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SUMMARY

Legumes are able to access atmospheric di-nitrogen
(N2) through a symbiotic relationship with rhizobia
that reside within root nodules. In soybean, following
N2 fixation by the bacteroids, ammonia is finally
reduced in uninfected cells to allantoin and allantoic
acid [1]. These ureides present the primary long-dis-
tance transport forms of nitrogen (N), and are ex-
ported fromnodules via the xylem for shoot N supply.
Transport of allantoin and allantoic acid out of
nodules requires the function of ureide permeases
(UPS1) located in cells adjacent to the vasculature
[2, 3]. We expressed a common bean UPS1 trans-
porter in cortex and endodermis cells of soybean
nodules and found that delivery of N from nodules
to shoot, as well as seed set, was significantly
increased. In addition, the number of transgenic
nodules was increased and symbiotic N2 fixation
per nodule was elevated, indicating that transporter
function in nodule N export is a limiting step in bacte-
rial N acquisition. Further, the transgenic nodules
showed considerable increases in nodule N assimila-
tion, ureide synthesis, and metabolite levels. This
suggests complex adjustments of nodule N meta-
bolism and partitioning processes in support of sym-
biotic N2 fixation. We propose that the transgenic
UPS1 plants display metabolic and allocation plas-
ticity to overcome N2 fixation and seed yield limita-
tions. Overall, it is demonstrated that transporter
function in N export from nodules is a key step for
enhancing atmospheric N2 fixation and nodule func-
tion and for improving shoot N nutrition and seed
development in legumes.

RESULTS AND DISCUSSION

Expression of Common Bean UPS1 in Soybean Nodules
Leads to an Increase in Nodule N Export, Shoot N
Nutrition, and Seed Number
In legume-rhizobia symbioses, bacteroids reside in root nod-

ules and fix atmospheric N2. The resulting ammonia (NH3) is

transported across the symbiosome membrane into the in-
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fected host cells for reduction to glutamine (Figure 1A) [7–9].

In soybean nodules, glutamine is channeled into the purine syn-

thesis and degradation pathways, and finally uric acid is syn-

thesized [1]. After symplasmic movement into uninfected cells,

uric acid is used for allantoin synthesis, and allantoic acid is

produced from allantoin [10, 11]. The ureides allantoin and

allantoic acid are generally released into the apoplasm and

move toward the vasculature located at the nodule periphery

(Figures 1A and 1B) [12, 13]. Apoplasmic flow is finally blocked

by the Casparian strip of the vascular endodermis and the

boundary layer of the inner cortex [14–16]. These barriers

require the ureides to be taken up into cortex or endodermis

cells in order to continue their journey to the xylem (Figures

1A and 1B) [12, 17]. Recent studies have demonstrated that

ureide import into these cell types involves membrane-localized

ureide permeases (UPS1) [2, 3]. In the current study, we

increased expression of ureide importers in cortex and endo-

dermis cells to enhance N flow out of nodules and to examine

the consequences for shoot N nutrition, sink development, and

nodule function.

PvUPS1 ureide permease from common bean (Phaseolus vul-

garis) [3, 6] was expressed in soybean nodules under control of

the corresponding PvUPS1 promoter [2]. When analyzing stable

transgenic soybean plants expressing a PvUPS1 promoter-

b-glucuronidase (GUS) construct, it was shown that this pro-

moter targets gene expression to nodule cortex and endodermis

cells (Figure S1) [2]. Two transgenic soybean lines,UPS1 overex-

pressors UPS1-OE1 and UPS1-OE2, were produced, and nodu-

lated plants of the T4 and T5 generations were analyzed. First,

PvUPS1 expression studies were performed using nodules of

these soybean lines, and results demonstrated the presence

of PvUPS1 transporter transcripts (Figure 1C). When analyzing

the xylem sap of the UPS1-OE plants, a significant increase in

xylem ureide levels by up to 73% was observed (Figure 1D).

Both allantoin and allantoic acid were elevated, supporting

that UPS1 transporters regulate the amount of ureides leaving

the nodule (cf. [2, 3, 12]) and that their overexpression leads

to improved shoot N supply. Further, the UPS1-OE1 and -OE2

plants seem to display an increase in the xylem allantoin-to-

allantoic acid ratio compared to wild-type (Figure 1D), which is

in line with the notion that PvUPS1 preferentially transports allan-

toin, as previously discussed [2, 3].

