
Vol.: (0123456789)
1 3

Plant Soil (2023) 492:439–456 
https://doi.org/10.1007/s11104-023-06188-z

RESEARCH ARTICLE

Phaseolus vulgaris and Pisum sativum, representing 
ureide and amide legumes respectively, exploit ureides 
differentially to mitigate the deleterious effects of cadmium 
toxicity

Edyta Zdunek‑Zastocka  · Agnieszka Grabowska · Beata Michniewska · 
Sławomir Orzechowski · Julia Compart · Joerg Fettke · Moshe Sagi

Received: 23 March 2023 / Accepted: 21 July 2023 / Published online: 7 August 2023 
© The Author(s) 2023

Abstract 
Purpose Ureides, allantoin and allantoate, are 
N-rich compounds used for N transport in nodulated 
ureide legumes. Here, we investigated their role in 
response of Phaseolus vulgaris and Pisum sativum, 
representing ureide and amide legumes, respectively, 
to Cd toxicity.
Methods First, ureide content and ureide metabo-
lism in P. vulgaris and P. sativum grown under control 

conditions and treated with 50 μM  CdCl2 for 48 hours 
was investigated. Then, the effect of exogenous allan-
toin and its precursor, uric acid, on Cd-related oxida-
tive lesion was examined in both legumes.
Results Cd increased the content of both ureides 
only in the leaves of P. vulgaris, which was con-
sistent with transcript levels and activity of ureide 
metabolic enzymes, and was accompanied by an 
increase in uric acid content. In P. sativum leaves, 
Cd increased the activity of ureide biosynthesis 
enzymes and decreased the activity of ureide deg-
radation enzymes, although the uric acid content 
did not change, while the allantoin and allantoate 
contents were significantly reduced. Exogenous uric 
acid and allantoin suppressed Cd-induced  H2O2 and 
 O2 accumulation and alleviated the effects of oxida-
tive damage measured by RNA degradation, chloro-
phyll and malondialdehyde content in both legumes.
Conclusions P. sativum use allantoin and uric acid 
as antioxidant agents to mitigate Cd-related oxidative 
tissue damage. In P. vulgaris, the involvement of the 
ureide pathway in Cd-induced N salvage and recy-
cling is rather a priority.

Keywords Allantoin, allantoinase · Allantoate · 
Allantoate amidohydrolase · Cadmium · Oxidative 
stress · Urate oxidase · Ureide · Uric acid · Xanthine 
dehydrogenase

Responsible Editor: Fangjie Zhao.

Supplementary Information The online version 
contains supplementary material available at https:// doi. 
org/ 10. 1007/ s11104- 023- 06188-z.

E. Zdunek-Zastocka (*) · A. Grabowska · 
B. Michniewska · S. Orzechowski 
Department of Biochemistry and Microbiology, Institute 
of Biology, Warsaw University of Life Sciences – SGGW , 
Nowoursynowska 159, 02-776 Warsaw, Poland
e-mail: edyta_zdunek_zastocka@sggw.edu.pl

J. Compart · J. Fettke 
Biopolymer Analytics, Institute of Biochemistry 
and Biology, University of Potsdam, Karl-Liebknecht-Str. 
24-25, 14476 Potsdam-Golm, Germany

M. Sagi 
The Albert Katz Department of Dryland Biotechnologies, 
French Associates Institute for Agriculture 
and Biotechnology of Dryland, The Jacob Blaustein 
Institutes for Desert Research, Ben-Gurion University 
of the Negev, Sede Boqer Campus 8499000, Israel

http://crossmark.crossref.org/dialog/?doi=10.1007/s11104-023-06188-z&domain=pdf
http://orcid.org/0000-0003-4405-8354
https://doi.org/10.1007/s11104-023-06188-z
https://doi.org/10.1007/s11104-023-06188-z


440 Plant Soil (2023) 492:439–456

1 3
Vol:. (1234567890)

Abbreviations 
AAH  Allantoate amidohydrolase
ALN  Allantoinase
UO  Urate oxidase
XDH  Xanthine dehydrogenase

Introduction

Most of the species belonging to the Fabaceae fam-
ily are able to fix atmospheric nitrogen through sym-
biosis with soil bacteria known as rhizobia (Andrews 
and Andrews 2017). This gives them an advantage 
over nonlegumes when grown in nitrogen-poor soil 
conditions and can reduce the need for nitrogen fer-
tilization. The N fixed in the nodules of legumes 
can be exported to the shoot via the xylem mainly in 
the form of ureides (allantoin, allantoate) or amides 
(asparagine, glutamine); therefore, a distinction can 
be made between ureide (e.g., Phaseolus vulgaris, 
Glycine max) and amide legumes (e.g., Pisum sati-
vum, Vicia faba) (Schubert 1986).

Ureides are N-rich molecules with an N:C ratio of 
1:1, which enables them to provide fixed N to sink tis-
sues at minimal C cost. They are formed by the oxi-
dative catabolism of purines (Baral et  al. 2016; Todd 
et al. 2006; Werner and Witte 2011; Witte and Herde 
2020; Zrenner et al. 2006). The first common interme-
diate in the degradation pathway of all purine bases is 
xanthine, which is hydroxylated in the cytosol by xan-
thine dehydrogenase (XDH; EC 1.17.1.4) to hypoxan-
thine and then to uric acid (Montalbini 2000). Subse-
quently, uric acid is oxidized in peroxisomes by urate 
oxidase (UO; EC 1.7.3.3) to 5-hydroxyisourate, which 
is then hydrolyzed and decarboxylated to allantoin 
by the bifunctional transthyretin-like protein (Lam-
berto et al. 2010; Pessoa et al. 2010; Werner and Witte 
2011). Further ureide degradation occurs in the ER via 
four enzymatic steps, releasing four  NH4

+, two  CO2, 
and one glyoxylate from one ureide molecule. Allan-
toin is first metabolized to allantoate by allantoin ami-
dohydrolase (allantoinase; ALN; EC 3.5.2.5) (Duran 
and Todd 2012; Raso et  al. 2007), which is followed 
by hydrolysis of allantoate to (S)-ureidoglycine by 
allantoate amidohydrolase (AAH; E.C. 3.5.3.9) (Díaz-
Leal et al. 2014; Todd and Polacco 2006; Werner et al. 
2008). Next, (S)-ureidoglycine is converted to (S)-
ureidoglycolate by ureidoglycine aminohydrolase (EC 

3.5.3.26) (Serventi et al. 2010), and finally, ureidogly-
colate amidohydrolase (EC 3.5.1.116) hydrolyzes (S)-
ureidoglycolate to glyoxylate (Wells and Lees 1991; 
Werner et al. 2013).

