and the sieve element-companion cell
complex of the nodule phloem. Loading of allantoin
into the nodule symplast for passage of the Caspar-
ian strip of the vascular endodermis and subsequent
ureide flux into the xylem parenchyma and then out
into the xylem vessel is perhaps the most important
transport pathway in nodules (see Fig. 6) as indicated
by the high allantoin concentrations present in the
xylem sap of tropical legumes (Herridge et al., 1978;
Layzell and LaRue, 1982; Ceccatto et al., 1988). How-
ever, to determine if xanthine and uric acid as well as
allantoin are transported by PvUPS1 under physio-
logical conditions, future studies need to be per-
formed in bean plants repressing or overexpressing
PvUPS1.

We know from studies of other transporter genes
that their expression in plants can be organ specific
and/or regulated by a number of factors, including
nutritional status, metabolism, or developmental
stage of the plant (for review, see Delrot et al., 2000;
Smith et al., 2000). Although physiological studies in
French bean on allantoin accumulation and partition-
ing are rare (Thomas et al., 1979; 1980), a number of
experiments have been done in soybean and cowpea
demonstrating the connection between ureide con-
centration and nodulation, nitrogen supply or exog-
enous factors like water stress (Matsumoto et al.,
1977a; McClure and Israel, 1979; Kaur et al., 1985; for
review, see Atkins and Beevers, 1990; Serraj et al.,
1999; Lima et al., 2000). These studies clearly suggest
a relationship between ureide synthesis/amount and
transporter activity, which is regulated developmen-
tally and through nutrient availability. In this study,

we examined levels and location of gene expression
of PvUPS1 in response to varying nodulation status
and nitrogen supply (no nitrogen, ammonium ni-
trate, or allantoin, see Fig. 4). Although expression
studies were performed under highly stringent con-
ditions, we cannot exclude that cross-hybridization
with other uncharacterized members of the PvUPS
family occurred. It was found that PvUPS1 is ex-
pressed at some level throughout the plant body, but
by far the strongest expression was seen in nodulated
roots, source leaves, pods, and seed coats. This ex-
pression pattern is consistent with sites of ureide
synthesis and utilization (for review, see Atkins and
Beevers, 1990; Smith and Atkins, 2002). Of relevance
to this, the level of expression of PvUPS1 in roots and
nodules was influenced by different nitrogen regimes
or nodulation status. Plants that grow without nitro-
gen fertilization developed large numbers of nodules
and showed strong transporter expression in the
nodules and the roots. The expression level was re-
duced in ammonium nitrate-fertilized plants and
bean plants fed allantoin at the root zone. These
molecular data are strongly supported by physiolog-
ical studies done in some leguminous species show-
ing that the ureide concentration in the xylem sap
relative to all transported nitrogen compounds in-
creases with nodulation (Matsumoto et al., 1977a;
Pate et al., 1980). It is also well known that nitrogen
fertilization has a significant inhibitory effect on nod-
ule formation and activity, and should have an effect
on transporter expression as well. In nodulated soy-
bean plants, the number of nodules and the N2 fixa-
tion rate increase with decreasing nitrate concentra-
tions in the culture media (Herridge, 1982).

The synthesis of ureides can also take place in
plants without symbiosis, although much smaller

Figure 6. Predicted model of allantoin transport
in French bean nodules. PvUPS1 is strongly ex-
pressed in the vascular endodermis and phloem
of the nodule vasculature and is suggested to
function in (a) loading of allantoin into the sym-
plast for passage of the Casparian strip of the
endodermis surrounding the vascular bundles,
(b) in import of allantoin into the xylem paren-
chyma cells, (c) in phloem loading of allantoin,
in (d) phloem retrieval of allantoin leaked into
the apoplast, and in (e) in transfer of allantoin
from xylem to phloem. PvUPS1 is also ex-
pressed in the nodule endodermis (not shown in
model) where it is predicted to function in up-
take of allantoin from the apoplast to redirect
allantoin to the vascular system.
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amounts are produced. Data from McClure and Is-
rael (1979) show that the xylem ureide content in
nodulated soybean plants receiving their nitrogen
exclusively via N2 fixation was about 78%, whereas
the sap of nitrate fertilized, non-nodulated legume
plants still consisted of 6% ureides. However, most of
the soil nitrogen (NO3

