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A B S T R A C T

Ureides are nitrogenous compounds with a special function in some legume under nitrogen fixing conditions, the
ureidic legumes. In this group, ureides are the predominant nitrogen transport molecule from nodules to the
upper part, whereas amidic legumes use amides as nitrogen transport compounds. In this study, the ureide levels
have been analysed in seedlings from four ureidic and four amidic legume plants. It has been found that the
differentiation among ureide and amide plants already exists in seedlings during early seedling development,
with high levels of ureide and allantoinase activity in cotyledons and embryonic axes from ureide plants. Since
ureides have been implicated in the response of plant to several stress, total hydrosoluble antioxidant capacity
and the levels of several antioxidant activities have been determined and compared among these two legume
groups. The total antioxidant capacity did not follow any differential pattern in cotyledons or embryonic axes for
the analysed plants. The levels of superoxide dismutase, guaiacol peroxidase and ascorbate peroxidase in both
embryonic axes and cotyledons are statistical different between amide and ureide seedlings, whereas the catalase
activity was similar among these groups of plants. We discuss than amides and ureides could follow different
strategies to protect against oxidation.

1. Introduction

Seeds represent a crucial stage in the life cycle of higher plants. Seed
germination and postgerminative growth are heterotrophic phases in
the sense that seedlings completely depend on seed reserves. At the end
of these periods, its nutrient reserves became depleted and the seedling
must achieve photoautotrophism. The amount of reserves in the em-
bryo are very small and are quickly consumed and, therefore, the ad-
ditional growth depends on the supply from cotyledons (Bewley, 1997).
Protein mobilization and metabolization has been analysed during
germination and seedling development (Shutov et al., 2003). Protein
mobilization starts much earlier in the embryonic axis than in the co-
tyledons, where mobilization only begins after axes protein reserves are
depleted (Tiedemann et al., 2000; Lambert et al., 2016). The mobili-
zation of phosphorous in germinating seeds and seedlings has received

little attention. In addition to nitrogen, the developing axes require
high amounts of phosphorus for the synthesis of nucleic acids, among
other molecules. The nucleic acid content in cotyledons might be con-
sidered as a nitrogen and phosphorous storage during these phases.
Nucleases and ribonucleases activities, which catalyze the hydrolysis of
the phosphodiester linkage present in nucleic acids releasing nucleo-
tides, have been determined in axes and cotyledons from French bean
during postgerminative growth (Lambert et al., 2016). The first step in
the degradation of the nucleotides released by nuclease activities is the
removal of phosphate group catalysed by a phosphatase. In French
bean, a phosphatase activity with high affinity for nucleotides is in-
duced as well during this phase of seedling development (Cabello-Díaz
et al., 2012, 2015). A final compound used as nitrogen transport by
seedlings can be the ureides, which are derived from the purine moi-
eties present in purinic nucleotides. All the above metabolism could
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result in the accumulation of ureides and induction of its metabolism
described in French bean during postgerminative growth (Quiles et al.,
2009).

The ureides have been mostly studied as the predominant nitrogen
transport molecules in the xylem of nitrogen fixing tropical legumes
(reviewed by Todd et al., 2006). Legumes can fix atmospheric nitrogen
through their root nodules and the fixed nitrogen can be exported to the
aerial parts in the form of amides, glutamine and asparagine (amidic
species), whereas others export the nitrogen from the nodules as ur-
eides, allantoin and allantoate (ureidic species). The N:C ratio in ur-
eides is higher than in amides and, therefore, they are efficient nitrogen
transport molecules due to the high rate of nitrogen:carbon (1:1). The
advantage of ureides as nitrogen-transporter can be exploited, as well,
during other processes that require high mobilization as the seedling
development described above, or during the leaf senescence. Accumu-
lation of ureides in association with nucleic acid degradation have been
described in dark-induced leaf senescence in French bean (Lambert
et al., 2017).

