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Abstract-The synthesis, transport and assimilation of the ureides, allantoin and allantoic acid, in higher plants is 
reviewed. Evidence indicates that in nodulated legumes ureides are synthesized from products of N,-fixation via purine 
synthesis and degradation. Their synthesis in other plants also appears to be via purine degradation but is dependent on 
the inorganic nitrogen source fed to the plant; greatest ureide production is associated with ammonium assimilation. 
The use of ureides rather than amides for N-transport from the root to the shoot via the xylem stream results in an 
improved carbon economy of the plant. Good evidence for the transport of ureides in the phloem is lacking for most 
species examined although it is assumed to be important, particularly in fruit and seed development. Ureides are stored 
and assimilated mainly in the shoot. The precise pathways, localization and regulation of ureide assimilation are poorly 
understood and require further investigation. Similarities exist between the properties of the enzymes involved in ureide 
assimilation in higher plants and in micro-organisms, However, the evidence that light appears to be involved in ureide 
assimilation in green tissues suggests that different regulatory mechanisms may exist in plants compared with micro- 
organisms. The economically important legume crops such as soybeans, cowpeas and Phaseolus sp. are all ureide 
producers. To aid our understanding of the productivity of these plants knowledge of how ureide-N is converted into 
seed protein is essential. 

INTRODUCTION 
Purine precursors 

The ureides, allantoin and allantoic acid (Figs. 1 and 2) 
have long been recognized as the major nitrogenous 
compounds in a variety of plant species [l-6]. Other 
ureides, such as citrulline, are abundant in certain 
species [3,4] but here the term will be restricted to 
allantoin and allantoic acid unless otherwise stated. The 
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physiology and biochemistry of ureides were largely 
neglected until Mothes and coworkers [5,6] in the 1950s 
reiterated the earlier suggestions of several French 
workers [ 1,2] that these compounds were probably 
synthesized via purine degradation. A simpler pathway 
via the direct condensation of glyoxylate and urea could 
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not be discounted (Fig. 1) but evidence indicated that 
ureides were not produced in leaves via such a route and 
were probably synthesized exclusively via purine in- 
termediates [7]. Roots were considered to be the main site 
of ureide synthesis, even though leaves were also shown to 
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synthesize these compounds when detached and kept in 
the dark [5]. The role of ureides in the N-metabolism of 
plants, in particular soybeans, was thoroughly in- 
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vestigated by a number of Japanese workers [8-231. 2 I 
While this work seems to have been neglected by many tl 
Western scientists, Vogels and van der Drift [24] stressed L--------- glyoxylate t urea 

in 1976 the importance of ureide metabolism in plants and 
the aim of this review is to bring the subject up to date. 
Wherever possible, we have outlined the areas where our 

Fig. 1. Possible metabolic pathways for the synthesis of ureides. 
1, Aerobic 

knowledge is still insufficient with the hope that this will 
purine degradation; 2, condensation of 

stimulate further research. 
gIyoxyIate-urea; 3, reverse reaction ofaIIantoinase; 4, recycling 

of glyoxylate [7]. 
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UREIDE SYNTHESIS IN ROOTS 

When ureides were first detected in the xylem sap of 
Phaseolus vulgaris and Acer pseudoplatanus [25] and 
found in abundance in the roots of members of the 
Boraginaceae, Plantanaceae, Hippocastanaceae, 
Aceraceae and Leguminosae [26], the role of the root in 
N-metabolism was not known. In Acer, almost 100 % of 
the xylem sap N was in the form of allantoin and allantoic 
acid during the spring [26]. In Symphytum, these ureides 
accumulated in storage organs in the autumn but it was 
not known whether they were formed or transported 
there [27]. Later, Mothes [28] showed that ureides 
could be produced in root cuttings of Phaseolus in 
response to C-starvation during extensive N-assimilation. 
When wheat seedlings were fed [2- 14C]-glycine for 15 min 
through the roots, a significant amount of radioactivity in 
the root extract was found in allantoin. No radioactivity 
was found in allantoin after feeding [i4C]-glyoxylic acid 
or [14C J-urea, suggesting that the ureides were produced 
via purine synthesis and not from urea and glyoxylate 
directly ([29], see Fig. 1). Similar conclusions were drawn 
when [i4C]-glycine, [14C]-hypoxanthine and [‘“Cl- 
urea were fed to root discs of Symphytum [30-341. These 
labelling studies firmly established that roots could 
synthesize ureides, and although most of the evidence 
favoured synthesis via purine degradation, other path- 
ways could not be discounted[5]. Even though it was 
recogmzed that the sap of some legumes contained 
ureides [25] and that allantoin, allantoic acid and 
allantoinase (degrading allantoin to allantoic acid) were 
reported in the nodules of legumes [2], the idea that ureide 
production might be associated with root nodules was not 
realized until it was suggested that the underground parts 
of nodulated soybeans were the main site of ureide 
formation [9,35]. Since then, the evidence favouring 
nodules as the site of ureide synthesis can be summarized 
into four categories; (a) the distribution of ureides in 
nodulated and non-nodulated plants; (b) measurements 
of enzymes involved in purine degradation; (c) isN- 
labelling studies; and (d) inhibitor studies. These are 
discussed below. 

Distribution of ureides in nodulated and non-nodulated 
plants 

Nodulated soybeans were found to contain much 
greater amounts of allantoin and allantoic acid than non- 
nodulated plants [&lo, 12, 13, 21, 361. When exogenous 
N-sources were fed to soybeans there was a good 
correlation between the decrease in allantoin content of 
the plants and the decrease in nodule formation [ 131 and 
N-fixing activity [21]. Similarly, it was shown that 
increasing concentrations of nitrate fed to nodulated 
soybeans decreased the ureide content of the xylem sap N, 
the nodule weight per plant and N,-fixation activity per 
plant [37,38]. When three varieties of soybeans were 
inoculated with either an ‘efficient’ or ‘inefficient’ strain of 
Rhizobium (efficiency based on the amount of H, gas 
evolved during N2-fixation), the ureide concentration in 
xylem sap and estimated flux of ureides to the shoot were 
less in plants inoculated with the ‘inefficient’ strain 
compared with those having the ‘efficient’ strain [38]. 

Reciprocal grafts between a nodulating (A62-1) and a 
non-nodulating (A62-2) variety of soybeans indicated 
that the above-ground parts of the plants had little 
influence on ureide formation; str ,IS of non-nodulated 

plants grafted onto the nodulated variety accumulated 
ureides, but little accumulated in the stems of the 
nodulated variety grafted onto the non-nodulated plants. 
In addition, removal of the nodules from the nodulated 
variety resulted in a rapid decrease in ureide con- 
centration in stems and roots [15]. 

Measurement of enzymes involved in purine degradation 

High activities of some enzymes involved in aerobic 
purine degradation (xanthine oxidase, uricase and 
allantoinase; Fig. 1) were reported in the nodules of 
soybeans whereas low activities were found in other plant 
parts [16,17,19]. Similarly, nodules of Vigna were 
reported to contain high activities of xanthine dehydro- 
genase, uricase and allantoinase [39]. Thus, nodules have 
the capacity to degrade purines to allantoin but do not 
appear to have much ability to degrade allantoic acid 
enzymically, since allantoicase was not detected in 
nodules but was present in leaves of soybeans [19]. 

’ 'N-Labelling studies 

The incorporation of “N into allantoin and allantoic 
acid in nodules was higher than in the basal parts of 
enclosed roots fed 15N, gas even though the con- 
centrations of ureides were higher in the roots compared 
with nodules [14], indicating that nodules were producing 
ureides. Interestingly, incorporation of the label into 
RNA and DNA was less than that in the ureides 
suggesting that there may be a non-metabolizable 
compartment of purine bases in roots. 