To determine the effects of the improved shoot N allocation

in OE plants, we analyzed development of reproductive sink

organs. The pod number was elevated between 14% and

41%, dependent on the UPS1 overexpressor (Figure 1E). In
Ltd.
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Figure 1. Effects ofUPS1Overexpression in

Soybean Nodules on Shoot Nitrogen Supply

and Seed Development

(A) Model of N2 fixation, N assimilation, and ureide

(i.e., allantoin and allantoic acid) synthesis and

transport in nodules of soybean UPS1 over-

expressors (OE1 and OE2) and wild-type (WT)

plants. (Sym, symbiosome; Bac, bacteroid; Glu,

glutamate; Gln, glutamine; UA, uric acid; Aln,

allantoin; Alc, allantoic acid; CS, Casparian strip;

UPS1, ureide permease 1.) In this study, and in

addition to the endogenous GmUPS1 trans-

porters, common bean (P. vulgaris) UPS1 was

expressed in cortex and endodermis cells of

soybean nodules using a transgenic approach.

Arrows with circles indicate transporters.

(B) Cross-section of a soybean nodule embedded

in resin and stained with toluidine blue. Arrow: the

dashed portion indicates apoplasmic ureide flow;

the solid portion shows symplasmic movement

after cellular import via UPS1 transporters. Ar-

rowheads point to specific cell types (ic, infected;

uc, uninfected; c, cortex; e, endodermis cell; x,

xylem). Scale bar, 50 mm.

(C) PvUPS1 expression in nodules using RT-PCR

and 18S rRNA as control [4].

(D) Total ureides, allantoin, and allantoic acid

levels in xylem sap exudates [2, 5, 6] (n = 5 plants).

(E) Number of pods per plant (n = 6 plants).

(F) Distribution of one-, two-, and three-seeded

pods (n = 6 plants).

(G) Total number of seeds (n = 6 plants).

(H) Fifty-seed weight (n = 6 plants with five mea-

surements per plant).

(I) Seed yield (n = 6 plants).

Results presented here are from one growth set

but are representative of a minimum of two inde-

pendently grown sets of plants. The data are

mean ± SD. ***p < 0.001, **p < 0.01, *p < 0.05. See

also Figure S1.
addition, a significant shift from pods that developed one seed

per pod to pods with three seeds was observed (Figure 1F).

Together, these led to an increase in total seed number be-

tween 27% and 60% in UPS1-OE compared to wild-type

plants (Figure 1G). Whereas the seed weight was not changed

in OE plants (Figure 1H), the overall seed yield per plant was

improved by up to 36% (Figure 1I). This demonstrates that

increased N delivery to the shoot positively affected develop-

ment of reproductive sinks, and that overexpression of UPS1

in nodules presents an effective strategy for improving seed

yield in soybean. However, future research will need to

address whether such striking yield increases can be main-

tained under field conditions.
Current Bi
N2 Fixation per Nodule and
Nodulation Are Increased in UPS1

Overexpressors
Seed yield in nodulated legume crops is

directly linked to bacterial N2 fixation,

which seems to be regulated by the plant

N status [18–20]. Because the soybean

plants in this study were not supplied
with any N fertilizer, increased N export from nodules and alloca-

tion to the shoot, as well as higher seed numbers, (Figure 1) point

to improved N acquisition from the atmosphere. In fact, analysis

of total elemental N levels demonstrated that the UPS1-OE

plants fixed significantly more N than wild-type (Figure 2A).

Whereas nodule sizes were unchanged in the transgenic plants

(Figure S3), nodule numbers were strongly elevated (Figure 2B),

leading to an increase in plant nodule biomass of up to 80% (Fig-

ure 2C). When calculating the N2 fixation rate per nodule based

on the plant N content, we found that it was significantly upregu-

lated in OE nodules (Figure 2D). This was consistent with

observed increases in the activity of nitrogenase, the key enzyme

for N2 fixation, in the transgenic nodules (Figure 2E). Comparison
ology 26, 2044–2051, August 8, 2016 2045



Figure 2. Analysis of Nodulation and Nitro-

gen Fixation in UPS1-OE Plants

(A) N fixed per plant based on the total amount of

elemental N in shoot, roots, and nodules of UPS1

overexpressors (OE1 and OE2) and WT plants [21]

(n = 7 plants).

(B) Left: nodulated roots of UPS1-OE1 and WT

plants. Right: nodule number (n = 6 plants).

(C) Nodule biomass (n = 6 plants). DW, dry weight.

(D) N fixed per nodule calculated from the total

plant N content [21] and nodule number (n = 7

plants). See also Figure S2.

(E) Analysis of nodule nitrogenase activity using

an acetylene reduction assay [22] (n = 7 plants;

for each plant, three pools of ten nodules were

measured).