A role of Reactive Oxygen Species (ROS) in reserve mobilization
from cotyledons to axes during postgerminative growth has been pro-
posed by promoting oxidative modifications of stored protein (Verma
et al., 2015). Thus, the addition of external hydrogen peroxide leads to
enhanced rates of storage protein mobilization (Puntarulo et al., 1988).
ROS have a dual nature acting as signaling and as toxic molecules. As
signaling molecules, ROS interact with phytohormones resulting in
signaling networks that control seed germination (Wojtyla et al., 2016).
Therefore, seed germination requires a regulated and controlled gen-
eration of ROS, which has been named as the oxidative window for
germination (Bailly et al., 2008). Among ROS, hydrogen peroxide is a
good signaling molecule due to its stability and lower reactivity in
comparison with the other ROS molecules (Quan et al., 2008). Re-
garding the second nature of ROS, as toxic molecules, they are formed
as toxic byproducts of photosynthesis, cellular respiration, and other
metabolic reactions in mitochondria, chloroplasts, peroxisomes and
apoplast (Liu and He, 2017). The high rate of respiration caused by a
high rate of cell division in the growing axes, and the high nutrient
mobilization from cotyledons leads to the increased production of ROS
(Verma et al., 2015).

Biotic and abiotic stress are the main cause of crop yield loss for the
major crops worldwide (Cramer et al., 2011). The concentration of
cellular ROS increases when plants are challenged by both type of
stresses (Saxena et al., 2016). ROS stress can cause oxidative damage to
proteins, lipids, nucleic acids or pigments (Moller et al., 2007). Da-
maging effect of ROS can be alleviated by enzymatic and nonenzymatic
mechanisms. Enzymatic mechanisms include several antioxidant en-
zymes such as peroxidases, catalase or superoxide dismutase, whereas
the non-enzymatic mechanisms involve the action of antioxidant spe-
cies such as glutathione, ascorbate or vitamin E (Foyer and Noctor,
2009).

Recent studies suggest a function for ureides in response to abiotic
stress. Most of these studies have been performed in Arabidopsis, in
which an increase in the amount of ureides have been described under
drought (Watanabe et al., 2014; Irani and Todd, 2016), dark
(Brychkova et al., 2008) and salt stresses (Irani and Todd, 2016) and
cadmium stress (Nourimand and Todd, 2017). In French bean plants, an
increase in ureides have been described under drought stress (Alamillo
et al., 2010; Coleto et al., 2014). Furthermore, the addition of exo-
genous allantoin altered the ROS levels in Arabidopsis dark-treated leaf
disks (Brychkova et al., 2008), as well as in seedlings treated with salt
(Irani and Todd, 2018). The accumulation of ureides in plants under
abiotic stress might suggest a possible role for ureides protecting plants
against the effects of reactive oxygen species, directly acting as ROS
protector or mediating the activation of ABA signaling pathways
(Watanabe et al., 2014).

Consequently, we hypothesized that ureide metabolism is related to
the antioxidant activities in legume seedlings. To contrast this, the

antioxidant activities and ureide metabolism of four ureidic and four
amidic legumes have been investigated during early seedling develop-
ment. Our results suggest that ureidic and amidic plants can use dif-
ferent strategies to cope with the oxidative stress involved in seedlings
development.

2. Material and methods

2.1. Seeds and seed germination

Seeds from four ureidic legumes (French bean (Phaseolus vulgaris L.
cv. Great Northern), mung bean (Vigna radiata), soybean (Glycine max),
cowpea (Vigna unguiculata)) and four amidic legumes (lentil (Lens cu-
linaris), garden pea (Pisum sativum), chickpea (Cicer arietinum) and grass
pea (Lathyrus sativus)) were purchased in local markets. Seeds were
surface-sterilized in ethanol 80% (30 s) and 0.2% (w/v) sodium hypo-
chlorite (10min) and then washed thoroughly with sterile distilled
water. Soaked seeds were allowed to germinate in Petri dishes (120mm
diameter) with wet paper in sterile conditions. The moisture was
maintained by regularly adding solutions to the dishes. Germination
was carry out in a growth chamber under a long-day photoperiod (16 h
light, 8 h dark) and 70% relative humidity at 26 - 21 °C (day - night
temperatures).