By feeding nodulated and de-nodulated soybean roots 
with 15NH3 it was shown that ureides had low atom % 
excess 15N compared with amino acids [22] suggesting 
that NH, absorbed by roots was not assimilated into 
ureides but was readily assimilated into amino acids. The 
low atom y0 excess “N in ureides was explained by 
proposing that ureides were produced from N,-fixation 
and would, therefore, not be expected to be labelled to any 
great extent after i5NH,-feeding to roots, as the latter 
would be assimilated in root tissue rather than nodules. 

After feeding “N, to the root system of the legume 
Vigna for 1 hr, 63 % of the label in the nodules was found 
in ureides indicating a rapid assimilation [40]. Xylem sap 
N was also rapidly labelled with 91% of the label in 
ureides after only 2 hr of exposure to “N,. Thus, a major 
proportion of the nitrogen was fixed into ureides and 
rapidly exported to the shoot via the xylem. 

Ohyama and Kumazawa [41] detected ’ 5N in ureides 
after only 4min of feeding lsN, to nodulated soybean 
roots indicating a rapid synthesis of ureides from the early 
products of N,-fixation; ammonia and glutamine. In a 
later paper, the same authors demonstrated that little ’ 5N 
from “NO, was incorporated into ureides as compared 
to the amount from 15N 2 providing good evidence that 
ureide synthesis takes place in the nodules from recent N,- 
fixation [42]. 

Inhibitor studies 

The hypoxanthine analogue, allopurinol [4- 
hydroxypyrazolo(3,4_d)pyrimidine] inhibits xanthine 
dehydrogenase (or oxidase) and therefore if ureides are 
produced via purine degradation, inhibitor treatment 
should result in a decrease in ureide content and an 
accumulation of xanthine. When nodulated soybean 
plants were fed the inhibitor, there was a dramatic 
decrease in ureides of the nodules and stem but not roots, 
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and an accumulation of xanthine only in the nodules [23]. 
In seedlings similar effects were noted. In addition 
azaserine, which blocks the transamidation of glutamine 
to formylglycinamide ribonucleotide in purine synthesis, 
did not affect ureide concentrations suggesting some 
dependence on stored RNA or DNA rather than newly 
synthesized purines [23]; unfortunately, this inhibitor 
was not used with nodulated plants. 

Atkins et al. [39] fed allopurinol to nodulated cowpeas 
(Vigna unguiculata L.). Within 1 hr, ureide export and 
ureide pools decreased in nodules, but xanthine 
accumulated in nodules. Thus, there is now a large 
amount of evidence favouring the synthesis of ureides in 
legume nodules from N, fixation, via purine degradation. 

The evidence for the synthesis of ureides in non-legumes 
and non-nodulated legumes also favours synthesis from 
purine degradation; much of this work has been reviewed 
earlier [5,6]. Since then, little has been reported on ureide 
synthesis in higher plants other than that related to N,- 
fixation. In non-nodulated Phaseolus vulgaris, ureides 
were the major form of reduced N in the xylem sap of 
plants grown with nitrate, ammonium or ammonium 
nitrate [43], and the addition of allopurinol to roots 
resulted in a marked decrease in ureide concentration in 
the xylem sap without affecting the concentration of other 
reduced N-compounds or nitrate [44]. These results are 
consistent with the origin of ureides via purine 
degradation in roots. Plants fed with ammonium salts 
contained more ureide-N in the xylem sap and in all plant 
organs except the roots compared with nitrate-grown 
plants, suggesting that ureides might be produced in 
response to ammonium toxicity in roots and transported 
to other plant parts [44]. Roots of non-nodulated and 
nodulated soybeans have some capacity to synthesize 
ureides, albeit small in comparison to the no- 
dules [ll, 22,38,42]. Ohyama and Kumazawa [42] sho- 
wed that there was a lag phase in “N-incorporation from 
’ 5N0, into allantoin in roots and speculated that perhaps 
separate mechanisms exist for allantoin synthesis in roots 
and nodules. However, rates of purine turnover were not 
compared in roots and nodules and the observed lag 
phase may reflect differences in purine turnover rates and 
not necessarily different mechanisms. 

In spite of numerous attempts, the only evidence for an 
alternative pathway to ureide formation was reported 
earlier when a direct condensation between urea and 
glyoxylate was shown to produce allantoic acid in some 
fungi [45] and banana leaves [46]. In micro-organisms, 
allantoin and allantoic acid are usually produced via 
purine degradation [24] but it is of interest to note that 
contrary to many reports the allantoinase reaction was 
found to be freely reversible in Saccharomyces cere- 
visiae [47]. More studies are required to determine if 
indeed there are alternative pathways for the synthesis of 
ureides in higher plants. 

LOCALIZATION OF UREIDE SYNTHESIS WITHIN NODULES 

There are conflicting reports on the localization of the 
enzymes involved in purine degradation in plant root 
nodules. Xanthine oxidase and uricase were reported to 
be associated with particulate fractions of soybean 
nodules [17] separated by differential centrifugation; the 
former was apparently tightly bound to a ‘nuclear’ 
fraction while the latter was associated with the 

‘mitochondrial’ fraction. Some allantoinase activity was 
measured in ‘nuclear’, ‘mitochondrial’ and ‘microsome’ 
fractions but was mainly detected in the 1OOOOOg 
supernatant. Unfortunately, no organelle marker en- 
zymes were included in this work to assess the degree of 
cross-contamination between the different fractions. In a 
later paper [18], the authors separated nodule fractions, 
by sucrose density gradient centrifugation and uricase 
was, in fact, shown to be confined to the bacteroids and 
absent from the mitochondria. The bacteroid fraction 
contained no cytochrome oxidase activity, a marker 
enzyme for mitochondria. However, Herridge et al. [40] 
found that nearly all the uricase activity in cowpea 
nodules was in the ‘cytosol’ fraction with negligible 
amounts m the ‘bacteroids’. In a more detailed study of 
cowpea nodules, xanthine dehydrogenase and uricase 
were found mainly in soluble extracts of bacteroid- 
containing tissue [39]. What activities were found in the 
cortical tissue were considered to be the result of 
contamination by bacteroids. Unlike the Japanese 
reports, these authors reported little uricase activity in the 
insoluble fraction of the bacteroids. Allantoinase ap 
peared to be equally distributed between bacteroid and 
cortical tissues with a smaller but significant amount of 
activity in the insoluble fractions. Work is continuing in 
several laboratories which should resolve these ap- 
parently conflicting results. 

TRANSPORT IN THE XYLEM AND PHLOEM 

Much of the work on the occurrence of ureides in xylem 
sap has been adequately covered in a number of 
reviews [6,48-511 and only a brief outline of the salient 
points will be discussed here. The methods used to obtain 
samples of xylem and phloem streams have been assessed 
by Pate [52], and although all the methods are not 
without criticism it is generally accepted that such 
samples provide some indication ofthe composition of the, 
transport streams in the intact plant. 

Ureides have been detected in both xylem and phloe; 
saps ofmany higher plants [51-531. Bollard [51] studying 
a wide a range of monocots, dicots and gymnosperms 
found citrulline in the xylem sap of 29 out of 103 species 
tested but it was a major constituent in only five species. 
Allantoin or allantoic acid or both were present in the 
xylem saps of 23 species of dicots and in one species of a 
monocot. In only four species (Persea, Acer, Aesculus and 
Alectryon) were these compounds the major forms of 
nitrogen. Concentrations of ureides per ml sap were not 
reported in this work but because the relationship between 
the concentration of N in sap samples and actual 
concentrations in uiuo are likely to differ by as much as an 
order of magnitude; perhaps the amounts of ureides are 
better expressed as a percentage of the total sap nitrogen. 
The range of values recorded vary from 10% in 
Pisum [54] to 99% in Acer [26]. 