The purine catabolic pathway has also been described 
in nonlegumes, where it has been primarily associated 
with remobilization and recycling of nitrogen, particu-
larly during senescence (Brychkova et  al. 2008; Solta-
bayeva et  al. 2018) and seedling development (Quiles 
et  al. 2009). This pathway may also play a pivotal role 
in plant responses to adverse environmental conditions. 
However, most of the stress-related studies were con-
ducted on Arabidopsis, where increased accumulation 
of ureides, mainly allantoin, was observed under salin-
ity (Irani and Todd 2016), sulfate deficiency (Nikiforova 
et al. 2005), nitrogen deficiency (Soltabayeva et al. 2018), 
drought (Irani and Todd 2016),  NH4

+ treatment (Lescano 
et al. 2020), high irradiance (Irani et al. 2018), prolonged 
darkness (Brychkova et al. 2008), Cd stress (Nourimand 
and Todd 2016), or UV-C irradiation and wounding (Sol-
tabayeva et al. 2022). In Arabidopsis, allantoin accumu-
lation is regulated mainly at the transcriptional level by 
induction of XDH1, UO expression and down-regulation 
of ALN and AAH (Brychkova et al. 2008; Irani and Todd 
2016; Irani et al. 2018; Lescano et al. 2016; Nourimand 
and Todd 2016; Soltabayeva et al. 2022).

In legumes, ureide metabolism in response to stress 
factors was investigated predominantly under drought 
(Alamillo et  al. 2010; Coleto et  al. 2014; Díaz-Leal 
et al. 2014). Higher levels of allantoate were observed 
in the leaves and roots of drought-stressed P. vulgaris 
in both nonnodulated plants fed  NO3

− and plants cul-
tivated under  N2 fixation conditions. This suggests 
that under adverse environmental conditions, ureide 
accumulation may be independent of N fixation and 
may be a general plant stress response (Alamillo et al. 
2010; Coleto et al. 2014). In P. vulgaris, strong induc-
tion of ALN expression and posttranscriptional inhi-
bition of AAH have been proposed as major causes 
of allantoate accumulation under drought conditions 
(Alamillo et  al. 2010; Coleto et  al. 2014; Díaz-Leal 
et al. 2014).

The role of ureides under stress conditions is still not 
fully understood, although attempts to explain it have 
been the subject of several studies, mainly in Arabidop-
sis. Aln mutants with increased allantoin content showed 
higher tolerance to osmotic stress, salinity, drought, and 
Cd treatments, which was associated with lower levels 
of reactive oxygen species (ROS) (Irani and Todd 2016; 
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Nourimand and Todd 2016; Watanabe et al. 2014) and 
increased production of abscisic acid (ABA) (Watan-
abe et al. 2014). While the reactivity of ureides against 
ROS was shown to be limited in rice seeds (Wang et al. 
2012), allantoin applied to E. coli (Gus’kov et al. 2002) 
as well as allantoin and allantoate applied to Arabidopsis 
leaves has been shown to act as ROS scavengers (Bry-
chkova et al. 2008). Additionally, allantoin was shown to 
activate the antioxidant enzymes, superoxide dismutase 
and ascorbate peroxidase, in both control and Cd-
treated Arabidopsis plants (Nourimand and Todd 2016), 
whereas in cucumber plants, allantoin-mediated attenua-
tion of Cd toxicity was due to increased accumulation of 
ascorbate and glutathione (Dresler et al. 2019).

Cadmium (Cd) is one of the most abundant metals 
in a contaminated environment and is easily taken up by 
plants, leading to many harmful symptoms. Cd damages 
the photosynthetic apparatus and suppresses stomatal 
opening, thus inhibiting photosynthesis and transpiration 
(Liu et al. 2011) and interfering the uptake and movement 
of water and mineral nutrients (Nazar et al. 2012). It also 
triggers oxidative stress, possibly by disrupting the elec-
tron transport chain, impairing antioxidant defenses, or 
increasing NADPH oxidase activity (Cuypers et al. 2010). 
Therefore, several defense mechanisms have evolved in 
plants to mitigate Cd toxicity. For example, plants utilize 
the ROS detoxification machinery, which includes both 
antioxidant enzymes (e.g., ascorbate peroxidase, catalase, 
superoxide dismutase, glutathione reductase) and non-
enzymatic scavengers such as ascorbate, glutathione, or 
carotenoids (Cuypers et al. 2010). To survive Cd toxicity, 
plants also synthesize additional protective compounds, 
such as proline or phytochelatins, as well as signaling 
molecules, such as ABA, salicylic acid or nitric oxide 
(Stroiński et al. 2013; Zdunek-Zastocka et al. 2021). In the 
presented work, we hypothesized that ureides may also be 
part of plant defense mechanisms against Cd toxicity, at 
least in legumes.

In order to confirm the above hypothesis, the effect 
of Cd treatment on the content of allantoin and allan-
toic acid in leaves and roots of Phaseolus vulgaris and 
Pisum sativum, representing ureide and amide leg-
umes, respectively, was first investigated. Addition-
ally, to understand the mechanisms underlying the 
Cd-induced changes in the content of the two ureides, 
biochemical and molecular approaches were employed 
to study the metabolism of ureides and the possible 
role of allantoin and its precursor, uric acid, in alleviat-
ing Cd-induced oxidative stress in both legumes.

Materials and methods

Plant material and growth conditions

Seeds of Phaseolus vulgaris (cv. Saxa) and Pisum 
sativum (cv. Iłówiecki) were germinated in moist ver-
miculite. Twelve-day-old seedlings were transferred 
to containers filled with aerated 1/2 Hoagland medium 
(Hoagland and Arnon 1938). Nitrate was applied as 
4 mM  NaNO3. After two days, the medium was supple-
mented with  CdCl2 (50 μM), allantoin (200 μM), uric 
acid (200 μM) or a combination thereof. Plants grown in 
medium without  CdCl2 served as controls. After 48 h of 
treatments, the plants (twelve plants per treatment) were 
harvested and separated into roots and leaves. For both 
species, analyzes were performed on fully developed 
leaves (Fig. S1). Samples collected from twelve plants 
were combined, frozen in liquid  N2 immediately after 
harvest and stored at −80 °C until use.

Experiments were conducted in a plant growth cham-
ber (the MLR-352H Climate Chamber, PHC Biomedical 
– formerly Panasonic Biomedical) at a humidity of 60% 
and a light intensity of 300 μmol  s−1   m−2. The air tem-
perature was 22 °C (16 h) during the day and 19 °C (8 h) 
at night. The experiment was repeated independently four 
times, giving four independent biological replicates.

Quantification of ureides and uric acid

For determination of ureides, plant samples were 
ground in 50  mM  K-phosphate buffer, pH  7.0, at a 
ratio1:8 (w/v), then incubated at 100  °C for 20  min 
and centrifuged at 16000 g and 4 °C for 20 min (Tak-
agi et al. 2018; Lescano et al. 2020). Quantification of 
ureides was performed in the resulting supernatants 
by applying the differential conversion of ureide com-
pounds to glyoxylate and colorimetric detection of 
glyoxylate derivatives as described by Vogels and van 
der Drift (1970). Allantoin, allantoate and total ureide 
concentrations were calculated according to Lescano 
et al. (2020).