2.2. Preparation of crude extract

Plant material was ground on liquid nitrogen and stored as a fine
powder at −80 °C. All the following procedures were carried out at
0–4 °C. Plant powder was homogenized in an appropriated container by
adding 4ml of extraction buffer per gram of tissue. The extraction
buffer was 50mM Tris-HCl (pH 7.8), 1 mM MnSO4 and 0.1% (w/v)
sodium deoxycholate. After 15min of incubation, the resulting homo-
genate was centrifuged at 12000 g for 10min. The supernatant was
used as crude extract for activity determinations, soluble protein, total
antioxidant capacity and total ureides.

2.3. Enzymatic activities

2.3.1. Allantoinase activity (ALNase)
Allantoinase activity (ALNase) was determined following the pro-

duction of allantoate as indicated by Raso et al. (2007a). The reaction
mixture consisted of 50mM Tris–HCl (pH 7.8), 1 mM MnSO4, 12mM
allantoin and appropriate amount of crude extract. The reaction was
carried out at 35 °C and aliquots were taken at several time points (up to
1 h) to determine allantoate concentration.

2.3.2. Superoxide dismutase activity (SOD)
Superoxide dismutase activity (SOD) was determined as the ability

of inhibit the photochemical reduction of nitroblue tetrazolium as de-
scribed by (Giannopolitis and Ries, 1977). The reaction mixture was
composed of 50mM potassium phosphate (pH 7.3), 13mM of L-me-
thionine, 0.1mM of EDTA, 0.06mg/ml of nitroblue tetrazolium, 4 μM
of riboflavin and the adequate amount of crude extract. Absorbance was
measured at 560 nm after incubation for 20min at room temperature
with 30W fluorescent bulb. One unit of SOD activity was defined as the
amount of enzyme required to inhibit NBT photoreduction by 50%.

2.3.3. Guaiacol peroxidase activity (GPX)
Guaiacol peroxidase activity (GPX) was determined as described by

Castillo et al. (1984) with minor changes. The continuous assay was
performed for 2min at 30 °C in a spectrophotometer Jasco V-630. The
reaction mixture consisted of 100mM phosphate buffer (pH 5.8),
30mM of guaiacol, 11mM of hydrogen peroxide and the adequate
amount of crude extract. Absorbance increase was measured at 470 nm
and enzyme activity was calculated using an extinction coefficient of
26.6 mM−1 cm−1.
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2.3.4. Ascorbate peroxidase activity (APX)
Ascorbate peroxidase activity (APX) was determined following the

method described by Chen and Asada (1989) with little modifications.
The reaction mixture consisted of PBS (pH 7), 0.5 mM of ascorbate,
0.5 mM of peroxide and the adequate amount of crude extract. The
decrease in A290 was recorded and an extinction coefficient of
2.8 mM−1 cm−1 was used for calculations.

2.3.5. Catalase activity (CAT)
Catalase activity (CAT) was obtained according to the method de-

scribed by Lu et al. (2013) with little modifications. Reaction mixture
consisted of PBS (pH 7.0), 15mM of hydrogen peroxide and the ade-
quate amount of crude extract. These mixtures were incubated at 25 °C.
The decrease of absorbance at 240 nm for 3min was recorded and an
extinction coefficient of 0.0265mM−1 cm−1 was used for calculations.

2.4. Analytic determinations

Soluble protein concentrations were determined by the Bradford
(1976) method with bovine serum albumin as a protein standard.

The concentration of ureides (allantoin and allantoate) was de-
termined by the colorimetric analysis of glyoxylate derivatives as de-
scribed by Piedras et al. (1998). In this method, allantoin and allantoate
are determined after its chemical transformation to glyoxylate. The
values of total ureides in crude extracts indicated in the paper are the
sum of both allantoin and allantoate.