In non-nodulated Phaseolus, the percentage contri- 
bution of ureides to the total sap N varied from 13 to 42 % 
depending on the inorganic N-source fed to the 
plant [43]. In soybeans, which rely solely on N,-fixation 
for their N-requirement, 86 % of the total sap N was in the 
form of allantoin and allantoic acid, whereas in plants fed 
20 mM KNO, ureides comprised only 6 % of the total sap 
N [38]. From these results it is clear that the amount of 
ureides in the xylem sap depends on the source of nitrogen 
available to the plant’s root system. Highest amounts of 
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ureides were measured in sap samples when either 
ammonium was the N-source, compared with nit- 
rate [43], or when N,-fixation provided most of the 
plant’s N [38]. In both non-nodulated Phaseolus [43] and 
soybeans [37] grown with nitrate and in nodulated 
soybeans [37], the percentage of ureides in the xylem sap 
was not altered significantly during the development of 
the plants from seedlings to mature plants. In nodulated 
cowpeas some variation was noted during development 
although ureides remained high, contributing between 60 
and 80 % to the total sap N at all stages of growth [4O]. In 
all three legumes studied, allantoic acid was the 
predominant ureide. The contribution of the ureides to 
the xylem sap N appears then to remain fairly constant 
during plant development provided the source of N does 
not change. Van Be1 has reported that amino acids can be 
differentially absorbed from the xylem stream during 
passage through the stem [55]. There have been no 
reports on any differential absorption of ureides from the 
xylem stream. 

Difficulties in obtaining authentic samples of phloem 
sap have probably been responsible for the very limited 
information on the presence of ureides in phloem. Ureides 
were present in the phloem sap of Acer, Platanus, 
Aesculus [53], Yucca [56], Phaseolus [44] and in samples 
obtained from the cut ends of soybean pods (Thomas and 
Schrader, unpublished results). The amounts found in 
these legumes were small, however, and contamination 
from damaged cells cannot be discounted. As fruits of 
soybean contain large amounts of ureides predominantly 
in the pod wall ( [12]; Thomas and Schrader, unpublished 
results), and because fruits in general have a relatively 
slow transpiration rate [SO], it is likely that they receive 
most oftheir N via the phloem. Whether or not ureides are 
delivered to fruits via the phloem has not been 
conclusively proven. It seems unlikely, however, that such 
large quantities of ureides would be synthesized in fruits 
from other compounds, such as amino acids and amides, 
as this would appear to be an inefficient process. It is more 
likely that ureides themselves are transported directly to 
fruits via the phloem from storage pools in leaves or stems. 
Alternatively, ureides might be transferred from the xylem 
to the phloem at some point during passage from the root 
to the shoot. There is no direct evidence for this at present. 
Labelling studies could provide an answer to this question 
and although i4C-labelled ureides are not commercially 
available, they can be synthesized from simpler com- 
pounds such as [14C]-urea (e.g. [57]). 

Nothing is known about phloem loading and 
unloading of ureides. Is loading an energy-dependent 
process similar to that demonstrated for amino 
acids [58,59]? Allantoate (allantoic acid) uptake by 
Saccharomyces cerevisiae was inhibited by certain amino 
acids including asparagine [60]. Do such interactions 
occur in higher plants? A competition between aspa- 
ragine (the major amino acid used in N-transport in 
soybeans [61]) and ureides may be important in the 
phloem-loading process and could conceivably be a 
limiting factor in phloem transport of N and possibly crop 
yield. 

ASSIMILATION IN THE SHOOT 

In plants considered to have a ureide-based metabolism 
rather than asparagine-based metabolism [27, 62, 631 
the stem usually contains the highest amounts of ureides 

on an organ basis [lo, 12,40,, 641. The greatest amounts 
of ureides were found in stems of nodulated soybeans, 
amounting to as much as 60-75 % of the soluble N [12]. 
Similar results were reported for nodulated Vigna [40] 
and Phaseolus [64]. Reported values for the amount of 
ureide-N in stem tissue include the very high conentration 
of ureides in the xylem sap [ll, 37,381 and therefore 
overestimate the amounts of ureides stored in non- 
conducting stem tissue. Just how much the values are 
overestimated is difficult to determine but the adjustments 
are unlikely to alter the fact that stems contain the greatest 
amounts of ureides per plant. The accumulation of ureides 
in stems increased with nodule formation, weight and 
activity [lo, 13,151 and decreased rapidly when the 
nodules were removed [15]. Part of this decrease may be 
the result of a decrease in the ureide content of the xylem 
sap following nodule removal as it has been shown in 
soybeans that if N,-fixation is inhibited then the ureide 
concentration in the xylem sap decreases [37,38]. 

During pod formation in soybeans the amounts of 
ureides reached a maximum in the stems and then 
decreased rapidly with seed filling [lo, 12,21,65]. This 
decrease may be the result of either ureide transport out of 
the stem (probably to the fruits which are the dominant 
sinks at this stage) or degradation and assimilation of 
ureides into other nitrogenous compounds which may be 
translocated to the developing fruits. 

Most workers have sampled the entire stem of soybeans 
for their estimations of ureide content but it has been 
shown that the internodes do not contain equal amounts 
of ureides. Rather, ureide concentration increases in 
younger internodes with a maximum concentration at the 
second or third internode below the apex [lo, 121. The 
presence of the enzymes allantoinase and allantoicase in 
stems of soybeans [17,18] and of allantoicase in 
Phaseolus [44] indicates that stems have the capacity to 
degrade both allantoin and allantoic acid, but it is not 
known to what extent stored ureides are broken down and 
assimilated into other compounds. Table 1 shows that 
both inner (pith and xylem) and outer stem parts (cortex, 
phloem and cambium) of soybeans contain ureides and 
have allantoinase activity. Indeed the measured allan- 
toinase activity was greater than that in the uppermost 
fully expanded leaves on a fresh weight and organ basis. 
Further studies are needed to determine the fate of the 
stored ureides in stems, particularly as one cannot be sure 
from the reported work whether the observed fluctuations 
in the ureide content in the stems reflect changes in 
storage forms or are partly the result of changes in the flux 
of the xylem sap. 

Often petioles have been included in either analyses of 
ureides in stems [40,65] or in the leaves [12,44]. The data 
given in Table 1 show that in pod-forming soybeans the 
concentration of ureides in the petioles was as high as that 
in the lamina but was less than that of the stems. Petioles 
also had ca 60% as much allantoinase activity as the 
lamina on a fresh weight basis but only around 25 % on a 
per organ basis. In Phaseolus the concentration of ureides 
and amount per organ in petioles were less than that of 
stems during vegetative growth (Thomas et al., un- 
published results). These results do not support the 
suggestion that the concentration ofureides in the petioles 
may be greater than that in stems 1651. As noted for stems, 
the amounts of ureides measured in petioles are probably 
overestimated because of contamination from xylem sap 
and possibly phloem. 
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Table 1. Allantoinase activity and ureides in stem and leaf tissue of soybeans 

Tissue 

Allantoinase activity (pmol Total ureides 
allantoic acid degradedjhr) (pmol) 

g-’ fr. wt organ - 1 g- ’ fr. wt organ - ’ 

Outer stem (green) 
Inner stem (non-green) 
Uppermost fully expanded leaf 
8th trifoliolate leaf 

Lamina 
Petiole 

218.71 402.42 8.69 15.99 
64.37 6.59 

149.42 308.55 2.26 4.68 

191.13 391.83 0.73 1.50 
115.41 88.83 0.91 0.70 

Samples for measurement of allantoinase and ureides were taken from 65-day-old nodulated soybean plants in the early stages of 
pod formation. Samples for stem extracts were removed from the seventh to eleventh internodes. Allantoinase activity was measured 
after van der Drift and Vogels [106]. Values shown are the sums of the activities measured in 50000 g pellets and supernatants. Tissue 
ureides were measured in 0.05 M Tris-HCI buffer (pH 7.8) extracts after Vogels and van der Drift [87]. Results are means of duplicate 
samples from two plants. 