(F and G) Analysis of NH3/NH4
+ levels in (F) whole

nodules and (G) nodule symplasm and apoplasm

(n = 4 pools of nodules; pools are from two plants

each).

(H) Expression analysis of genes involved in NH3/

NH4
+ transport using qPCR [23, 24]. Results are

shown as fold change compared to WT, and

are presented as the mean of three technical

repetitions. For gene and primer information, see

Table S1.

Results presented here are from one growth set

but are representative of a minimum of two inde-

pendently grown sets of plants. The data are

mean ± SD. ***p < 0.001, **p < 0.01, *p < 0.05. See

also Figures S2 and S3 and Table S1.
among nodule number and biomass (Figure 2C), and the N fixed

per plant (Figure 2A) and nodule (Figure 2D), respectively, sug-

gests that the impressive increase in N2 fixation is, to a large

extent, due to an increase in nodule initiation and development

but also to an upregulation of nodule activity/metabolism (see

also Figures 3 and 4). How the ectopic expression of the ureide

transporter leads to the change in nodule development remains

elusive but, based on the literature, it is reasonable to speculate

that changes in N allocation to theUPS1-OE shoot, and a subse-

quent increase in sink development, may alter a systemic shoot-

to-root signal controlling nodule number and potentially N2 fixa-

tion [26–31].

Ammonia/Ammonium Levels and Partitioning Are
Altered in UPS1-OE Nodules
In UPS1-OE nodules, NH3/NH4

+ amounts were significantly

increased (Figure 2F), which relates to the observed higher

N2 fixation rates (Figures 2D and 2E; [7]; see above). On the

other hand, increased levels of inorganic N compounds in nod-

ules have been associated with N2 fixation inhibition [20, 32–

34]. Interestingly, when analyzing symplasmic versus apoplas-

mic nodule N concentrations [25], we found that cellular NH3/
2046 Current Biology 26, 2044–2051, August 8, 2016
NH4
+ levels were not changed, whereas

NH3/NH4
+ concentrations in the UPS1-

OE nodule apoplasms were significantly

increased (Figure 2G). This suggests

that (1) NH4
+ levels within the OE nodule

cells are kept at steady state presum-

ably to prevent NH4
+ toxicity and N2 fix-
ation inhibition [35], and (2) excess NH4
+ is temporarily seques-

tered in the acidic apoplasm by an ion-trapping mechanism

[36], similar to what has been described for NH4
+ storage in

the vacuole [35, 37]. Upregulation of genes involved in reimport

of NH4
+ into the nodule cells (AMT2.1 [38, 39]; AMF [40]; Fig-

ure 2H) supports that the inorganic N is finally recovered

from the apoplasm for amino acid assimilation. Some of the

NH4
+ may also be retrieved for nodule export and subsequent

reduction within the root, or for release into the environment

[40, 41].

Amino Acid Metabolism Is Upregulated in UPS1

Overexpressors
NH3/NH4

+ derived from the symbiosomes or retrieved from the

apoplasm (see above) is assimilated into glutamine and other

amino acids in nodule cells [42–44]. Expression analyses of

genes involved in NH3/NH4
+ transport across the symbiosome

(N26 [45]) and host cell plasma membrane (AMT2.1 [39]) and in

synthesis or deamination of the metabolically active amino acids

glutamine (GS1 [46]; GS2 [47]), glutamate (GOGAT [48]), aspar-

tate (AAT [49]), and asparagine (AS [50]; ASPG [51]), showed

increased transcript levels for all genes tested (Figure 3A). This



Figure 3. Amino Acid Biosynthesis and

Asparagine Accumulation in UPS1-OE

Nodules

(A) Expression of genes involved in N assimilation

in UPS1 overexpressors (OE1 and OE2) using

qPCR [23, 24]. Results are shown as fold change

compared to WT, and are presented as the mean

of three technical repetitions. For gene and primer

information, see Table S1.

(B and C) Amino acid levels in (B) whole nodules

and (C) nodule symplasm and apoplasm (n = 4

pools of nodules; pools are from two plants each).

Results presented here are from one growth set

but are representative of a minimum of two inde-

pendently grown sets of plants. The data are

mean ± SD. **p < 0.01, *p < 0.05. See also Fig-

ure S2 and Table S1.
supports increased N allocation to, and an upregulation of, N

metabolism in the transgenic nodules, which is in line with the

observed increases in N2 fixation.