Uric acid was extracted in a 1:1 (v/v) mixture of 
30  mM Na-citrate and 55  mM Na-acetate, pH  5.2 
(Corpas et al. 1997). The homogenate was centrifuged 
at 16000  g and 4  °C for 20  min, ultrafiltrated with 
UltraFree centrifuge filters (10  kDa, Millipore), then 
passed through a 0.45  μm syringe-filters (Millipore). 
Uric acid was then determined by a high-performance 
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liquid chromatography using a Shimadzu HPLC system, 
model LC-2050C 3D-Prominence-i equipped with a 
photodiode array detector (PDA) and a Platinum C18-
EPS column, 5 μm, 250 × 4.6 mm (Alltech Associates). 
The mobile phase was a 1:1 (v/v) mixture of 30  mM 
Na-citrate and 55  mM Na-acetate, pH  5.2 for leaves 
extracts and pH 4.7 for roots extracts. The flow rate was 
0.5 ml ×  min−1, the sample injection volume was 20 μl, 
the column temperature was 30  °C, and the total run 
time was 26 min. The detection of the uric acid was per-
formed at 289 nm and was based on its retention time, 
absorption spectrum and coelution with standard added 
to the samples to be analyzed. The amount of uric acid 
was calculated from the peak area and the linear regres-
sion equation of the calibration curve.

Determination of uricase activity

Extraction and partial purification of uricase was 
performed according to Capote-Mainez and Sánchez 
(1997) with some modifications. Plant tissue (1  g) 
was homogenized in 4  ml of extraction buffer 
(100  mM  K-phosphate buffer, pH  8.0, 50  mM KCl, 
5  mM  MgCl2, 2  mM EDTA, 2  mM DTT, 4% poly-
vinylpolypyrrolidone) using a prechilled mortar and 
pestle. The extracts were centrifuged at 18000 g and 
4 °C for 30 min, and the supernatants were collected 
and again centrifuged as above. Proteins in the result-
ing supernatants were precipitated with 60% acetone 
at −20 °C for 2 h, centrifuged at 5000 g and 4 °C for 
20 min, resuspended in 2 ml of extraction buffer, and 
dialyzed overnight at 4  °C against 20  mM  K-phos-
phate buffer, pH 8.0, 7 mM β-ME, and 2 mM EDTA. 
The enzyme solutions were centrifuged at 16000  g 
and 4 °C for 30 min, and the supernatants were recov-
ered and used to measure UO activity as described 
previously by Bergmann et  al. (1983). The standard 
assay mixture contained 780  μl of 50  mM Tricine-
KOH buffer, pH  8.0, 200  μl of the partially purified 
enzyme solution, and 20  μl of 6.25  mM uric acid 
(final 0.125 mM). The decrease in urate content due to 
oxidation was measured at 293 nm.

Determination of allantoinase activity

Plant tissues were ground in 1:3 (w/v) 50 mM Tricine-
NaOH, pH  8.0, containing 2  mM  MnSO4 and 0.15% 
(w/v) Na-deoxycholate. The extracts were then cen-
trifuged twice at 16000 g and 4 °C for 20 min, and the 

resulting supernatants were used for ALN activity assay 
as described by Duran and Todd (2012). The standard 
reaction mixture was composed of 20 μl of plant extract, 
180 μl of extraction buffer and 200 μl of 20 mM allan-
toin. The enzymatic reaction was carried out at 30  °C 
for 30 min and was terminated by the addition of 200 μl 
of 0.15 M HCl. Allantoate was finally determined spec-
trophotometrically as a glyoxylate derivative at 535 nm 
(Vogels and Van der Drift 1970).

Determination of allantoate amidohydrolase activity

Plant tissues were ground in 1:2 (w/v) 50  mM Tri-
cine-NaOH, pH  8.0, containing 2  mM  MnSO4, 
150 mM NaCl, 15 mM DTT, 0.5% Triton X-100, and 
50  μM phenyl phosphorodiamidate (Díaz-Leal et  al. 
2014). The extracts were then centrifuged twice at 
16000  g and 4  °C for 20  min and passed through a 
Sephadex G-25 desalting column (0.5 × 4.5  cm; GE 
Healthcare) equilibrated with the extraction buffer. 
The protein-containing fractions were pooled and 
used for AAH activity assay as described by Wer-
ner et al. (2008) and used by Díaz-Leal et al. (2014). 
Briefly, hydrolysis of allantoate was performed in a 
reaction mixture containing 150 μl of dialyzed plant 
extracts, 250 μl of 6 mM allantoate and 100 μl of the 
extraction buffer at 37  °C, which was followed by 
heating at 100 °C for 10 min. The ammonia concen-
tration was then estimated by the Nessler method as 
described by Molins-Legua et al. (2006).

Xanthine dehydrogenase activity staining

Plant tissues were ground using a prechilled mortar and 
pestle in 250 mM Tris–HCl, pH 8.5, containing 1 mM 
EDTA, 10 mM glutathione and 2 mM dithiothreitol, at 
a ratio of 1:3 (w/v) (Zdunek-Zastocka and Lips 2003a). 
The extracts were then centrifuged twice at 16000 g and 
4  °C for 20  min, and the resulting supernatants were 
subjected to native polyacrylamide gel electrophore-
sis (PAGE) on 7.5% polyacrylamide gels (Laemmli 
1970). Gel wells were loaded with 50 μg of root pro-
teins or 200  μg of leaf proteins. After electrophoresis, 
gels were stained in 0.1 M Tris-HCl, pH 7.5, containing 
0.1 mM PMS (phenazine methosulphate), 1 mM MTT 
(3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide), and 1 mM xanthine at 25 °C in the dark. The 
relative activity of XDH was calculated based on the 
intensity of the resulting formazan bands using ImageJ 
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software (http:// imagej. nih. gov/ ij). The intensity of the 
formazan bands is directly proportional to the enzyme 
activity (Rothe 1974; Coleto et al. 2019).

Total RNA extraction and cDNA synthesis

Total RNA was isolated according to the method 
described by Chomczynski and Sacchi (1987), except 
that RNA was precipitated on ice by adding 0.3 vol-
ume of 10  M LiCl. The isolated RNA was treated 
with DNase I, and a total of 2 μg of RNA was reverse 
transcribed using the Transcriptor First Strand cDNA 
Synthesis Kit (Roche) following the manufacturer’s 
instructions.

Identification of nucleotide sequences of genes 
involved in ureide metabolism in P. sativum

Internal fragments of the analyzed genes (PsXDH, 
PsALN, PsAAH) were amplified using Q5 high-
fidelity DNA Polymerase (New England BioLabs) 
and primers designed from known sequences of 
Medicago truncatula XDH (XM_003597388), ALN 
(XM_003593472), AAH (XM_013607669). The 
primers are listed in Table S1. PCR conditions were 
as follows: 30 s at 98 °C; 40 cycles of 10 s at 98 °C, 
30 s at 57 °C, and 1.5 min (PsALN, PsAAH) or 3 min 
(PsXDH) at 72 °C; followed by a final extension for 
10 min at 72 °C. PCR products were cloned into the 
pJET1.2 vector (Thermo Scientific), amplified in 
E. coli JM109 and sequenced in the DNA Sequenc-
ing and Oligonucleotide Synthesis Laboratory at 
The Institute of Biochemistry and Biophysics, Polish 
Academy of Sciences.