Total hydrosoluble antioxidant capacity was established by the
method previously described by Prieto et al. (1999). Briefly, 0.1 ml of
extract was added to 1ml of reagent solution (0.6 M sulphuric acid,
28 mM sodium phosphate, and 4mM ammonium molybdate) and the
mix was incubated at 95 °C for 90min. After cooling at room tem-
perature, the absorbance was measured at 695 nm against a blank.
Antioxidant capacity was expressed in mg of ascorbate equivalent g−1

FW using a calibration curve of ascorbate.
The concentration of H2O2 in tissues was determined by the enzy-

matic-catalyzed oxidation of Amplex-Red. Briefly, powder samples
(0.1 g) was homogenized in an ice bath with 0.4ml of a solution con-
sisted of 3% (w/v) activated charcoal and 0.1M HCl. The mixture was
centrifuged at 12000 g for 40min and 4 °C. Appropriate amount of
supernatant was added to 0.2 M sodium phosphate (pH 7.3), 0.1 mM
Amplex-Red and 0.2 U ml−1 of horseradish peroxidase. After 15min at
room temperature, the absorbance was measured at 569 nm and the
amount of H2O2 was calculated based on a standard curve.

2.5. Statistical analysis

Firstly, to test the difference in ureides content and allantoinase
activity between day 1 and day 4 in the same species, Student's t-tests
were performed. Secondly, three different sets of general linear models
were built to check differences between plant species and between
ureidic and amidic legumes. Four different response variables were
used in the first set of the models: total ureides in the axis, total ureides
in the cotyledon, ALNasa in the axis and ALNasa in the cotyledon
(Figs. 1 and 2, panels B and D). In these models, the variables ‘Day’ (Day
1, and Day 4), ‘Family’ (ureidic and amidic) and the interaction
‘Day*Family’ were included as explanatory variables, whereas the
variable ‘Species’ was added as a random factor in order to account that
the samples were obtained from different species. In the second and
third sets, the response variables were the antioxidants (Fig. 3), the
superoxide dismutase (Fig. 4), the guaicol peroxidase (Fig. 5), the as-
corbate peroxidase (Fig. 6), and the catalase (Fig. 7) activities measured
separately in the axis and in the cotyledon. The variable ‘Species’ was
the unique explanatory variable included in the second set of the
models (panels A and C), whereas in the third set the ‘Family’ was in-
clude as an explanatory variable and the ‘Species’ was treated as a
random variable (panels B and D). In all models, post hoc tests within

the mixed analysis was developed to check for differences among the
level of categorical variables and to explore the interactions. The as-
sumptions of normality and homogeneity of the residuals were con-
firmed in all models. The entire statistical analysis was performed using
InfoStat software.

3. Results

3.1. Ureide content in legume seedlings during germination

Total ureide content was determined in the embryonic axes and
cotyledons of non-germinated (1 DAI, white bars) and germinated (4
DAI, black bars) seedlings from several ureidic and amidic legumes
(Fig. 1). The concentration of ureides in embryonic axes of all the ur-
eidic plants increased significantly after germination (Fig. 1A). In the
amidic legumes, a moderate increase along development was observed
in all the species with the exception of P. sativum (Fig. 1A). To test if
there was a common pattern for each group of legumes, and statistical
analysis was performed comparing the ureide concentration in all the
amidic and ureidic legumes at both times (Fig. 1B). At 1 DAI, not sta-
tistical differences were found in ureide concentration in embryonic
axes between both groups, but a clear statistical difference was ob-
served at 4 DAI between amidic and ureidic plants since only in ureidic
legumes the concentration of ureides increased (Fig. 1B).

Total ureide was also determined in cotyledons from the seedlings
analysed above (Fig. 1C). Among all the species studied, the