When examining the corresponding amino acid concentra-

tions in UPS1-OE versus wild-type nodules, we found that

nodule asparagine amounts were increased due to higher levels

of the amide in the symplasm, whereas levels of other initial

amino acids were unchanged (Figures 3B and 3C). Generally,

high levels of glutamine are thought to negatively feedback

regulate N-assimilatory enzymes [52–54]. Thus, balancing the

amount of glutamine may be essential for improved UPS1-OE

nodule function and N assimilation. This is, for example,

achieved by transfer of the amino N from glutamine to aspartate,

resulting in elevated levels of asparagine (Figure 3). Further, an

increased concentration of nodule aspartate has been shown

to lead to a decline in N2 fixation [20, 55]. Although the regulatory

mechanism is not clear, it is fair to speculate that in theUPS1-OE

nodules, aspartate is maintained at dynamic equilibrium through

amination and deamination processes via aspartate aminotrans-

ferase and asparaginase, respectively, because the associated

genes were upregulated (Figure 3A). In nodules, purines and

finally ureides are also synthesized from aspartate, and tran-

siently stored asparagine may be readily available for their syn-

thesis via enzymatic conversion to aspartate [56]. In contrast to

some reports that suggest a role of asparagine in N2 fixation

inhibition [55, 57–59], our work is in agreement with King and

Purcell [20], demonstrating that N2 fixation in soybean nodules

occurs despite elevated asparagine amounts, and it supports

that the amide serves in NH4
+ detoxification and as a transient

storage pool of N [60–62].

Ureide Metabolism Is Upregulated in UPS1

Overexpressors
In soybean nodules, the majority of produced glutamine (and

aspartate) is channeled into the purine synthesis pathway, and
Current Bi
finally ureides are synthesized through

purine degradation via uric acid [1, 63].

Expression of genes involved in purine

(PUR5 [64];ACP1 [65]) and ureide synthe-

sis (UR9 [66]; HIUHase [67]; ALN1-4 [68])
was examined (see Figure S2 and Table S1), and results showed

up to a 5-fold upregulation dependent on the gene andUPS1-OE

line (Figure 4A).

There is plenty of debate about the relationship between ure-

ide levels in nodules and N2 fixation. A lot of evidence supports

that accumulation of ureides in nodules is related to inhibition

of N2 fixation [2, 20, 34, 55], although recent work questions

the role of ureides in the negative-feedback hypothesis [69].

Nevertheless, we were surprised to discover that upregulation

of ureide export from nodules not only resulted in increased N2

fixation and N assimilation but also in elevated total nodule ure-

ide levels, including allantoin and allantoic acid (Figure 4B). How-

ever, in contrast to previous studies, we distinguished between

symplasmic and apoplasmic ureide levels, and our biochemical

analyses, together with the expression studies, support that syn-

thesis of both ureides is increased inUPS1-OE nodules, resulting

in enhanced allantoin and allantoic acid amounts in the sym-

plasm (Figure 4C). In addition, and as previously reported [12],

the levels of both ureides were generally higher in the symplasm

versus apoplasm, thereby creating a concentration gradient

for their passive movement into the cell-wall space. Whereas

amounts of allantoic acid were also increased in the UPS1-OE

nodule apoplasm, allantoin levels were not changed (Figure 4C).

At apoplasmic pH, some allantoin is most probably hydrolyzed,

and allantoic acid or ammonia is formed [70], contributing to the

elevated levels of these two compounds in the extracellular

compartment (see Figures 2G and 4C). It is further reasonable

to assume that the continuous apoplasmic transformation of

allantoin maintains a steep concentration gradient and promotes

ongoing diffusive movement of this ureide from the nodule cells

into the cell-wall space. Similarly, strong upregulation of allantoic

acid production within the nodule cell via allantoinases (ALNs;

Figure 4A) or spontaneous conversion of allantoin [70] seems

to sustain a gradient for allantoic acid diffusion into the

apoplasm.
ology 26, 2044–2051, August 8, 2016 2047



Figure 4. Analyses of Ureide Synthesis and

Transport and Model of Nitrogen Meta-

bolism and Partitioning Processes in

UPS1-OE Nodules

(A) Expression of genes involved in ureide syn-

thesis and transport using qPCR and nodule RNA

fromUPS1 overexpressors (OE1 andOE2) andWT

plants [23, 24]. Results are shown as fold change

compared to WT, and are presented as the mean

of three technical repetitions. For gene and primer

information, see Table S1.

(B and C) Total ureides, allantoin, and allantoic

acid levels of (B) whole nodules and (C) nodule

symplasm and apoplasm [2, 5, 25] (n = 4 pools of

nodules; pools are from two plants each).