Significant amounts of ureides have been measured in 
leaves. The concentrations of ureides are generally highest 
in young unexpanded leaves and decrease during rapid 
leaf expansion before increasing again as the leaf ma- 
tures [44]. The amounts of ureides in leaves are usually 
much less than those measured in stems and fruits of 
nodulated soybeans [12.65] but in nitrate-grown 
Phase&s the total amount in all the leaves on a plant was 
as much as that found in the stems [44]. The ureide 
content of all the leaves on a soybean plant reached a 
maximum during pod formation and 1 or 2 weeks before 
the peak in ureide content of other organs [12]. During 
leaf development the ureide content of a trifoliolate leaf 
increased with leaf expansion amounting to appro- 
ximately 40 y0 of the soluble N and decreased just before 
the end of leaf expansion [ 121. The peak in ureide content 
occurred when the concentration of soluble N had already 
begun to decrease on a fresh weight basis [ 13 1. However, 
in field-grown soybeans ureides per g dry weight 
decreased in parallel with the decrease in total leaf 
N [61,65]. In contrast, the ureide content of nitrate- 
grown Phaseolus did not begin to decrease until the leaf 
was already senescing (yellowing) [44]. Matsumoto et 
al. [12] suggested that ureides may be translocated from 
older leaves to younger developing leaves. The decrease in 
the ureide content of leaves could be the result of 
degradation and assimilation of N into other compounds 
or the export of ureides themselves. Leaves possess the 
ability to degrade ureides via allantoinase and allan- 
toicase [ 17,19,40,44]. In soybeans allantoinase and 
allantoicase activities were higher in leaves of a non- 
nodulated variety compared with a nodulated va- 
riety [19]. This indicated to the authors that ureides were 
perhaps formed in the leaves of the non-nodulated plants. 
While this may be so, the lower enzyme activity in leaves 
of nodulated plants, which are likely to receive large 
amounts of ureides via the xylem sap [37], may be the 
result of repression or inhibition by intermediates of 
ureide breakdown. Such inhibition has been de- 
monstrated particularly with respect to allantoicase 
activity in bacteria and fungi [66,67]. The exact nature of 

ureide assimilation (to be discussed below) is complicated 
by the fact that both the allantoin and allantoic acid can 
be degraded via a non-enzymic reaction [68,69]. The 
concentration of ureides in young pods can be very high 
amounting to 50% of the soluble N [12] or 15% of the 
total N [65]. As seed-filling progresses, the ureide 
concentration decreases rapidly in pods [12,21]. The 
total amount of ureides in all pods reached a maximum 
l-2 weeks before a maximum was attained in the seeds, 
and pods generally contained four times as much ureides 
as the seeds [12]. The amount of ureides in the seeds 
increases only after the ureide content of the pods has 
reached a maximum. Thereafter, the amounts in pods, 
decrease rapidly, whereas amounts in the seeds reach a 
peak before finally decreasing as fruits mature [12,44]. 
Although the concentration of ureides in seeds is lower 
than that ofthe pods, allantoinase activity has been shown 
to be greater in the seeds than in the pods ([40]; Thomas 
and Schrader, unpublished results). The results suggest 
that ureides are first concentrated in the pods and are 
either degraded into other compounds such as amino 
acids and amides and/or transported directly to the seed 
where they are rapidly degraded and presumably 
assimilated into amino acids and proteins. The time 
courses of the peaks in ureide content of pods and seeds 
are similar to those of total N in Phaseolus [70] and 
suggest that, in both soybeans and Phaseoius, pods and 
seeds act as separate and possibly competing sinks. 

The high activity of allantoinase in developing seeds 
support the suggestion that ureides may be degraded 
rapidly in seeds after translocation from the pods [21]. 
There is at present no evidence that distinguishes if ureides 
can enter seeds directly via the vascular tissue (phloem) or 
if they must first enter cells of the pod wall tissues before 
being transported to the seeds. It is conceivable that the 
pod wall tissues may act as ‘stronger’ sinks than young 
seeds during early pod development but as seeds develop 
they become the predominant sink. This could explain the 
pattern of ureide accumulation in fruit tissue. We still 
know little about the reactions involved in the 
assimilation of ureides in higher plants and information is 
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required on the site of breakdown (cellular and 
subcellular), the metabolic pathways involved, and on the 
assimilation and fate of the breakdown products. 

THE PATHWAYS OF UREIDE ASSIMlLATlON 

The discovery of the enzymes allantoinase and 
allantoicase in higher plants [l, 71-731 provided a scheme 
for an assimilation of ureides whereby purines were 
degraded into urea and glyoxylate. It was thought that 
urea would be metabolized via urease into ammonia and 
from there into other amino acids and proteins [l 1. It was 
later shown that the reaction catalysed by allantoicase 
(EC 3.5.3.4, allantoate amidinohydrolase) is in fact a two- 
step reaction involving at least two enzymes, allantoicase 
and ureidoglycolase [74-761. The first step (Fig. 2), 
catalysed by allantoicase, hydrolyses allantoate into urea 
and ureidoglycolic acid. The latter is then degraded via 
ureidoglycolase into urea and glyoxylic acid. Another 
enzyme, allantoate amidohydrolase (EC 3.5.3.9) was 
found in Streptococcus aliantoicus which hydrolysed 
allantoate into ammonia, CO, and ureidoglycolate under 
anaerobic conditions [76,77]. This enzyme was also 
shown to be present in aerobically grown Pseudomonas 
and Penicillium sp. [66,67,76]. Different products of 
allantoate degradation are formed depending on the 
enzyme system used (Fig. 2). Degradation via allantoicase 
and ureidoglycolase result in the production of urea and 
gIyoxylate while ureidoglycolate produced via allantoate 

amidohydrolase can be degraded by either allantoicase or 
ureidoglycolase into urea and glyoxylate. 

In Streptococcus allantoicus, an additional pathway 
was discovered [76,78]. Cleavage ofallantoate resulted in 
the production of CO,, ammonia and ureidoglycolate via 
allantoate amidohydrolase as before (Fig. 2). In addition, 
however, a proposed intermediate in this reaction, 
ureidoglycine, was postulated to undergo an enzymic or 
nonenzymic transamination with glyoxylate to produce 
glycine and oxaluric acid [76]. Glycine production was 
demonstrated in cell-free extracts and could be enhanced 
by the presence of Cu2 ’ ions which are known to catalyse 
non-enzymic transamination reactions with gly- 
oxylate [79-811. The other product of the reaction, 
oxaluric acid, could conceivably undergo a trans- 
carbamoylase reaction with inorganic phosphate to 
produce carbamoyl phosphate and oxamic acid [76]. Wu 
et al. has proposed that ureidoglycine is degraded by an 
enzyme other than allantoate amidohydrolase in this 
scheme [82]. ATP can be synthesized from carbamoyl 
phosphate [83]. Whether these reactions occur in higher 
plants is not known, although oxamate has been shown to 
occur with allantoin in beets [84,85]. Both allantoin and 
allantoic acid can be hydrolysed under certain conditions 
by non-enzymic reactions [68,69]. Allantoin is converted 
into allantoate which is hydrolysed into ureidoglycolate 
and urea or isocyanate, ammonia, and glyoxylate 
depending on the pH and temperature. There is no 
information as to whether these reactions occur in uiuo in 

H-N NH, 1 = Allantaicase 
2 = Ureidoglycolase 
3= Allantoate amldohydrolase 

Hk - 6H - 1;1H 

CO(NH212 + HOO;: ?O 
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Fig. 2. Metabolic pathways for the assimilation of allantoic acid. 
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higher plant tissue. In all the reports of allantoicase 
activity in higher plants only glyoxylate has been 
demonstrated to be produced from allantoate [ 19,26,44, 
861. By use of a method for the differential hydrolysis of 
glyoxylate derivatives [87], the presence of either 
ureidoglycolate or ureidoglycine was suggested in 
extracts of leaves of Phaseolus incubated with allantoate 
although these compounds were not definitely 
identified [88]. 