Fig. 1. Ureide concentration in seedlings from four ureidic and four amidic
legumes. A. Crude extracts were obtained from embryonic axes (A) and coty-
ledons (C) at 1 (white bars) and 4 days (black bars) after start of imbibition and
the levels of ureides were determined and normalised against fresh weight.
Results are the mean ± SE of three independent replicates. Student's t-test was
performed to compare the difference between 1 and 4 DAI in each species.
Asterisks indicate significant difference at P < 0.05, P < 0.005 or
P < 0.0005. The mean values ± SE of ureide concentration for the four ur-
eidic (Ure) and amidic (Ami) legumes at both times (1 and 4 DAI) in embryonic
axes (B) and cotyledons (D) were represented. General lineal model test was
performed and different letters indicates statistical differences among the four
means according to the pot hoc tests developed within the model procedure
(Supplementary Table 1). Each species is abbreviated as follow: Phaseolus vul-
garis (Pv), Vigna radiata (Vr), Glicine max (Gm), Vigna unguiculata (Vu), Lens
culinaris (Lc), Pisum sativum (Ps), Cicer arietinum (Ca) and Lathyrus sativus (Ls).
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concentration of ureides increased in cotyledons along germination at
an statistically significant level only in V. radiata (ureidic legume) and
L. culinaris (amidic legume) and not changes were observed between
both periods in the remaining species (Fig. 1C). When ureidic and
amidic groups were compared, significant differences were observed in
the ureide content in cotyledons among both groups in both days
analysed, with more ureides in cotyledons from ureidic legumes
(Fig. 1D). In cotyledons, no increase in ureide concentration was ob-
served in these groups with the germination (Fig. 1D).

3.2. Allantoinase activity in legume seedlings during germination

Allantoinase activity was determined in the same crude extracts
from axes and cotyledons (Fig. 2). In embryonic axes, the allantoinase
activity increased significantly after germination in all the species
(Fig. 2A). When both types of legumes were grouped and compared, the
allantoinase activity was higher after germination in both groups, with
higher value in ureidic seedlings than in amidic ones at both times
(Fig. 2B).

In cotyledons, the allantoinase activity increased after germination
in all the species, although the increase was not statistical significant in
L. culinaris and L. sativus, both amidic legumes (Fig. 2C). When the
activity was compared between both groups at both times, a sig-
nificantly different allantoinase activity was obtained in cotyledons
from ureidic seedlings at 4 DAI compared with amidic ones (Fig. 2D).
Allantoinase activity at 4 DAI was higher in axes than in cotyledons for
the eight species analysed (Fig. 2 A, C).

3.3. Total hydrosoluble antioxidant capacity in legume seedlings

The total hydrosoluble antioxidant activity was determined in the

crude extracts obtained from the eight seedling legumes (Fig. 3). The
analysis was performed at 4 DAI because clear differences in ureide
content and allantoinase activity have been found during early seedling
development. The total antioxidant capacity was very similar in em-
bryonic axes from all the species analysed with the exception of Cicer
arietinum, which showed a higher capacity than the others (Fig. 3A).
Statistical differences were not found when total antioxidant capacity in
embryonic axes was compared between both groups (Fig. 3B). The total
antioxidant capacity values in cotyledons were very similar to those
from embryonic axes (Fig. 3A, C). The antioxidant activity in cotyle-
dons did not show statistical differences when the eight species were
compared individually (Fig. 3C) or when they were grouped as amidic
and ureidic plants (Fig. 3D).

3.4. Antioxidant enzyme activities in legume seedlings

Several antioxidant enzymatic activities were determined in crude
extracts from embryonic axes and cotyledons from seedlings at 4 DAI.
Superoxide dismutase (SOD) activity in embryonic axes of V. radiata, G.
max and V. unguiculata was slightly higher than in P. vulgaris, while it
was very similar among amidic plants (Fig. 4A). SOD activity was
higher in embryonic axes of ureidic than in amidic legumes (Fig. 4B). In
the case of cotyledons, the SOD activity of P. vulgaris and V. unguiculata
was higher than in the rest of species and the lowest SOD activity was
found in C. arietinum (Fig. 4C). When compared as groups, statistical
differences were obtained between amidic and ureidic legumes
(Fig. 4D).

The guaiacol peroxidase (GPX) activity in embryonic axes from

Fig. 2. Allantoinase activity in seedlings from four ureidic and four amidic le-
gumes. Specific allantoinase activity was determined in the same crude extracts
from embryonic axes (A) and cotyledons (C) indicated in Fig. 1. Results are the
mean ± SE of three independent replicates. Student's t-test was performed to
compare the difference between 1 and 4 DAI in each species. Asterisks indicate
significant difference at P < 0.05, P < 0.005 or P < 0.0005. The mean va-
lues ± SE of allantoinase activity for the four ureidic (Ure) and amidic (Ami)
legumes at both times (1 and 4 DAI) in embryonic axes (B) and cotyledons (D)
were represented. General lineal model test was performed and different letters
indicates statistical differences among the four means according to the pot hoc
tests developed within the model procedure (Supplementary Table 1). The
abbreviated name correspond to the specie indicated in Fig. 1.