Gene expression analysis

Real-time PCR was performed using a LightCycler® 
96 instrument (Roche). The reaction mixture con-
tained 5  μl of SYBR Green I Master Mix (Roche), 
3 μl of cDNA template (equivalent to 10 ng of total 
RNA), and 0.5 μM of each primer in a total volume 
of 10 μl. Thermal cycling conditions were as follows: 
10 min at 95 °C, 40 cycles of 15 s at 95 °C, 15 s at 
63 °C, and 20 s at 72 °C. Melting curves (95 °C for 
10 s, 65 °C for 1 min, and 97 °C for 1 s in continuous 
acquisition mode) were generated for each reaction to 

ensure amplification specificity. The relative expres-
sion levels of target genes were calculated using the 
 2−ΔΔCt method (Livak and Schmittgen 2001). Genes 
encoding β-tubulin and actin were used as internal 
controls (Die et al. 2010). All primers used for real-
time PCR are listed in Tables S2 and S3. All reactions 
were performed at least in triplicate for each of the 
three biological replicates.

Determination of the content of reactive oxygen 
species

Superoxide radical  (O2
−) content was measured by 

monitoring the nitrite formation from hydroxylamine 
in the presence of  O2

− as described by Elstner and 
Heupel (1976) and used by others (Jung et al. 2020; 
Zhang et al. 2022), with some modifications. Briefly, 
the plant tissues were ground in 65 mM K-phosphate 
buffer, pH  7.8, containing 7.5  mM hydroxylamine 
hydrochloride, at a ratio of 1:4 (w/v). The homogen-
ates were centrifuged at 13000 g and 4 °C for 15 min, 
and 0.1 ml of the resulting supernatants were mixed 
with 0.17 ml of the extraction buffer and 0.03 ml of 
50 mM hydroxylamine hydrochloride, and incubated 
at 25  °C for 20 min. Then, 0.3 ml of 58 mM sulfa-
nilamide and 0.3  ml of 7  mM  N-(1-naphthyl)ethyl-
enediamine were added, and the mixture was again 
incubated at 25 °C for 20 min. Finally, the same vol-
ume of chloroform was added, mixed and the reaction 
mixture was centrifuged at 13000  g for 5  min. The 
absorbance of upper phase was measured at 530 nm.

H2O2 content was determined as described by Jana 
and Choudhuri (1981). Plant tissues were ground in 
50 mM K-phosphate buffer, pH 6.5, at a ratio of 1:10 
(w/v). The homogenate was centrifuged at 6000  g 
for 25  min. Then, 0.6  ml of the supernatant was 
mixed with 0.2 ml of 0.1% titanium chloride (in 20% 
 H2SO4), and the mixture was centrifuged at 6000  g 
for 15  min. The absorbance of the supernatant was 
measured at 410 nm.

Determination of the content of chlorophyll and 
malondialdehyde

Total chlorophyll was extracted and analyzed using 
dimethyl sulfoxide (DMSO) as described by Wellburn 
(1994). Briefly, leaves (50 mg) were ground in liquid 
 N2, vortexed with 2 ml of dimethyl sulfoxide (DMSO) 
and incubated at 65 °C for 60 min. The residues were 

http://imagej.nih.gov/ij
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removed by centrifugation at 13000 g for 10 min, and 
the absorbance of the extracts was measured at 649 
and 665 nm against DMSO as a blank.

Malondialdehyde (MDA) content was measured 
according to the method described by Heath and 
Packer (1968). Plant tissue (150  mg) was homog-
enized with 1.5  ml of 0.1  M  K-phosphate buffer, 
pH  6.8. The homogenates were centrifuged at 
13000 g for 15 min. The supernatants were mixed 1:1 
with TBA (0.5% thiobarbituric acid in 15% trichloro-
acetic acid) and incubated at 100 °C for 20 min. After 
cooling, the reaction mixtures were centrifuged at 
13000 g for 10 min, and the absorbance of the super-
natants was measured at 532 nm and 600 nm.

Statistical analysis

Results are the means of four independent experiments 
(biological replicates). Analytical determinations and 
enzymatic assays were performed three times (techni-
cal replicates) for each biological experiment. The data 
were statistically analyzed using one-way analysis of 
variance (ANOVA) for Cd effect and two-way analysis 
of variance (ANOVA) for simultaneous Cd and ureide 
effect, separately in leaves and roots. The conformity 
of data with a normal distribution was verified using 
the Shapiro-Wilk test, and the homogeneity of vari-
ances across the data sets was validated using Levene’s 
test. Then, to assess the significance of differences 
between group means, parametric Tukey’s test was 
used for data with the normal distribution and equal 
variances (the vast majority of analyses) or non-par-
ametric Kruskal-Wallis test for data that are normally 
distributed but with unequal variances (effect of Cd on 
PvUO expression in leaves of P. vulgaris, effect of Cd 
on  O2

− content in roots of P. vulgaris in the group of 
plants grown with uric acid). Statistical analysis was 
performed using the Statistica ver. 9.1 software.

Results

Ureide content and metabolism in Phaseolus vulgaris 
as affected by Cd

To investigate whether Cd induces changes in the 
content and metabolism of ureides in legumes, the 
content of allantoin and allantoate and the activity of 
enzymes engaged in their synthesis and degradation 

were studied in P. vulgaris and P. sativum, represent-
ing ureide and amide legumes, respectively, which 
were exposed for 48 h to 50 μM  CdCl2.

As a result of Cd treatment, an increase in the con-
tent of the two analyzed ureides was observed only in 
the leaves of P. vulgaris (Fig.  1). In the leaves of P. 
vulgaris, the contents of allantoin and allantoate were 
almost 4 times higher in the Cd-treated plants than in 
the controls. In leaves, Cd treatment also increased the 
activity of UO, ALN and AAH, yet lower increase was 
noticed in AAH activity (Fig. 2). Notably, the accumu-
lation of a particular ureide resulted, from a higher rate 
of its synthesis than the rate of its processing further 
along the pathway. For example in plants exposed to 
Cd, UO activity was 3-fold higher than in controls, 
whereas the activity of ALN activity was only twice 
as high and of AAH even less (30%), resulting in an 
increase in both allantoin and allantoate content. In 
roots, the content of allantoin and allantoate decreased 
by about 45% in response to the Cd treatment, as did 
the activities of UO, ALN and AAH.

Ureide content and metabolism in Pisum sativum as 
affected by Cd

In P. sativum, treatment with cadmium decreased the 
total ureide content in both leaves and roots (Fig. 1b). 
In leaves, the Cd-induced decrease in ureide content 
was mainly due to decrease in the content of allantoic 
acid (by about 80%) and to a lesser extent of allan-
toin (by about 30%). In roots, Cd treatment decreased 
the content of allantoin and allantoate by about 60% 
and 40%, respectively. In Cd-treated plants, UO activ-
ity was higher in leaves (by 20%) and similar in roots 
compared to that of control plants, while the activity 
of ALN was similar in leaves and lower in roots (by 
25%) compared to that of control plants, and AAH 
activity was lower than in controls, in both leaves (by 
15%) and roots (by 25%) (Fig. 2).