� or NH4
�) seems to be assim-

ilated to amides (Gln and asparagines) that are
loaded into the xylem and phloem (Atkins and
Smith, 2000). The reduced synthesis of ureides pre-
sumably results in reduction in the need for allantoin
transport. This is precisely what was found in roots
of nitrogen-fertilized plants in comparison with nod-
ulated bean plants where a reduction of PvUPS1
expression occurred in response to nitrogen supply.
PvUPS1 expression was also detected in roots of
plants grown on allantoin as sole nitrogen source,
indicating a role of PvUPS1 in allantoin uptake and
translocation to root or shoot. However, there seems
to be no difference in expression levels between al-
lantoin and nitrate/ammonia-fed plants. It could be
that not all nitrogen reached the roots in the form of
allantoin because the plants were not grown axeni-
cally, and this may have mitigated any allantoin in-
ductive effect. However, we tried to reduce the con-
version of allantoin into other nitrogen forms by
fertilizing the plants every 2 d with a freshly pre-
pared nutrient solution. On the other hand, this ex-
pression pattern might be due to metabolism of some
allantoin in the root cortex after being taken up by
the plant root, such the allantoin amounts reaching
the endodermis of the root were low.

Differences in PvUPS1 expression in allantoin-fed
and nodulated plants are presumably due to differ-
ences in allantoin concentrations in the roots of the
differently treated plants. Although a role in allan-
toin uptake has also been suggested for AtUPS1,
Arabidopsis seedlings grown on allantoin as sole
nitrogen source showed a very repressed growth
compared with plants cultured on ammonium nitrate
as sole nitrogen source (Desimone et al., 2002). In
contrast, in our feeding experiments with French
bean differences in plant growth and habit could not
be observed, indicating that allantoin is taken up by
roots, metabolized in the root cells, and/or trans-
ported throughout the plant and used by the plant
for growth and development. It is also worth noting
that PvUPS1 expression in French bean plants was
high compared with AtUPS1 transcript levels in the
non-ureide-transporting Arabidopsis. AtUPS1 was
only detectable by RT-PCR (Desimone et al., 2002).
This supports the hypothesis that PvUPS1 is partic-
ularly important to the general nitrogen physiology
of French bean plants, even in the absence of nodu-
lation. However, as clearly demonstrated by various
means here, in French bean roots, PvUPS1 expression
is regulated by the nodulation status and the differ-
ent nitrogen sources, and is directly related to allan-
toin transport.

The identification of the cellular localization of
PvUPS1 is important in understanding how its func-
tion is integrated into tissue physiology. The assim-
ilation of bacterial fixed N2 into allantoin takes place
in the peroxisomes of nodules (Hanks et al., 1981;
Shelp et al., 1983; Fig. 6). After synthesis, allantoin is
transported to the xylem for long-distance transloca-
tion to the shoot. The transport of allantoin to the
xylem parenchyma can be symplasmic (Shelp et al.,
1983), although loading into the apoplast might occur
in addition to leakage of the ureides into the apoplas-
tic space (Fig. 6). Loading of allantoin into the sym-
plast has to take place in any case where the Caspar-
ian strip in the endodermis surrounding the nodule
vascular tissue makes apoplastic passage of allantoin
impossible. The high expression of PvUPS1 in nod-
ules and roots as well as the localization studies are
consistent with the transport function demonstrated
here and makes PvUPS1 a candidate for involvement
in transfer of high amounts of ureides produced in
nodulated French bean roots to the vascular system
for export. Upon reaching the xylem parenchyma of
the vasculature, allantoin is loaded into the xylem
apoplast and is distributed to the shoot via the tran-
spiration stream (Smith and Atkins, 2002). Allantoin
levels in the phloem can also be high, therefore active
loading of the ureide into the sieve element/compan-
ion cell complex via PvUPS1 as well as xylem-
phloem transfer in both directions, as postulated for
the shoot, cannot be excluded (Pate et al., 1975; At-
kins et al., 1982; Van Bel, 1984). The localization of
PvUPS1 mRNA in the endodermis surrounding the
vasculature as well as in the phloem (see Fig. 5)
clearly support our predicted model of allantoin
transport in the nodules and the involvement of
PvUPS1 in this process. In addition, the endodermis
in the outer nodule presents a barrier for large
amounts of ureides synthesized in the nodule cells
and released into the apoplast that might otherwise
leak out of the nodule. The expression of PvUPS1 in
this nodule endodermis points to its role in recovery
of allantoin from the apoplast for redistribution to
the vascular system.