Fig. 3. Total antioxidant capacity in seedlings from ureidic (white bars) and
amidic (black bars) legumes. Total antioxidant was determined in the crude
extracts obtained from embryonic axes (A) and cotyledons (C) from seedlings at
4 DAI. The abbreviated name correspond to the specie indicated in Fig. 1.
Results are the mean ± SE of three independent replicates. General lineal
model test was performed and different letters indicates statistical differences
among the eight species according to the pot hoc tests developed within the
model procedure (Supplementary Table 2). The mean values for total anti-
oxidant in axes (B) and cotyledons (D) for all the ureidic (Ure) and amidic
(Ami) was calculated and different letters indicated statistical differences
among the mean values.
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ureidic legumes was very similar among species (Fig. 5A). This activity
for amidic plants was higher than for the ureidic ones, and the highest
activity was obtained for embryonic axes of L. culinaris (Fig. 5A). A

clear difference was obtained when the values were compared between
ureidic and amidic groups (Fig. 5B). A similar pattern was observed in
crude extracts from cotyledons, with GPX activity being lower in the
ureidic species than in the amidic ones (Fig. 5C). Among the ureidic
legumes, GPX was higher in V. unguiculata than in the other three
species (Fig. 5C). A clear statistical difference between the two groups
was obtained (Fig. 5 D).

Ascorbate peroxidase (APX) activity was higher in axes from the
ureidic seedlings than in the amidic species (Fig. 6A). In axes from

Fig. 4. Superoxide dismutase activity in seedlings from ureidic (white bars) and
amidic (black bars) legumes. Specific activity of SOD was determined in crude
extracts obtained from embryonic axes (A) and cotyledons (C) of seedlings at 4
DAI. The abbreviated name correspond to the specie indicated in Fig. 1. General
lineal model test was performed and different letters indicates statistical dif-
ferences among the eight species according to the pot hoc tests developed
within the model procedure (Supplementary Table 2). The mean values ± SE
of SOD activity for the four ureidic (Ure) and amidic (Ami) legumes in em-
bryonic axes (B) and cotyledons (D) were represented.

Fig. 5. Guaiacol peroxidase activity in seedlings from several legumes. The
same as Fig. 4 but for guaiacol peroxidase.

Fig. 6. Ascorbate peroxidase activity in seedlings from several legumes. The
same as Fig. 4 but for ascorbate peroxidase.

Fig. 7. Catalase activity in seedlings from several legumes. The same as Fig. 4
but for catalase.
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ureidic plants, the highest activity was observed in V. radiata, followed
by G. max. The activity in P. vulgaris and V. unguiculata was very similar
between them, and lower than in the other ureidic plants (Fig. 6A). A
clear and statistically significant difference between amidic and ureidic
groups was also found (Fig. 6B). APX activity in cotyledons was very
similar en V. radiata, G. max and V. unguiculata and statistically dif-
ferent from the other five species including the ureidic P. vulgaris, which
showed similar activity to the amidic legumes (Fig. 6C). Besides the low
activity in cotyledons of P. vulgaris, statistical difference was obtained
between the two legume groups (Fig. 6D).

The highest catalase (CAT) activity was observed in embryonic axes
from V. unguiculata and the lowest one in those from P. vulgaris and V.
radiata, all of them ureidic legumes (Fig. 7A). In the other five species
the activity was very similar among them (Fig. 7A). The absence of a
pattern highlighted the lack of variation in catalase activity when
compared ureidic and amidic seedlings (Fig. 7B). The catalase activity
in cotyledons was variable in the eight species studied without a clear
pattern (Fig. 7C and D).