Since the ureide content in the expanded leaves 
of P. sativum did not increase after Cd treatment, as 
would be expected from the analysis of the activity of 
the enzymes involved in ureide metabolism, the ureide 
content in the young not fully expanded leaves were 
also examined (Fig.  S2). There was a presumption 
that under Cd stress, ureides might move from older to 
younger leaves and accumulate in the later leaves. For 
comparison, the content of ureides in response to Cd 
in the young not fully expanded trifoliate leaves of P. 
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vulgaris was also examined (Fig. S2). The content of 
ureides in the younger leaves of P. sativum was twice as 
high as in the older leaves, yet Cd treatment decreased 
the total ureide content in both type of leaves, regard-
less of their stage of development (Figs. S2b, Fig. 1b). 
For comparison, Cd treatment increased the content of 
both ureides in young leaves of P. vulgaris about 3–5 
times (Fig. S2a), as did in unifoliate leaves (Fig. 1a).

Transcript levels of enzymes involved in ureide 
metabolism as affected by Cd

To understand the molecular mechanisms underly-
ing the Cd-induced changes in ureide content, real-
time PCR analyzes for UO, ALN, and AAH were per-
formed for both leaves and roots of P. vulgaris and 
P. sativum after 48 h of growth on media containing 
50 μM  CdCl2.

Since not all nucleotide sequences of the genes 
encoding enzymes of ureide metabolism in P. sativum 

were available in gene databases, it was necessary to 
identify at least fragments of the coding sequences of 
these genes. The first identified nucleotide sequence 
fragment (3176 bp) shares a high percent identity with 
the sequences of XDH genes from Arabidopsis thali-
ana (AtXDH1, NM_119655; AtXDH2, NM_119656; 
73%) (Hesberg et al. 2004), Brassica rapa (BrXDH, 
XM_009109780, 73%) (Yi et  al. 2021), Medicago 
truncatula (MtXDH, XM_003597388, 91%), Pha-
seolus vulgaris (PvXDH, XM_007150309, 87%) 
(Coleto et  al. 2019), or Vitis vinifera (VvXDH, 
XM_002285437, 78%) (You et al. 2017) and was des-
ignated as Pisum sativum XDH (PsXDH, OL441840) 
(Fig. S3). The second identified nucleotide sequence 
(1359  bp) shows a high percentage of identity with 
the sequences of ALN genes from Arabidopsis thali-
ana (AtALN, NM_116734, 71%) (Irani and Todd 
2016; Werner et  al. 2008), Glycine max (GmALN1, 
Glyma15g07910, 85%; GmALN2, Glyma13g31430, 
85%; GmALN3, Glyma15g07920, 86%; GmALN4, 

Fig. 1  Allantoin and allan-
toate content in leaves and 
roots of Phaseolus vulgaris 
(a) and Pisum sativum (b) 
exposed to Cd treatment 
for 48 h. Cadmium was 
applied as 50 μM  CdCl2. 
The results are the means 
(± SD) of four biological 
replicates (n = 4). Sig-
nificant differences (at least 
p < 0.05) between the means 
of control and Cd treated 
plants, separately for roots 
and leaves, are shown above 
the columns by different 
letters
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Glyma13g31420, 87%) (Duran and Todd 2012), Med-
icago truncatula (MtALN, XM_003593472, 91%), 
and Phaseolus vulgaris (PvALN1, XM_007148116, 
84%; PvALN2, XM_007148115, 85%) (Alamillo 
et  al. 2010; Duran and Todd 2012) and was desig-
nated as Pisum sativum ALN (PsALN, OL441838) 
(Fig.  S4). The third identified nucleotide sequence 
fragment (1102  bp) shares a high percent identity 
with the sequences of AAH genes from Arabidopsis 
thaliana (AtAAH, NM_118126, 74%) (Werner et  al. 
2008), Glycine max (GmAAH, NM_001349411, 89%) 
(Charlson et al. 2009; Werner et al. 2008), Medicago 
truncatula (MtAAH, XM_013607669, 94%), or Pha-
seolus vulgaris (PvAAH, EF650088, 88%) (Díaz-Leal 
et  al. 2014) and was designated as Pisum sativum 
AAH (PsAAH, OL441839) (Fig. S5).

The mRNA levels of UO and ALN increased after Cd 
treatment in the leaves of both legumes, by approximately 
250 and 125%, respectively, in P. vulgaris and by 100 and 
70%, respectively, in P. sativum (Fig. 3). The Cd-induced 

up-regulation of UO and ALN expression in leaves corre-
sponded to an increase in UO and ALN activity in P. vul-
garis (Fig. 2), whereas in P. sativum there is most likely 
a posttranscriptional down-regulation of UO and ALN 
activities (Fig. 2). In roots, the expression of UO and ALN 
decreased by approximately 50% in P. vulgaris and by 
30% in P. sativum under Cd stress (Fig. 3), correspond-
ing to a decrease in enzymatic activities in both legumes 
(Fig. 2). Expression of AAH was not significantly altered 
by Cd treatment in either leaves or roots of P. vulgaris or 
P. sativum (Fig. 3), suggesting posttranscriptional regula-
tion of AAH in both organs of both legumes.

Activity and transcript level of XDH and content of 
uric acid as affected by Cd

To clarify whether the Cd-induced changes in ure-
ide content are related to the changes  in the level of 
their precursor, the content of uric acid as well as the 

Fig. 2  Activity of uricase 
(a, b), allantoinase (c, d) 
and allantoate amidohy-
drolase (e, f) in leaves (a, 
c, e) and roots (b, d, f) of 
Phaseolus vulgaris (a, c, e) 
and Pisum sativum (b, d, 
f) exposed to Cd treatment 
for 48 h. Cadmium was 
applied as 50 μM  CdCl2. 
The results are the means 
(± SD) of four biological 
replicates (n = 4). Sig-
nificant differences (at least 
p < 0.05) between the means 
of control and Cd treated 
plants, separately for leaves 
and roots, are shown above 
the columns by different 
letters
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expression and activity of XDH in the leaves and roots 
of P. vulgaris and P. sativum were examined after 48 h 
of growth on media containing 50 μM  CdCl2.

As a result of Cd treatment, XDH activity increased 
by 120 and 90% in both P. vulgaris and P. sativum, 
respectively, but only in leaves (Fig.  4). In con-
trast, XDH activity in the roots of both legumes was 
about 30% lower in Cd-treated plants than in controls 
(Fig.  4a, b). Like activity, expression of XDH was 
influenced by Cd in both legumes. In leaves, transcript 
levels of PvXDH and PsXDH were 100% higher in 
Cd-treated plants than in controls, while in roots by 
50% (Fig.  4c, d). Thus, the Cd-induced increase in 
PvXDH and PsXDH expression observed in leaves 
of both legumes was accompanied by an increase in 
XDH activity, whereas the Cd-induced posttranscrip-
tional down-regulation of XDH activity probably 
occurs in roots.