PROPERTIES AND RE4WLATlON OF THE ENZYMES 
INVOLVED IN URElJJE ASSIMILATION 

Most of the published work on the enzymes involved in 
ureide assimilation has been on micro-organisms [66,67, 
74, 75, 77, 82, 89-991 with relatively few reports from 
higher plants. Uricase (urate: 0, oxidoreductase, EC 
1.7.3.3) activity was associated with glyoxysomes of 
various fat-degrading tissues [loo] and peroxisomes of 
root tissue of Phaseolas coccineus [ 1011. The enzyme from 
castorbean (Ricinus communis) endosperm had a K, of 
7.4pM and was inhibited by high concentrations of its 
substrate (uric acid) and also by xanthine and 
hypoxanthine [ 1001. In soybeans two forms of the enzyme 
were described, one located in the nodules and the other in 
the radicle. The two were distinguished by difierences in 
pH optima and K,s (0.56 PM in radicle and 8.1 PM in 
nodules) and by the requirement of the radicle enzyme, 
but not the nodule enzyme, for a low MW cofactor [17]. 
The nodule enzyme was apparantly a feature of the 
symbiosis between the plant and Rhizobium japonicum as 
the bacteria in pure culture had no uricase activity when 
assayed in the presence of uric acid, RNA or RNA 
degradation products [16]. Xanthine and hypoxanthine, 
chelating agents and high substrate concentrations 
inhibited both forms of the enzyme [17]. In germinating 
soybeans, highest activities per g fresh weight were 
measured in root tips, none in cotyledons or hy- 
pocotyls [16], whilst in older plants the activities in 
nodules were ten times that in leaves. The highest 
activities were measured in the larger nodules compared 
with the smaller nodules without leghaemoglobin and 
nitrogenase activity [16,19]. Exogenous nitrogen sources 
have been shown to effect uricase activity. Nitrate at 
50ppm appeared to decrease the amount of uricase 
cofactor and hence uricase activity in radicles of non- 
nodulated soybeans [18], but in rooted leaf cuttings of 
Phaseolus coccineus, uricase activity (increased with 
increasing concentrations of nitrogen fed to the 
plants [loll. In the latter work, however, allantoin 
synthesis was known to increase in the leaf cuttings under 
the experimental conditions used [63] while in the former 
work the addition of 50ppm nitrate to non-nodulated 
plants had little effect on the very low amounts of ureides 
present [19]. These results suggest that the increase in 
uricase activity is correlated with increases in the synthesis 
of ureides. 

Allantoinase from Phaseolus hysterinus and Glycine 
hispida (G. max) is inhibited by phosphate ions, cysteine 
and other reducing compounds, such as glutathione and 
thioglycolate [97,102], and by high concentrations of 
urea (1 and 5 M) [98]. Lower concentrations of urea 
(l-20mM) have only a slight depressing effect on 
allantoinase in soybean leaf extracts (Thomas and 
Schrader, unpublished results). Although allantoinase 
from several bacteria can be activated by a short term pre- 
incubation under acid conditions [77], the enzyme from 

Phaseolus and Glycine was only slightly activated [98]. 
Generally, Mn2+ ions or other bivalent cations have a 
stimulating effect on both plant and bacterial enzymes but 
the enzyme from wheat and gherkin were inhibited by 
Mn2+ [97]. The inhibition of allantoinase by phosphate 
ions is thought to be the result of removal of Mn2+ from 
the enzyme in bacteria but it was shown that phosphate 
ions inhibited the enzyme from plants in the absence of 
Mn2+ [97]. The cause of this inhibition is unknown. 
Reported values for the apparent K, of the enzyme for its 
substrate, allantoin, are rather high; Phaseolus 46 mM, 
Glycine 14 mM [98], peanuts 3.8 mM [103], castorbeans 
13.8mM [104]. There have been several reports of an 
association of allantoinase with a membrane or 
microbody in fat-degrading tissues of higher plants 
[lOO, 104,105]. In castorbeans the enzyme was present 
in glyoxysomes, but not mitochondria [105], and in both 
glyoxysomes and proplastids [loo]. In soybeans the 
enzyme also appears to be associated with an organelle 
and/or membranes as over 50 y0 of the extractable activity 
was recovered in the 50 000 g or 100 000 g pellet of extracts 
from leaves, etiolated hypocotyls and fruits (Thomas and 
Schrader, unpublished results). In Saccharomyces cere- 
visiae the uptake of allantoin was shown to be energy 
dependent, inducible by allantoin but not allantoate or 
urea and inhibited by some amino acids including 
asparagine, aspartate and serine and by protein synthesis 
inhibitors [57,60]. Do similar interactions betwen ureide 
uptake and amino acids occur in higher plant cells? This 
question may be particularly important with respect to 
leaf mesophyll cells in plants such as soybeans which 
transport most of their N from the root to the shoot in the 
form of ureides and asparagine. It may also be relevant to 
the loading of nitrogenous compounds into the phloem. 

In bacteria and yeasts allantoicase activity is now 
thought to involve two enzymes, the first, allantoicase, 
catalysing the degradation of allantoate to ureidoglycol- 
ate and the second, ureido-glycolase or ureidoglycolatase, 
catalysing the degradation of ureidoglycolate to urea and 
glyoxylate ([74,76,99]; Fig. 2). In Pseudomonas aerug- 
inosa allantoicase was inhibited by glyoxylate and some 
amino acids, particularly the D-forms of asparagine and 
glutamine, and also by products of allantoate degradation 
such as ureidoglycolate [66,67,95]. Asparagine also 
inhibited ureidoglycolate degradation via ureido- 
glycolase [95]. In the yeast Candida utilis, allantoicase 
was induced by uric acid, allantoin and allantoate, 
inhibited by urea and ammonia, but unlike the bacterial 
enzyme was not inhibited by glyoxylate or ureido- 
glycolate [99]. 

The other enzyme known to degrade allantoate, 
allantoate amidohydrolase, was activated 30-90-fold by 
acid pre-treatment in bacteria [77], by Mn’+ and other 
bivalent ions and also by reducing com- 
pounds [66,67,92,94]. Ureidoglycolate inhibited the 
enzyme in Pseudomonas aeruginosa [66]. 

Reported values for the K, of allantoicase for its 
substrate allantoate range from 9.5 to 28.6 mM in bacteria 
and fungi [64,66,67] and 5.5 mM in Candida utilis [99]. A 
value of 0.85mM for allantoicase measured in peanut 
cotyledons is the only reported K, value from higher 
plants [103]. In plants there appears to be some difficulty 
with the allantoicase assay normally used for micro- 
organisms with the result that there are relatively few 
published reports [19,44, 86, 103, 106, 1071. Reasons for 
this difficulty are unknown but may be related to the 
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reported inhibition of the enzyme by the products of its 
reaction. Removal of these products may be necessary to 
obtain reasonable reaction rates. For example, Trijbels 
and Vogels[96] showed that the addition of urease or 
ureidoglycolase to the assay mixture for allantoicase 
activity in Pseudomonas aeruginosa stimulated the 
amount of allantoate degraded. A shift in the equilibrium 
constant was probably responsible for the observed 
stimulation. 