It is interesting to note that specific values for all the enzymatic
activities analysed were generally higher in axes than in cotyledons for
the eight species studied, with the exception of catalase activity in P.
vulgaris which showed similar values in axes and in cotyledons.

To summarize, when the level of antioxidant activities in ureidic
and amide legumes was compared, SOD and APX clearly showed dif-
ferences between both groups, being these activities higher in ureidic
than in amidic plants. On the contrary, GPX was lower in ureidic than in
amides seedlings, whereas catalase activity did not show significant
differences between both groups of legumes.

4. Discusion

Legumes are important crops with great agronomic and ecologic
interest, since they can get most of the nitrogen for development thanks
to symbiotic association with nitrogen-fixing bacteria. Legumes develop
nodules to carry out the nitrogen fixation process. The nitrogen fixed in
nodules can be transported to the upper part of the plants as amides
(amidic legumes) or ureides (ureidic legumes) (review by Zrenner et al.,
2006). In nodulated ureidic legumes, the ureides are synthesized via the
purine oxidation pathway in the nodule. Interestingly, the novo
synthesis of purine starts from an amide, the glutamine, and therefore,
could be considered a specialized pathway. The use of ureides confers a
major advantage as N-transport molecules due to fact that N:C ratio is
higher for ureides than for amides, transporting nitrogen to aerial parts
at a minimal carbon cost. The use of ureides in nitrate feeding legumes
is reduced, and the concentration of ureides was seven-fold higher in
the leaves of nodulated than non nodulated leaves of P. vulgaris (Raso
et al., 2007b; Diaz-Leal et al., 2012). Traditionally, ureides have been
studied because of this role in the transport of fixed nitrogen, but ureide
metabolism is common to all plants as purine recovery mechanism. In
the last years, the metabolism and role of ureides has been studied in no
legume plant as Arabidopsis, where the abundance relative of ureides in
leaves (Werner et al., 2008) is lower than in soybean (Duran and Todd,
2012) or French bean (Diaz-Leal et al., 2012).

Beyond transport of fixed nitrogen, ureides can be also important in
other conditions that require nutrient mobilization. The transport of
ureides from cotyledons to the developing seedling has been suggested
in French bean (Quiles et al., 2009) and soybean (Duran and Todd,
2012) during postgerminative growth. In this paper we show that al-
though ureides are higher in cotyledons and axes of ureidic plants, they
are also present in all amide species analysed. In the embryonic axes of
ureidic and amidic legumes differences in ureide concentration was
found at 4 DAI, being the amount similar among amidic and ureidic
legumes at 1 DAI (Fig. 1). This is, the concentration of ureides only
increases in axes from ureidic seedlings. In cotyledons, the differences
were at both times, being much higher in ureidic than in amidic plants,
but without an increase in concentration along postgerminative

development in any group. Likewise, allantoinase activity was clearly
different among both groups of legumes. The changes in allantoinase
activity has been postulated as the responsible for the ureide levels in
French bean during development (Diaz-Leal et al., 2012). These data
suggest that the differentiation among ureide and amide metabolism is
not only true in adult plant when legumes are fixing nitrogen biologi-
cally, but it is also present in other process and developing stages with
high nutrient mobilization. In French bean, the involvement of ureides
in nutrient mobilization has also been suggested during cotyledons and
leaves senescence in association with an increase in the degradation of
nucleic acids that could be the origin for the ureides (Lambert et al.,
2016, 2017).