In conclusion, in tropical legumes, the transport of
allantoin is important for ultimately supplying nitro-
gen to the developing sinks for growth and develop-
ment. To understand the underlying mechanisms of
ureide transport and its regulation, an allantoin
transporter (PvUPS1) was isolated from nodulated
roots of French bean and was functionally character-
ized in an allantoin transport-deficient yeast mutant
showing that PvUPS1 transports allantoin but also
binds the allantoin precursors xanthine and uric acid.
However, our expression and localization studies
suggest that allantoin is an important substrate for
PvUPS1. In beans, PvUPS1 expression levels are con-
sistent with sites of synthesis and utilization of allan-
toin. Strong expression of PvUPS1 in root nodules,
where allantoin is synthesized and translocated to
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the vascular system for long-distance transport, indi-
cates the importance of PvUPS1 function in these
tissues. The localization of PvUPS1 mRNA to the
nodule and vascular endodermis and nodule phloem
supports the proposed role of PvUPS1 in allantoin
transport.

MATERIALS AND METHODS

Plant Materials

French bean (Phaseolus vulgaris cv Redland) plants were grown in the
greenhouse at 26°C to 28°C with light conditions between 300 and 400 �mol
photons m�2 s�1. The plants were cultured in potting soil, fertilized once a
week (Peters Fertilizer 20–20-20; J.R. Peters, Allentown, PA), and used for
organ-specific RNA expression and localization studies. For studies on
regulation of transporter expression, plants were grown in perlite and were
fertilized with a Hoagland solution (Hoagland and Arnon, 1938) containing
no nitrogen, 6 mm KNO3

�, and 6 mm NH4
�NO3

� or 4.5 mm allantoin. The
total amount of molecular nitrogen was 18 mm in both nitrogen treatments.
Plants were fertilized every 2 d with 250 mL of the different Hoagland
solutions. In addition, plants without nitrogen supply were inoculated 5 d
after germination with Rhizobium leguminosarum phaseoli (American Type
Culture Collection no. TCC 8002, Rockville, MD) to guarantee nodulation.

Isolation of a Putative Allantoin Transporter

Total RNA was isolated from nodulated roots of French bean plants and
RT-PCR was performed with degenerate primers according to the manu-
facturer’s protocol (RETROscript; Ambion, Austin, TX). The primers were
designed using ESTs from legumes identified in the National Center for
Biotechnology Information database after “blasting” AtUPS1, a putative
transporter of oxo-derivatives of nitrogen heterocyclic compounds includ-
ing allantoin in Arabidopsis (At2g03590; Desimone et al., 2002). The align-
ment of the legume sequences revealed homology downstream of the start
codon and upstream of the stop codon, resulting in the following primer
sequences: forward primer Uri 1 (5�-ATGTATDTGRTRGAGAGCAARGG-
AGG-3�), based on the alignment of sequences from cowpea (Vigna unguicu-
lata; VuA3, accession no. X90487), soybean (Glycine max; AW707051), and
Medicago truncatula (BF646038); and reverse primer Uri 3 (5�-CAA-
TTATTCCTTGGCAGTG-3�), based on the alignment of sequences from
cowpea (X90487) and soybean (AW311266). The amplified cDNAs from
French bean were cloned into the pGEM-T-Easy vector (Promega, Madison,
WI) and sequenced. The newly isolated putative transporter (PvUPS1) was
analyzed by sequence alignment (LASERGENE software; DNASTAR), hy-
drophobicity plots (TMHMM program, Sonnhammer et al., 1998; TMPred
program, Hofmann and Stoffel, 1993; and the DAS program, Cserzö et al.,
1997), and phylogenetic analysis (PAUP program, Rogers and Swofford,
1998).