Very little is known about the regulation of ureide- 
degrading enzymes in higher plants. There is some 
indication that light is either directly or indirectly 
involved in ureide a similation. Several reports have shown 
that allantoin, and more commonly allantoate, accu- 
mulate in dark-treated plants [l, 64,106,107]. In 
Phaseolus vulgaris, ureides accumulated not only in green 
tissue but also in the roots following dark treatment [64]. 
In the moss Funaria hygrometrica the total amount of 
allantoin and allantoate depended on the light quality 
with highest amounts accumulating under green and far- 
red light [108]. The authors suggested that purine 
degradation to allantoin involved two processes, one 
dependent on light and the other not. In darkness 
allantoicase activity was inhibited and this inhibition 
could be overcome by the addition of ATP or ATP plus 
glucose [107]. Ureides have also been reported to 
accumulate in chlorophyll-deficient parts of leaves of Acer 
tiegundo [109] and Pelargonium zonale [31,32,1 lo]. The 
exact role of the photosynthetic apparatus in ureide 
metabolism is still obscure and requires further inve- 
stigation. In bacteria, yeasts and fungi there does not 
appear to be any requirement for ATP in any of the 
degradation steps and if such a requirement for ATP 
and/or other photosynthetic reactions is found to be 
widespread in green tissue then the mechanism of ureide 
metabolism may be quite different in higher plants. 

In leaves of Phaseolus vulgaris fed different amounts of 
allantoate via the petiole, the in vivo allantoicase activity, 
estimated by measuring the difference between the 
amounts taken up plus the small amount already in the 
leafat time zero minus the amount remaining at the end of 
the feeding period, increased with increasing amounts of 
allantoate taken up but the in ,vitro activity was little 
changed (Table 2). Possibly the flux of allantoate into the 
leaves may regulate the allantoicase activity in a manner 
similar to the effect of nitrate flux on nitrate reductase 
activity [ll 11. Alternatively, the in vivo breakdown 
activity could, in part, be non-enzymic and depend on the 
concentration of allantoate present in the leaf. 

OTHER NUTRITIONAL EFFECTS ON UREIDE METABOLISM 

Besides N-nutrition other minerals are also known to 
have some effects on ureide metabolism in plants. 
Allantoin, but not allantoic acid, accumulated in K+- 
deficient leaves of banana whereas in healthy plants or 
those deficient in other minerals no accumulation was 
observed [112]. Similarly, in wheat leaves P-deficiency 
resulted in an accumulation of allantoin [113]. 

In the tropical pasture grass Cynodon dactylon, 
allantoin accumulated in chlorotic shoots and was found 
to cause chlorosis when applied to the plants. The 
mechanism causing chlorosis was not known but leaf 
plastids became smaller and lost their pigments [114]. 
Carbon-deficient root cuttings of Phaseolus vulgaris 

Table 2. Effect of feeding primary leaves of Phaseolus vulgaris 
with different concentrations of allantoate on leaf allantoicase 

activity 

Allantoate 
taken up 

(b=W=fl 

Allantoicase activity 
(pm01 allantoate broken down/lx/g fr. wt) 

in vitro in vivo 

1.53 2.41 0.24 

1.93 2.04 1.58 

3.54 2.94 2.45 

Intact plant 1.77 - 

Primary leaves (12 days old) of Phaseolus vulgaris were fed via 
thepetiolewithanartificialsapsolution basedon thatmeasuredin 
nitrate grown plants [43] containing 2.07, 3.07 and 5.07 mM 
sodium allantoate. After 1 hr feeding in ritro allantoicase activity 
was measured after Thomas er al. [44]. 

assimilating large amounts of NH,NO, accumulated 
allantoin which was thought to be a response to NH,- 
toxification [5]. 

THE ROLE OF UREIDES IN THE CARBON ECONOMY OF 
PLANTS 

The major N-compounds in the xylem sap of a large 
number of plants are the amides, glutamine and 
asparagine, and one of the suggested reasons for the 
predominance of these two compounds is that their 
relatively low C: N ratios minimize the loss of carbon from 
the root to the shoot via translocation (e.g. [49]). It would 
appear reasonable then to assume that plants which use 
ureides as the major forms of N in transport processes 
(C:N = 1 :l) would be able to save even more carbon in 
transporting N to the shoot than those which use amides. 
In nodulated legumes which use ureides, Pate and co- 
workers [115,116] have demonstrated that ‘ureide’ plants 
are indeed more efficient in C-usage in nodules compared 
with ‘amide’ plants. The improved use of carbon in the 
nodules was not, however, entirely due to the use of 
ureides for transport; it was also the result of a better 
conservation of C via a higher PEP carboxylase activity 
and a lower rate of hydrogen evolution compared with a 
species using mainly amides for transport [116]. The lack 
of knowledge regarding the precise costs of ureide 
synthesis in terms of ATP, NADH and carbon from either 
purine synthesis or some simpler pathway [115] makes 
comparison with the costs of an amide-based metabolism 
difficult. In terms of ATP consumption Atkins et al. [115] 
estimated that the use of ureides in the assimilation of 
NH, was slightly better than the use of amides. Israel and 
McClure [38] concluded that in terms of ATP equivalents 
ureide synthesis and transport were as efficient as 
asparagine synthesis and transport. 

CONCLUSION 

Even though there is now very good evidence for the 
synthesis of ureides in root tissue via purine synthesis and 
degradation we still do not know the exact pathway of N 
into these compounds. Is the pathway the same in plants 
as that in animal and microbial systems? It has been 
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shown that when the normal aerobic degradative 
pathway is blocked in chlorophyll-deficient leaves of 
Pelargoniunt, ureides can still be formed via an alternative 
cleavage of adenine [l lo], which involves the production 
of serine and hence glycine. Evidence for a recycling of the 
glyoxylate produced via purine degradation was claimed 
by studying the fate of glycine labelled with 14C in two 
different positions in chlorophyll-deficient leaves of 
Pelargonium [7]. It was suggested that glyoxylate was 
reintroduced into purine synthesis via glycine and 
possibly serine. Further work is needed to determine if the 
proposed cycle is of general occurrence. Knowledge of 
plant purine metabolism is meagre compared with animal 
and microbial tissues. Is ureide synthesis the result of an 
overproduction of some intermediate in purine meta- 
bolism and, if so, which compound? An obvious 
candidate would be inosinic acid (IMP or inosine 
monophosphate) the compound from which all four 
purine bases are synthesized. Two independent pools of 
IMP were suggested to be present in germinating 
embryonic axes of soybeans, one arising from de nouo 
synthesis, the other from a purine salvage pathway which 
are regulated independently [117]. Is the synthesis of 
ureides the result of a failure in the regulatory mechanism 
of one of these pools? 

Despite the fact that ureides were recognized as 
important compounds in the storage and transport of N 
at the beginning of the century, our knowledge of how 
plants assimilate these compounds is minimal. In addition 
to the idea that the use of ureides conserves carbon, 
Ishizuka [ 1181 has hypothesized that ureides arising from 
N,-fixation are stored in stems and leaves as materials for 
use later in pod formation whereas the application of 
fertilizer N results in increased concentrations of amino 
acids and nitrate in plant organs and increased vegetative 
growth, but a decrease in the number of pods retained on 
the plant. How vegetative growth is influenced by the 
composition of the plant N is not known and this 
hypothesis needs further investigation. 

The role of ureides may be important in the 
detoxification of ammonia in root tissues [6,119] and it is 
perhaps surprising that in a recent review on ammonia 
detoxification ureides were not mentioned [ 1201. Many of 
the legumes which have high nitrogen requirements for 
seed production per g of available photosynthate [121] 
also use ureides as major transport forms of nitrogen (e.g. 
soybeans, cowpeas, Phaseolus sp.) suggesting that 
perhaps ureides in these plants are particularly important 
for both ammonia detoxification and the conservation of 
carbon. 

The relationship between nodule morphology, ana- 
tomy and physiology in the major legume crops has been 
discussed by Sprent [122]. Species which use ureides as 
the major export products of fixed N belong to the tribe 
Phaseoleae. As pointed out by Sprent [122], both 
allantoin and allantoic acid have relatively low solubilities 
compared with the amides asparagine and glutamine. 
This can be considered beneficial in terms of ureides being 
a convenient form of storage N but may be disadvan- 
tageous if the low solubility limits nitrogen translocation 
and hence crop yield. 