A potential role as ROS scavengers during plant stress response has
also been proposed for ureides (Brychkova et al., 2008; Watanabe et al.,
2014; Takagi et al., 2016). It has been shown that externally added
allantoin alters the levels of ROS as well as the transcription of several
genes encoding antioxidant activities (Watanabe et al., 2014; Irani and
Todd, 2018). In addition, a protective effect of ureides has been pro-
posed for osmotic (Watanabe et al., 2014), dark (Brychkova et al.,
2008) and salt stress (Irani and Todd, 2018). Furthermore, ureides may
also participate in stress responses regulating the basal levels of stress
associated hormones (Watanabe et al., 2014; Takagi et al., 2016). The
possible relation between ureides and ROS in other physiological pro-
cess has not been determined. ROS are generated during germination
and seedling development, and different functions have been proposed
recently for these compounds (Oracz and Karpinski, 2016; Wojtyla
et al., 2016). ROS quenching in Vigna radiata resulted in reduced rates
of germination establishing the importance of ROS in germination and
seedling development (Verma et al., 2015). The diminution in ROS
concentration affects protein reserve mobilization in cotyledons, and it
has been postulated that high levels of ROS can cause oxidative mod-
ifications acting as signals to mobilize reserves to the growing axis
(Verma et al., 2015). The clear differences in ureide and allantoinase
activity between both groups of legumes, and the relationship between
ureides and oxidative stress prompted us to investigate the antioxidant
capacities and activities of these legumes. Not differences were ob-
served for the total antioxidant capacities of crude extracts. Never-
theless, some clear differences among ureide and amide legumes have
been found in several antioxidant enzymatic activities.

All the antioxidant activities assayed were much higher in axes than
in cotyledons with the exception of catalase, whose values were only
slightly higher in axes. At the stage of four days after imbibition, the
embryonic axes are high growing tissues and therefore have an elevated
rate of respiration that could result in increased production of ROS
(Verma et al., 2015). Catalase is more suited for gross removal and
control of high peroxide levels and less for maintaining delicate control
(Verma et al., 2015). Although the antioxidant activities showed some
differences among all the species analysed, it is noteworthy that SOD,
APX and GPX presented different patterns in ureidic and amidic le-
gumes. In the ureide biosynthetic pathway, there are two enzymes,
xanthine oxidase and uricase, that produce considerable amounts of
ROS. Therefore, the production of ureides in the ureidic seedlings,
probably used as nutrient mobilization, could result in a different ROS
pattern. The hydrogen peroxide in embryonic axes of the eight species
analysed was very similar (data not shown). The pathway of ureide
synthesis is compartmentalized among several organelles. The ROS-
generating xanthine oxidoreductase and urate oxidase have been de-
monstrated to be present in peroxisomes (Corpas et al., 1997). Catalase
is one of the most important antioxidant enzymes and is also pre-
dominately localized in peroxisomes. This enzymatic activity is similar
in ureidic and amidic legumes, but this does not exclude that part of the
hydrogen peroxide could leak out of peroxisome and induce other en-
zymatic activities in other compartments. New functions have been
proposed for peroxisomes as the source of signal molecules involved in
the functional interrelation with other subcellular compartments
(Corpas et al., 2019). The silencing of one of these ROS-generating
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enzyme, the XDH, reveals the role of this enzyme in several processes
(Brychkova et al., 2008; Han et al., 2018; Soltabayeva et al., 2018).

APX and GPX presented different patterns in ureidic and amidic
legumes. Ascorbate peroxidase belongs to the family of heme-con-
taining peroxidases that catalyse the H2O2 -dependent oxidation of a
wide range of organic molecules (Pandey et al., 2017). Ascorbate per-
oxidase is reported to contribute to hydrogen peroxide detoxification
being an efficient regulator of ROS (Pandey et al., 2017). Guaiacol
peroxidase correspond to the peroxidase that can use guaiacol as arti-
ficial phenolic substrate, property associated with class III peroxidases
(Mika et al., 2010). Class III peroxidases are bifunctional enzymes
which can either generate or detoxify hydrogen peroxide. Guaiacol
peroxidase activity was significantly higher in embryonic axes and
cotyledons from amidic legumes than in those from ureidic, whereas
ascorbate peroxidase was the opposite. Therefore a possible com-
plementation between both activities in order to reduce the peroxide
levels during seedlings development can be deduced.

Our results suggest that ureides and amides follow different strate-
gies to regulate the level of ROS. Whether this differentiation is related
with the presence of different levels of ureides or to other factors needs
further investigation, but the fact that ureides have been implicated as
antioxidant compounds indicated that it can be plausible that ureides
complemente/participate in the control of ROS during the early seed-
ling development in ureidic legumes.
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