In the leaves, application of Cd significantly increased 
the uric acid content in P. vulgaris (by about 200%), but 
not in P. sativum, whereas in the roots, uric acid content 
was increased by about 40% in both legumes (Fig. 4e, f).

Exogenously applied allantoin and uric acid enhance 
resistance of legumes to Cd toxicity

The results described above show that neither 
uric acid or allantoin accumulation  was observed 
in leaves of P. sativum treated with Cd, although 
an increase in the rate of their synthesis and 
a decrease in the rate of their breakdown was 
noticed. Therefore, it was further investigated 
whether the observed status quo could be due, at 
least in part, to the use of these compounds in the 
alleviation of Cd-induced oxidative stress, whether 
in leaves or roots. Accordingly the effect of uric 
acid (200 μM) and allantoin (200 μM), which were 
applied to the growth medium in parallel with 
50 μM  CdCl2, on the production  H2O2 and  O2

− and 
the level of other stress markers in leaves and roots 
of P. sativum and P. vulgaris was examined after 
48 h of treatment.

The production of ROS enhanced significantly 
after Cd treatment, as a 2–3-fold increase in  H2O2 
concentration (Fig. 5a, b) and a 3–4-fold increase in 

Fig. 3  Transcript levels of 
genes encoding uricase (a, 
b), allantoinase (c, d) and 
allantoate amidohydrolase 
(e, f) in leaves and roots of 
Phaseolus vulgaris (a, c, e) 
and Pisum sativum (b, d, 
f) exposed to Cd treatment 
for 48 h. Cadmium was 
applied as 50 μM  CdCl2. 
Transcripts levels of target 
genes in Cd-stressed plants 
were expressed relative 
to those of control plants, 
which were set to 1, after 
normalization to reference 
genes (β-tubulin and actin). 
Primers used for PCR anal-
yses are listed in Table S2 
and S3. The results are 
the means (± SD) of four 
biological replicates (n = 4). 
Significant differences (at 
least p < 0.05) between the 
means of control and Cd 
treated plants, separately for 
leaves and roots, are shown 
above the columns by dif-
ferent letters
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 O2
− content were observed in the leaves and roots 

of both legumes (Fig. 5c, d). The application of uric 
acid almost completely removed an excess of ROS 
resulting from Cd treatment, while the application 
of allantoin managed to remove 80 to 95% of ROS 
enhancement, suggesting contribution of both urei-
des to limit ROS production (Fig. 5).

Under Cd stress, biomass production [leaf and 
root dry matter (DW)] was significantly reduced, as 
a 25 and 35% decrease in DW per plant was noticed 
for Phaseolus vulgaris and Pisum sativum, respec-
tively (Figs.  6a and 7a). Simultaneous application 
of uric acid almost completely abolished the Cd-
induced biomass reduction in both legumes, while 
application of allantoin attenuated the Cd-mediated 
DW reduction about 50%.

Cd toxicity and associated oxidative stress caused 
also a decrease in chlorophyll content (about 25%) 
and an increase in the content of the lipid peroxida-
tion resulting product, MDA (by 35–55%), a marker 
that reflects the degree of membrane damage induced 
by stressors such as Cd (Figs. 6b, d, 7b, d). Addition-
ally, Cd induced the significant degradation of RNA 
(by 35–50%), which occurred to a similar extend in 
both legumes (Figs.  6c, 7c). Notably, exogenously 
applied uric acid and allantoin attenuated the Cd-
induced decrease of chlorophyll content (about 95% 
by uric acid, and 70% by allantoin) and attenuated 
the increase of MDA content (about 85–95% by uric 
acid, and 70–80% by allantoin), and also reversed 
Cd-induced degradation of RNA (about 80–90% by 
uric acid, and about 60–75% by allantoin).

Fig. 4  Activity of xanthine dehydrogenase (a, b), transcript 
level of XDH (c, d), and content of uric acid (e, f) in leaves 
and roots of Phaseolus vulgaris (a, c, e) and Pisum sativum (b, 
d, f) exposed to 50  μM  CdCl2 for 48  h. The numbers above 
the zymograms indicate relative values obtained by density 
scanning and analysis by ImageJ software. Zymograms are 
representative of similar results obtained for four independent 
biological replicates. Transcript levels of XDH in Cd-stressed 

plants were expressed relative to those of control plants, 
which were set to 1, after normalization to reference genes (β-
tubulin and actin). Primers used for PCR analyses are listed 
in Table  S2.The results in the graphs are the means (± SD) 
of four biological replicates (n = 4). Significant differences (at 
least p < 0.05) between the means of control and Cd treated 
plants, separately for leaves and roots, are shown above the 
columns by different letters
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Discussion

Plants are constantly exposed to a wide range of envi-
ronmental stimuli that have detrimental effects on their 
growth and productivity. To minimize the adverse 
effects of unfavorable environmental conditions, plants 
have developed various defense mechanisms (Cuypers 
et  al. 2010; Stroiński et  al. 2013; Zdunek-Zastocka 

et  al. 2021). It has been suggested that allantoin and 
allantoic acid may also be part of these mechanisms, as 
increases in ureide content have been observed in plant 
responses to salinity (Irani and Todd 2016; Sagi et al. 
1998), dehydration (Alamillo et al. 2010; Coleto et al. 
2014) or wounding (Soltabayeva et  al. 2022). In our 
study, it was found that also 50 μM  CdCl2 applied for 
48 h induces the accumulation allantoin and allantoic 

Fig. 5  Changes in  H2O2 
(a, b) and  O2

− content (c, 
d) in leaves and roots of 
Phaseolus vulgaris (a, c) 
and Pisum sativum (b, d) 
exposed to allantoin or uric 
acid for 48 h. Allantoin 
(All) and uric acid (UA) 
were applied to the growth 
medium at a concentration 
of 200 μM, simultaneously 
with 50 μM  CdCl2. Plants 
grown without  CdCl2 were 
designates as controls. The 
results are the means (± 
SD) of four biological repli-
cates (n = 4). Significant dif-
ferences (at least p < 0.05) 
between the means are 
shown above the columns 
by different letters