In conclusion, the importance of ureides in N- 
metabolism of some plants is evident. However, 
additional information is required on the assimilation of 
these compounds, particularly with respect to legume seed 
production. 

Acknowledgements-We wish to thank the various authors who 
supplied unpublished manuscripts, Professor G. D. Vogels for 
advice and a sample of allantoate used in some of the work 
reported here and Dr. H. Usuda for translation of Japanese 
papers. This research was supported in part by the College of 

Agricultural Life Sciences, University of Wisconsin-Madison, 
the Swiss National Science Foundation Project No. 3.259-0.77 

and U.S.D.A. Grant 616-15-72. CRGO 59-2551-0-1-445-O. 

1. 

2. 

3. 

4. 
5. 
6. 

7. 
8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 
26. 
27. 
28. 
29. 

30. 

RFEERENCES 

Brunel, A. and Echevin, R. (1938) Rev. Gen. Bat. 50, 73. 

Brunel, A. and Capelle, G. (1947) Bull. Sot. Chim. Biol. 29, 
427. 
Tracey, M. V. (1955) in Modern Methods of Plant Analysis 
(Paech, K. and Tracey, M. V., eds.) Vol. 4, p. 119. Springer, 

Berlin. 

Bollard, E. G. (1959) Symp. Sot. Exp. Biol. 13, 304. 
Mothes, K. (1961) Can. J. Botany 39, 1785. 
Reinbothe, H. and Mothes, K. (1962) Annu. Reo. Plant 
Physiol. 13, 129. 
Schlee, D. and Reinbothe, H. (1963) Phytochemistry 2,231. 
Ishizuka, J. (1972) Res. Bull. No. 101 Hokk. Nat. Agric. 
Exp. Stn. 51. 
Kushizaki, M., Ishizuka, J. and Akamatsu, F. (1964) J. Sci. 

Soil Manure Jpn. 35, 323. 
Matsumoto, T., Yamamoto, Y. and Yatazawa, M. (1975) 
J. Sci. Soil Manure Jpn. 46, 471. 
Matsumoto, T., Yamamoto, Y. and Yatazawa, M. (1976) 

1. Sci. Soil Manure Jpn. 41, 463. 
Matsumoto, T., Yatazawa, M. and Yamamoto, Y. (1977) 

Plant Cell Physiol. 18, 353. 
Matsumoto, T., Yatazawa, M. and Yamamoto, Y. (1977) 
Plant Cell Physiol. 18, 613. 

Matsumoto, T., Yatazawa, M. and Yamamoto, Y. (1977) 
Plant Cell Physioi. 18, 459. 
Matsumoto, T., Yatazawa, M. and Yamamoto, Y. (1978) 
Plant Cell Physiol. 19, 1161. 

Tajima, S., Yamamoto, Y. and Yatazawa, M. (1974) J. Sci. 
Soil Manure Jpn. 45, 475. 
Tajima, S. and Yamamoto, Y. (1975) Plant Cell Physiol. 
16, 271. 
Tajima, S. and Yamamoto, Y. (1977) Plant. Cell Physiol. 
18, 247. 

Tajima, S., Yatazawa, M. and Yamamoto, Y. (1977) Soil 
Sci. Plant Nutr. 23, 225. 

Yamamoto, Y. and Yatazawa, M. (1975) in Nitrogen 
Fixation and the Nitrogen Cycle (Takahashi, H., ed.) p. 25. 

International Biological Program, University of Tokyo 
Press. 

Fujihara, S., Yamamoto, K. and Yamaguchi, M. (1977) 
Plant Soil 48, 233. 
Fujihara, S. and Yamaguchi, M. (1978) Phytochemistry 17, 
1239. 
Fujihara, S. and Yamaguchi, M. (1978) Plant Physiol. 62, 
134. 
Vogels, G. D. and van der Drift, C. (1976) Bacterial. Reo. 
40,403. 
Fosse, R. (1926) C. R. Acad. Sci. 182, 869. 
Mothes, K. and Engelbrecht, L. (1952) Flora 139, 586. 
Mothes, K. and Engelbrecht, L. (1954) Flora 141, 356. 
Mothes, K. (1957) Forsch. Fortschr. 31, 70. 
Krupka, R. M. and Towers, G. H. N. (1959) Can. J. Botany 
37, 539. 
Butler, G. W., Ferguson, J. D. and Allison, R. M. (1961) 
Physiol. Plant. 14, 310. 



370 R. J. THOMAS and L. E. SCHRADER 

31. Reinbothe, H. (1961) Flora 150, 128. 
32. Reinbothe, H. (1961) Flora 150, 474. 
33. Reinbothe, H. (1961) Flora 151, 315. 
34. Reinbothe, H. and Mothes, K. (1960) Tetrahedron Letters 

22. 
35. Ishizuka, J., Okino, F. and Hoshi, S. (1970) J. Sci. Soil 

Manure Jpn. 41, 78. 
36. Ishizuka, J. (1971) Res. Bull. No. 98 Hokk. Nat. Agric. Exp. 

Stn. 27. 
37. McClure, P. R. and Israel, D. W. (1979) Plant Physiol. 63, 

411. 
38. Israel, D. W. and McClure, P. R. (1980) in Proceedings of 

the World Soybean Research Conference II (Corbin, F. T., 
ed.) p. 111. Westview Press, Granada. 

39. Atkins, C. A., Rainbird, R. and Pate, J. S. (1980) 2. 
Pflanzenphysiol. 97, 249 

40. Herridge, D. F., Atkins, C. A., Pate. J. S. and Rainbird, R. 
(1978) Plant Physiot. 62, 495. 

41. Ohyama, T. and Kumazawa, K. (1978) Soil Sci. PIant 
Nutr. 24, 525. 

42. Ohyama, T. and Kumazawa, K. (1979) Soil Sci. Plant 
Nutr. 25, 9. 

43. Thomas, R. J., Feller, U. and Erismann, K. (1979) New 
Phytol. 82, 657. 

44. Thomas, R. J., Feller, U. and Erismann, K. (1980) J. Exp. 
Botany 31, 409. 

45. Brunei, A. and Brunel-Capelle, G. (1951) C. R. Acad. Sci. 
232, 1130. 

46. Freiberg, S. R., Bollard, E. G. and Hegarty, M. P. (1957) 
PIant Physiol. 32, Suppl. Iii. 

47. Turoscy, V, and Copper, T. G. (1979) J. Bacterial. 140,971. 
48. Pate, J. S. (1971)in Nirrogen-15 in Soil-PlantStudies p. 165. 

Int. Atomic Energy Agency, Vienna. 
49. Pate, J. S. (1973) Soil Bio1. Biochem. 5, 109. 
50. Pate, J. S. (1975) in Encyclopaedia of Plant Physiology, 

New Series Vol. I, Transport I (Zimmermann, M. H. and 
Milburn, T. A., eds.) p. 451. Springer, Berlin. 

51. Bollard, E. G. (1957) Aust. J. Biol. Sci. 10, 292. 
52. Pate, J. S. (1976) in Transport and Transfer Processes in 

Plants (Wardlaw, I. F. and Passioura, J. B., eds.) p. 253. 
Academic Press, New York. 

53. Ziegler, H. (1975) in Encyclopaedia of PIant Physiology, 
New Series Vol. I, Transport I (Zimmermann, M. H. and 
Milburn, T. A., eds.) p. 59. Springer, Berlin. 

54. Pate, J. S. and Wallace, W. (1964) Ann. Botany 28, 83. 
55. Van Bel, A. J. E. (1978) Ph.D. Thesis, University of 

Utrecht. 
56. Tammes, P. M. L. and van Die, J. (1964) Acta Bot. Neerl. 