Yeast Transformation and Complementation

Saccharomyces cerevisiae strains dal4/dal5 (Desimone et al., 2002) and
22�8AA (Tegeder et al., 2000) were used to investigate the substrate spec-
ificity of PvUPS1 in yeast. The yeast mutant dal4/dal5 is unable to grow on
media containing allantoin as sole nitrogen source. The yeast strain 22�8AA
(MAT�, ura3-1, gap1-1, put4-1, uga4-1, can1::HisG, lyp/alp::HisG,
hip1::HisG, and dip5:: HisG; Tegeder et al., 2000) can be used for analysis of
cell growth on citrulline, Pro, Arg, Asp, and GABA. PvUPS1 was cloned into
the yeast expression vector pDR196 (kindly provided by Doris Rentsch,
unpublished data), and the yeast mutants dal4/dal5 and 22�8AA were
transformed according to the protocol of Dohmen et al. (1991). AtUPS1
(Desimone et al., 2002) and AtAAP2 (Fischer et al., 1995) in pDR196 as well
as the empty vector pDR196 were used as controls. dal4/dal5 transformants
were grown on nitrogen-free minimal media supplemented with 0.5 g L�1

allantoin. Medium for 22�8AA transformants contained 0.5 g L�1 citrulline,
Pro, Arg, Asp, or GABA as sole nitrogen source.

Synthesis and Purification of [14C]Allantoin for
Transport Studies

[14C]allantoin was produced from 8-[14C]uric acid in a catalytic reaction
with uricase using a modified protocol of Rainbird et al. (1984). Thirty �Ci
of 8-[14C]uric acid (Moravek Biochemicals, Brea, CA; specific activity 55 mCi
mmol�1) were incubated for 2 h at 25°C in 1.5 mL of 0.1 m NaP04 buffer
containing 1 unit of uricase (catalog no. U–0880; Sigma, St. Louis). The
decrease of uric acid in the reaction mixture was monitored spectrophoto-
metrically at 293 nm. The mixture was added to columns filled with Dowex
H� and Dowex formate resin (AG 50W-X8, catalog no. 142–1451; and
AG1-X8, catalog no. 731–6221; Bio-Rad, Hercules, CA) to remove the uricase
as well as remaining uric acid and allantoic acid. Allantoin was eluted with
50 mL of water, brought to dryness with a rotary evaporator (Büchi, Flawil,
Switzerland), and resuspended in water. Purity of the synthesized allantoin
was determined by HPLC analysis, and the measurement showed that
[14C]allantoin represented 99% of the total labeled compounds. For HPLC,
nonlabeled allantoin (catalog no. A–7878; Sigma) and uric acid (catalog no.
U–2625; Sigma) were used as standards. The newly synthesized [14C]allan-
toin was used for transport studies in yeast.

Yeast Transport Measurements

For [14C]allantoin uptake studies, yeast cells were harvested at OD600 of
0.8 by centrifugation for 5 min at 4,500g, washed, and resuspended in water
to a final OD600 of 4. The cells (100 �L) were then mixed with 20 �L of 1 m
potassium phosphate buffer, pH 4.5, 20 �L of 1 m Glc, and 60 �L of water,
and they were then preincubated for 5 min at 30°C. To start the uptake
reaction, 20 �L of 2 mm [14C]allantoin were added to the yeast cells and
incubated. Fifty-microliter samples were removed after 1, 2, 3, and 4 min,
transferred to 4 mL of ice-cold water on fiberglass filters in a vacuum
filtration unit, filtered, and washed with 8 mL of water.