Fig. 6  Changes in dry 
weight (a), chlorophyll 
content (b), RNA content 
(c), and malondialdehyde 
content (d) in Phaseolus 
vulgaris exposed to allan-
toin or uric acid for 48 h. 
Allantoin (All) and uric 
acid (UA) were applied to 
the growth medium at a 
concentration of 200 μM, 
simultaneously with 50 μM 
 CdCl2. Plants grown with-
out  CdCl2 were designates 
as controls. The results are 
the means (± SD) of four 
biological replicates (n = 4). 
Significant differences (at 
least p < 0.05) between the 
means are shown above the 
columns by different letters
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acid, however, only in leaves of P. vulgaris, but not 
in P. sativum (Fig. 1), even though the degree of Cd-
induced oxidative stress was similar in both legumes, 
as estimated by changes in the content of chloro-
phyll,  H2O2 and MDA, a product of lipid peroxidation 
(Figs. 5, 6, 7). When lower concentrations of Cd (1, 2.5 
and 5 μM  CdCl2) were applied to the nutrient medium 
for a longer period (7  days), similarly the increase 
of both ureides was observed only in the leaves of P. 
vulgaris (Fig. S6). It is well known that under nodu-
lation conditions, ureides, purine degradation prod-
ucts, are transported from the roots of tropical legumes 
through the xylem to the shoot (Schubert 1986). Given 
the decrease of allantoin and allantoate content in the 
roots of Cd-treated legumes (Fig. 1), the translocation 
of ureides from roots to leaves could also be consid-
ered as a potential mechanism for enriching the ure-
ide pool observed in leaves of Cd-treated P. vulgaris. 
However, in P. vulgaris roots, Cd treatment suppressed 
the activity of XDH, a catalytic bottleneck in purine 
catabolism, as well as UO, a following enzyme of the 
ureide biosynthesis from purines (Figs. 2 and 4). This 
may suggest that the contribution of root-derived urei-
des in their accumulation observed in leaves under Cd 
stress may be lower than under nodulation conditions, 
when the rate of ureide biosynthesis from purines in 

roots is significantly increased (Baral et al. 2016). As 
mentioned above, under Cd treatment, accumulation of 
both allantoin and allantoic acid takes place in P. vul-
garis leaves regardless of their stage of development 
(Fig.  1, S2, S6). It has been shown that the metabo-
lism of ureides in the unifoliate leaves of Cd-treated P. 
vulgaris favors a higher rate of ureide synthesis and a 
lower rate of ureide degradation (Figs. 2 and 4), which 
enables their local accumulation. However, it cannot 
be excluded that some of ureides of unifoliate origin 
may move to younger trifoliate leaves. This is the case 
in Arabidopsis plants, where purine degradation prod-
ucts provide an additional source of N remobilized 
from older to younger leaves under N-deficient condi-
tions, which was supported by increased expression of 
ureide permeases, key components of ureide transport 
observed in older leaves (Soltabayeva et al. 2018).

So far, Cd-induced increase in ureide content was 
reported only for Arabidopsis leaves and involved 
only allantoin (Nourimand and Todd 2016). In Arabi-
dopsis leaves, Cd increased allantoin content 1.5-
fold, which was associated with increased expres-
sion of AtUO, and decreased transcript levels and 
enzymatic activity of ALN (Nourimand and Todd 
2016). In P. vulgaris leaves, Cd treatment increased 
not only UO activity, but also the activity of ALN 

Fig. 7  Changes in dry 
weight (a), chlorophyll 
content (b), RNA content 
(c), and malondialdehyde 
content (d) in Pisum sati-
vum exposed to allantoin or 
uric acid for 48 h. Allantoin 
(All) and uric acid (UA) 
were applied to the growth 
media at a concentration 
of 200 μM, simultaneously 
with 50 μM  CdCl2. Plants 
grown without  CdCl2 were 
designates as controls. The 
results are the means (± 
SD) of four biological repli-
cates (n = 4). Significant dif-
ferences (at least p < 0.05) 
between the means are 
shown above the columns 
by different letters
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and AAH (Fig.  2), with the increase in the activ-
ity of the enzyme synthesizing the respective ureide 
always higher than that of the enzyme degrading it, 
leading to the accumulation of the respective ureide. 
An increase in the ureide content, but mainly only 
of allantoate, was previously observed in P. vulgaris 
leaves in response to drought, under both nonfix-
ing and  N2-fixing conditions (Alamillo et  al. 2010). 
It was concluded that the accumulation of ureides 
in tissues other than nodules is likely part of a gen-
eral response to stress and is highly uncoupled from 
nitrogen fixation (Alamillo et al. 2010). In this study, 
a Cd-induced increase in allantoin and allantoic acid 
in the leaves of P. vulgaris was also observed under 
non-N-fixing conditions and may support the above 
assumption. Increased accumulation of allantoate in 
drought-stressed P. vulgaris has been associated with 
a strong induction of ALN expression (Alamillo et al. 
2010; Coleto et al. 2014) and, to a lesser extent, with 
posttranscriptional inhibition of AAH (Charlson et al. 
2009; Díaz-Leal et  al. 2014). Increased concentra-
tions of allantoin and allantoic acid in the leaves of 
Cd-stressed P. vulgaris were associated with higher 
transcription and activity of enzymes responsible 
for both production (UO) and degradation (ALN) 
of allantoin (Figs.  2 and 3). In addition, Cd treat-
ment increased the activity of AAH, an enzyme that 
catalyzes allantoate hydrolysis; however, the PvAAH 
transcript levels were not affected. Our results sug-
gest that Cd-induced changes in ureide metabolism 
observed in leaves of P. vulgaris are regulated at the 
transcriptional level by induction of XDH, UO and 
ALN gene expression, and posttranscriptionally by 
upregulation of AAH. Such regulation in both tran-
scriptional and posttranscriptional manner should 
result in the accumulation of ureides, mostly allan-
toate but also allantoin (Fig. 1).

Purines used for ureide biogenesis can be gener-
ated not only by de novo synthesis but also by turno-
ver of nucleic acids (Baral et  al. 2016). Therefore it 
is possible that under Cd stress, ureides are important 
for recycling and recovery of N from Cd-induced 
degradation of nucleic acids. The degradation of 
nucleic acids associated with ureide accumulation has 
been described during natural or dark-induced leaf 
senescence (Brychkova et  al. 2008; Lambert et  al. 
2017; Soltabayeva et al. 2018) and was also observed 
in Cd-treated legumes in the presented study (Figs. 6c 
and 7c). Thus, in P. vulgaris treated with Cd, where 

increase of the ureide content and of activities of 
XDH, UO, ALN and AAH was observed at both the 
activity and transcript level (except of PvAAH), the 
ureide pathway may be involved in Cd-induced N 
recycling.

In P. sativum leaves, treatment of plants with 
50  μM Cd decreased the content of allantoin and 
allantoic acid, regardless of the source and douse 
of N, both in leaves and roots (Fig.  1). In leaves, 
the observed decrease in allantoin content occurred 
even though the rate of allantoin production slightly 
increased (Fig. 2), whereas the rate of allantoin deg-
radation decreased (Fig. 2). Because uric acid content 
did not change significantly under Cd stress in the 
leaves, and even increased in the roots (Fig. 4e, f), the 
Cd-induced decrease in allantoin content was more 
likely unrelated to the severe shortage of its precur-
sor. Moreover, in the leaves Cd significantly induced 
the activity and transcript level of XDH (Fig. 4a-d), 
the enzyme that converts hypoxanthine and xanthine 
to uric acid. Therefore, the question arose as to why 
we did not observe an increase in the levels of uric 
acid and allantoin in the leaves, since the analysis of 
the activity of enzymes involved in their metabolism 
suggests that this is the case. One way to explain this 
would be that both uric acid and allantoin are used 
as antioxidant agents, thus protecting the plants from 
oxidative damage. As mentioned earlier, increased 
production of ROS in plant cells is an early symptom 
of Cd toxicity leading to oxidation of lipids, proteins 
and nucleic acids (Cuypers et  al. 2010). Therefore, 
the higher XDH activity observed in leaves of Cd-
treated P. sativum as well as P. vulgaris (Fig. 4a, b) 
may be due to the fact that uric acid production is 
necessary to support the ROS scavenging machinery 
(Sun et al. 2021; Ma et al. 2016). Indeed, an increase 
in XDH activity has previously been observed under 
unfavorable environmental stimuli such as salinity, 
drought, an excess of  NH4

+ ions or prolonged dark-
ness (Brychkova et  al. 2008; Watanabe et  al. 2010; 
Zdunek-Zastocka and Lips 2003b).