13, 76. 
57. Sumrada, R. and Cooper, T. G. (1977) J. Bacterial. 131, 

839. 
58. Servaites, J. C., Schrader, L. E. and Jung, D. M. (1979) 

Plant Physiol. 64, 546. 
59. Schrader, L. E., Housley, T. L. and Servaites, J. C. (1980) in 

Proceedings of the World Soybean Research Conference II 
(Corbin, F. T., ed.) p. 101. Westview Press, Granada. 

60. Sumrada, R., Zacharski, C. A., Turoscy, V. and Cooper, T. 
G. (1978) J. Bacterial. 135, 498. 

61. Streeter, J. G. (1972) Agron. J. 64, 315. 
62. Mothes, K. and Engelbrecht, L. (1952) Flora 142, 506. 
63. Mothes, K. and Engelbrecht, L. (1956) Flora 143, 428. 

64. Engelbrecht, L. (1955) Flora 142, 25. 
65. Streeter, J. G. (1979) Plant Physiol. 63, 478. 
66. Trijbels, F. and Vogels, G. D. (1966) Biochim. Biophys. 

Acta 113, 292. 

67. Trijbels, F. and Vogels, G. D. (1966) Biochim Biophys 
Acta 118, 387. 

68. Vogels, G. D., de Windt, F. E. and Bassie, W. (1969) Rec. 
Trav. Chins. Pays-Bas 88, 940. 

69. Vogels, G. D. and van der Drift, C. (1969) Rec. Trav. Chim 
Pays-Bas 88, 951. 

70. Oliker, M., Poljakoff-Mayber, A. and Mayer, A. M. (1978) 
Am. J. Botany 65, 366. 

71. Nemec, A. (1920) Biochim. Z. 112, 286. 
72. Fosse, R. and Brunel, A. (1929) C. R. Acad. Sci. 188,426. 
73. Brunei, A. (1936) Ph. D. Thesis, University of Paris. 
74. Valentine, R. C., Bojanowski, R. and Wolfe, R. S. (1962) 1. 

Biol. Chem. 237, 2271. 

75. Valentine, R. C. and Wolfe, R. S. (1961) Biochem Biophys. 
Res. Commun. 5, 305. 

76. Vogels, G. D. (1963) Ph. D. Thesis, Institute of 
Technology, Delft. 

77. Vogels, G. D. (1966) Biochim. Biophys. Acta 113, 277. 
78. van der Drift, C., de Windt, F. E. and Vogels, G. D. (1970) 

Arch. Biochem. Biophys. 136, 273. 

79. Nakada, H. I. and Weinhouse, S. (1953) J. Biol. Chem. 204, 
831. 

80. Metzler, D. E., Olivard, J. and Snell, E. E. (1954) J. Am. 
Chem. Sot. 76, 644. 

81. Fleming, L. W. and Crosbie, G. W. (1960) Biochim. 
Biophys. Acta 43, 139. 

82. Wu, C. H., Eisenbraun, E. J. and Gaudy, E. T. (1970) 
Biochem. Biophys. Res. Commun. 5,976. 

83. Valentine, R. C. and Wolfe, R. S. (1960) Biochim Biophys. 
Acta 45, 389. 

84. Kminek, M. (1936) Chem. Abstr. 30, No. 7900. 
85. Kminek, M. (1936) Chem. Abstr. 30, No. 7899. 

86. Echevin, R. and Brunei, A. (1937) C. R. Acad. Sci. 205,294. 

87. Vogels, G. D. and van der Drift, C. (1970) Analyt. Biochem. 
33, 143. 

88. Thomas, R. J., Feller, U. and Erismann, K. (1979) Plant 
Physiol. 63, Suppl. 50. 

89. s’Gravenmade, E. J. and Vogels, G. D. (1969) Antonie van 
Leewenhoek. J. Microbial. Serol. 35, 463. 

90. van der Drift, C., van Helvoort, P. E. M. and Vogels, G. D. 
(1971) Arch. Biochem. Biophys. 145, 465. 

91. van der Drift, C., de Windt, F. E. and Vogels, G. D. (1970) 
Arch. Biochem. Biophys. 136, 273. 

92. van der Drift, C. and Vogels, G. D. (1967) Biochim. 
Biophys. Acta 139, 162. 

93. van der Drift, C. and Vogels, G. D. (1969) Enzymologia 36, 
269. 

94. van der Drift, C. and Vogels, G. D. (1970) Biochim. 
Biophys. Acta 198, 339. 

95. Vogels, G. D. (1969) Biochim. Biophys. Acta 185, 186. 
96. Trijbels, F. and Vogels, G. D. (1967) Biochim. Biophys. 

Acta 132, 115. 
97. Vogels, G. D. and van der Drift, C. (1966) Biochem. 

Biophys. Acta 122, 497. 
98. Vogels, G. D., Trijbels, F. and Uffink, A. (1966) Biochim. 

Biophys. Acta 122, 482. 
99. Cho, K. S., Lee, K. W., Yu Hi Co, S. C. and Roush, A. H. 

(1968) Arch. Biochem. Biophys. 126, 261. 

100. Theimer, R. R. and Beevers, H. (1971) Plant Physiol. 47, 
246. 

101. Theimer, R. R. and Heidinger, P. (1974) Z. Pjanzenphysiol. 
73, 360. 

102. Lee, K. W. and Roush, A. H. (1964) Arch. Biochem. 
Biophys. lOS, 460. 

103. Singh, R. (1968) Phytochemistry 7, 1503. 



Ureide metabolism in higher plants 371 

104. 

105. 

106. 

107. 

108. 

109. 

110. 

111. 
112. 

113. 

Ory, R. L., Gordon, C. V. and Singh, R. (1969) 
Phytochemistry 8, 401. 
St. Angelo, A. J. and Ory, R. L. (1970) Biochem. Biophys. 
Rex Commun. 40, 290. 
van der Drift, C. and Vogels, G. D. (1966) Acta. Bot. Neerl. 
15,209. 
Hartmann, V. E. and Arnold, G. (1974) Biochem. Physiol. 

Pfanz. 166, 57. 
Hartmann, V. E. and Geissler, G. (1973) Biochem Physiol. 
PJanz. 164, 614. 
Echevin, R., Brunel, A. and Sartorius, I. (1940) C. R. Acad. 
Sci. 211, 71. 
Schlee, D., Reinbothe, H. and Mothes, K. (1966) Z. 
Pflanzenphysiol. 54, 223. 
Shaner, D. L. and Boyer, J. S. (1976) Plant Physiol. 58,499. 
Freiberg, S. R. and Steward, F. C. (1960) Ann. Botany 24, 
147. 
Zaitseva, M. G., Sedenko, D. M. and Pozdnyakova, I. V. A. 
(1962) Tr. Lab. EL& Ekol. Fiziol. Akad. Nauk. SSSR Inst. 
Fiziol. Rast. 4, 137. 

114. Badenhuizen, N. P. and Lawson, E. N. (1962) Am. J. 
Botany 49, 158. 

115. Atkins, C. A., Herridge, D. F. and Pate, J. S. (1978) in 
Isotopes in Biological Dinitrogen Fixation, p. 211. I.A.E.A., 
Vienna. 

116. Layzell, D. B., Rainbird, R., Atkins, C. A. and Pate, J. S. 
(1979) Plant Physiol. 64, 888. 

117. Anderson, J. D. (1979) Plant Physiol. 63, 100. 
118. Ishizuka, J. (1977) in Proceedings of the International 

Seminar on Soil Environment and Fertility Management in 
Intensiw Agriculture, p. 61. Tokyo, Japan. 

119. Mothes, K. (1958) in Encyclopaedia of Plant Physiology 
(Ruhland, W. ed.) Vol. 8, p. 716 Springer. Berlin. 

120. Givan, C. (1979) Phytochemistry 18, 375. 
121. Sinclair, T. R. and de Wit, C. T. (1975) Science 189, 565. 
122. Sprent, J. I. (1980) Plant Cell Environ. 3, 35. 