Radioactivity of [14C]allantoin taken up in yeast cells was determined
using liquid scintillation spectrometry (Beckman Instruments, Fullerton,
CA). Endogenous uptake activity of yeast transformed with empty vector
pDR196 was subtracted as background activity. Transport measurements
were repeated independently and represent a mean of at least three exper-
iments. Competition experiments were performed with a concentration of
200 �m [14C]allantoin and a 9-fold excess of respective amino acids accord-
ing to Fischer et al. (1995).

RNA Gel-Blot Analysis

Total RNA was extracted according to the method described in Frommer
et al. (1994) from plant organs of 3-month-old, soil-grown and nodulated
French bean plants. Developing cotyledons, seed coats, and pods were
harvested over a period of 2 weeks at seed water content of 75% to 85%.
Extracted RNA from each organ (20 �g) was electrophoresed and trans-
ferred to Hybond-N� membranes (Amersham Pharmacia Biotech, Uppsala)
by standard procedure. Membranes were hybridized with 32P-labeled full-
length PvUPS1 cDNA probes according to Tegeder et al. (2000). Membranes
were washed at 50°C with 2� SSC and 0.2% (w/v) SDS (for 30 min),
followed by a wash in 1� SSC and 0.1% (w/v) SDS at 56°C (30 min).
Membranes were exposed to x-ray film (Eastman Kodak, Rochester, NY) for
3 to 7 d. Total RNA of nodules and roots was additionally extracted and
blotted from nodulated and non-nodulated French bean plants grown in
perlite and under controlled nitrogen conditions. The non-nodulated plants
were supplied with ammonium nitrate as sole nitrogen source or allantoin.
The nodulated plants were not supplied with nitrogen and relied on nitro-
gen fixation only (see also “Plant Materials”).

In Situ mRNA Hybridization

French bean nodules were fixed in formaldehyde-acetic acid solution
(10% formaldehyde, 50% ethanol, and 5% glacial acetic acid, all v/v), and
subsequently embedded in paraffin. DIG-labeled PvUPS1 sense and anti-
sense riboprobes were synthesized by in vitro transcription according to the
manufacturer’s instructions (Roche Diagnostics, Mannheim, Germany). Tis-
sue sections (8 �m) were probed with DIG-labeled PvUPS1 RNAs at 37°C
for 16 h, as described in Harrington et al. (1997), and were then washed in
4� SSC, 2� SSC, and 1� SSC (at room temperature for each 30 min), and in
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0.1� SSC (at 37°C for 30 min). For mRNA localization, tissue was preincu-
bated in Tris-buffered saline-Tween (TBST; 10 mm Tris-HCl, 500 mm NaCl,
and 0.05% [v/v] Tween 20, pH 7.5 at room temperature for 1 h) containing
1.25% (w/v) bovine serum albumin, followed by incubation in TBST-bovine
serum albumin with anti-DIG-antibodies conjugated to alkaline phospha-
tase (1:500 dilution of secondary antibody at room temperature for 1 h).
After four washes for 15 min each in TBST, PvUPS1 was visualized by color
development using 5-bromo-4-chloro-3-indolyl phosphate and nitroblue
tetrazolium as substrates (Roche Diagnostics). Micrographs were taken
using a microscope (Leitz; Wetzlar, Germany), equipped with a camera
(DKC5000; Sony, Tokyo).

For structural studies, nodules were embedded in London Resin White
acrylic resin according to Harrington et al. (1997), and cut sections (1 �m)
were stained for 1 min in safranin O. To visualize the endodermis in
nodules, paraffin sections (8 �m) in VECTASHIELD mounting medium
(Vector Laboratories Inc., Burlingame, CA) were observed under UV light.

Distribution of Materials

Upon request, all novel materials described in this publication will be
made available in a timely manner for noncommercial research purposes,
subject to the requisite permission from any third-party owners of all or
parts of the material. Obtaining any permissions will be the responsibility of
the requestor.
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