Although chloroplasts and mitochondria have been 
considered the most important sources of ROS, in 
recent years attention has also been paid to peroxi-
somes as one of the main contributors to the produc-
tion of ROS in cells (Corpas et al. 2020). Peroxisomes 
have an large battery of  H2O2-generating enzymes, for 
example glycolate oxidase, acyl-CoA oxidase, urate 
oxidase, polyamine oxidase, sulfite oxidase, sarcosine 
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oxidase, superoxide dismutase, which are involved in 
multiple biochemical pathways like photorespiration, 
fatty acid beta-oxidation or the catabolism of polyam-
ines or nucleic acids. Peroxisomes contain also xanthine 
oxidase, which generates superoxide radical, and nitric 
oxide synthase which can produce nitric oxide. In addi-
tion to the subcellular compartments mentioned above, 
ROS are also produced in the cytosol, where are formed 
notably through the activity of NADPH oxidase, alde-
hyde oxidase, xanthine dehydrogenase, and nitric oxide 
synthase (Forrester et al. 2018). To control the steady-
state levels of these reactive molecules, a complex set of 
ROS scavenging systems, including both enzymatic and 
non-enzymatic ROS scavengers, operates in individual 
subcellular compartments (Janků et al. 2019). Uric acid 
produced in the cytosol by XDH and in peroxisomes by 
XO, as well as allantoin, which is synthetized in per-
oxisomes, may be another elements of this antioxidant 
defense machinery, neutralizing excessive amounts of 
ROS produced under stress conditions.

Uric acid is known to be a potent antioxidant in 
land animals and may be responsible for up to 55% 
of the antioxidant capacity to scavenge free radicals 
in human plasma at physiologically appropriate con-
centrations (Ames et  al. 1981; Jakše et  al. 2019). In 
Arabidopsis, urate infiltration into the leaves was 
effective in reducing peroxynitrite-related oxida-
tive damage (Alamillo and García-Olmedo 2001), 
while the addition of exogenous uric acid to the MS 
medium prevented the accumulation of  H2O2 in the 
chloroplasts of the xdh1 mutant (Ma et  al. 2016). 
Thus, uric acid can act as an effective scavenger 
also in plants, alleviating the oxidative tissue dam-
age caused by multiple environmental stress factors. 
Indeed, pretreatment with exogenous uric acid attenu-
ated the drought-hypersensitive phenotype of XDH-
suppressed Arabidopsis lines and increased the resist-
ance of apples to salt stress (Watanabe et  al. 2010; 
Sun et al. 2021). In our study, the application of uric 
acid almost completely removes the excess of ROS 
caused by Cd treatment and alleviated the symptoms 
of oxidative damage as measured by biomass produc-
tion, RNA degradation, chlorophyll and MDA content 
in both P. vulgaris and P. sativum (Figs. 5, 6 and 7), 
supporting the engagement of uric acid in the neutral-
ization of ROS in plants.

Both endogenous and exogenous allantoin has been 
shown to protect Arabidopsis leaves from darkness-
induced oxidative damage to chlorophyll as well as 

protecting leaves from exogenously applied  H2O2 (Bry-
chkova et al. 2008) and to reduce oxidative stress under 
drought or salinity (Irani and Todd 2016), suggesting its 
possible role in ROS scavenging. Although allantoin has 
been found to alleviate Cd-induced adverse symptoms 
by activating antioxidant enzymes or accumulating non-
enzymatic radical scavengers, respectively, in Arabidop-
sis and cucumber plants (Nourimand and Todd 2016; 
Dresler et al. 2019), its direct reactivity against ROS still 
requires further investigation and explanation (Gus’kov 
et al. 2002; Wang et al. 2012). In our study, exogenous 
application of allantoin significantly attenuated Cd-
induced oxidative stress in both P. vulgaris and P. sati-
vum, albeit lower than exogenously applied uric acid 
(Figs. 5, 6 and 7). Although allantoin accumulation was 
observed only in P. vulgaris leaves and not in P. sati-
vum (Fig. 1a, b), yet, since in P. sativum we observed an 
increased rate of allantoin synthesis and a reduced rate 
of its degradation (Fig. 2), a role of allantoin in direct 
ROS scavenging in P. sativum exposed to Cd cannot be 
ignored.

The results presented in this study show the differ-
ent responses of P. vulgaris and P. sativum, represent-
ing amide and ureide legumes, respectively, to Cd 
treatment in terms of ureide content and metabolism, 
especially in leaves. These differences are primarily 
due to post-translational modifications of enzymes 
involved in ureide metabolism. It was observed that 
Cd affects the expression of ureide metabolism genes 
in a similar manner in P. vulgaris and P. sativum, 
in both leaves and roots (Fig.  3), but the activities 
of UO, ALN, AAH in response to Cd differ signifi-
cantly between the two species, especially in leaves 
(Fig.  2). While Cd strongly induced the expression 
of UO and ALN in leaves, a significant increase in 
the activity of both enzymes was observed only in 
P. vulgaris, whereas in P. sativum the activity of 
UO changed only slightly and the activity of ALN 
decreased. Differences were also found in the activ-
ity of AAH, which was induced by Cd in P. vulgaris 
leaves and reduced in P. sativum (Fig.  2), although 
transcript levels were not significantly affected by 
Cd in both species (Fig. 3). The differences in ureide 
content and metabolism between ureide and amide 
legumes were observed previously in the early stage 
of seedling development, when ureide content and 
allantoinase activity in cotyledons and embryonic 
axes was higher in ureide than amide plants (Quiles 
et  al. 2019). in addition, superoxide dismutase, 
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guaiacol peroxidase, and ascorbate peroxidase activi-
ties in both embryonic axes and cotyledons differed 
significantly among these legume groups, suggesting 
that ureidic and amidic plants may employ different 
strategies to cope with the oxidative stress associ-
ated with the development of seedlings, for example 
(Quiles et al. 2019).

In summary, the ureide and amide legumes, repre-
sented here by P.vulgaris and P. sativum  respectively, 
use ureides and the ureide pathway in different way to 
mitigate the deleterious effects of Cd toxicity. Amide 
legumes could use allantoin and its precursor, uric acid, 
as antioxidant agents to mitigate Cd-induced oxidative 
tissue damage. Ureide legumes, on the other hand, 
could use the ureide pathway not only for protecting 
from Cd-related oxidative stress, but also to recycle N 
from Cd-induced degradation of nucleic acids.
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