Results presented here are from one growth set

but are representative of a minimum of two inde-

pendently grown sets of plants. The data are

mean ± SD. ***p < 0.001, **p < 0.01, *p < 0.05.

(D) Model of key regulatory steps in UPS1-OE

soybean nodules suggesting metabolic and allo-

cation plasticity in support of increased N2 fixation

and nodule-to-shoot N supply. Seven (I–VII) reg-

ulatory events downstream of bacteroid function

are proposed and discussed. (I) Ammonium levels

within the host cells are kept at steady state to

prevent potential NH4
+ toxicity and N2 fixation in-

hibition. (II) Glutamine and aspartate levels are

kept constant to avoid downregulation of N2 fixa-

tion and N assimilation. (III) Excess organic N is

transiently stored as asparagine. (IV) Symplasmic

and apoplasmic levels of allantoin and allantoic

acid are adjusted to facilitate increased ureide

export from nodules and to potentially prevent

downregulation of N2 fixation. (V) Movement of

ureides from the apoplasm of uninfected cells to-

ward the vascular bundles is controlled by UPS1

plasma membrane transporters located in cortex

and endodermis cells. (VI and VII) The increased

N demand of UPS1-OE shoots is met by both (VI)

elevated N2 fixation per nodule and (VII) an increase in nodule number. Arrows with circles indicate transporters. CC, cortex cell; EC, endodermis

cell; PC, parenchyma cell; Asn, asparagine; Asp, aspartate.

See also Figure S2 and Table S1.
Endogenous Ureide Transport Processes Are
Upregulated in UPS1 Overexpressors
In previous work, we localized two soybean UPS1 transporters

to nodule cortex and endodermis cells (GmUPS1-1 and

GmUPS1-2) [2]. Using the soybean genome database

Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html), a

third transporter (GmUPS1-3; Glyma01 g12980) was identified.

Expression analysis of the endogenous transporters in UPS1-

OE nodules showed that transcript levels of all three soybean

UPS1 transporters were upregulated (Figure 4A). Previous func-

tional transporter analyses in yeast suggested that the soybean

GmUPS1 proteins transport both ureides [2] whereas common

bean PvUPS1 seems to preferentially transport allantoin [3],

although the present work does not exclude that the latter may

use both allantoin and allantoic acid as substrates. Nevertheless,

the expression studies (Figure 4A), together with the increased

nodule-to-shoot ureide allocation (Figure 1D), support that, be-

sides PvUPS1, endogenous UPS1 transporters contribute to

the accelerated ureide transport out of the transgenic soybean

nodules. Further, the retrieval of allantoin and allantoic acid
2048 Current Biology 26, 2044–2051, August 8, 2016
from the apoplasm promotes a concentration gradient allowing

passive movement of the ureides from their location of synthesis

toward the vascular bundles (see above). Moreover, the gradient

between symplasmic and apoplasmic ureides is probably higher

in UPS1-OE versus wild-type nodules due to increased UPS1

activity in cortex and endodermis cells. To resolve the actual

concentration differences, rather than analyzing whole nodules,

symplasmic and apoplasmic ureide concentrations would need

to be determined for cells of the central zone versus cells adja-

cent to the nodule vasculature, for example by using metabolite

sensors [71]. Nonetheless, in the UPS1-OE nodules, critical

allantoin and/or allantoic acid accumulation, and related N2 fixa-

tion inhibition (see above), seems to be prevented through the

continuous and enhanced flow of ureides out of the nodule.

Our work recommends that future research addressing the

negative-feedback hypothesis will need to differentiate between

allantoin and allantoic acid, and their location of accumulation, to

clearly understand the regulatory role of nodule ureides in N2 fix-

ation. We also want to point out that it is still an open question

whether symbiotic N2 fixation inhibition is caused by a local/

https://phytozome.jgi.doe.gov/pz/portal.html


nodule trigger, a systemic signal deriving from the shoot, or a

combination of the two [20, 69, 72].

Conclusions
Overall, it is shown that enhancing N export from soybean

nodules leads to increased N2 fixation and nodule metabolism

and promotes shoot N nutrition and seed development. Our

work helps to draw a more complete, yet complex, picture

of nodule physiology. We developed a model based on

UPS1 ureide transporter overexpression showing multilayered

regulation of metabolic and transport events downstream of

bacteroid function (Figure 4D). Finally, it can be concluded

that a fundamental understanding of N metabolism and parti-

tioning processes could clearly result in novel strategies to

alter symbiotic N2 fixation with the final goal of increasing

legume productivity.
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