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Catalase (CAT) is one of the key enzymes in plant development and in the regulation of nitro-oxidative stress
associated with the uncontrolled overproduction of reactive oxygen (ROS) and nitrogen species (RNS). Despite its
well-established role in aerial organs, CAT functions in the root system remain underexplored. Using Arabidopsis
thaliana cat2-1, defective in CAT2 and exhibiting reduced CAT activity, we demonstrated that CAT2 is directly
involved in defining root architecture, particularly lateral root (LR) development under optimal growth condi-
tions. Primary root (PR) and LR development were analysed in cat2-1 through morpho-cyto-histological in-
vestigations, nitro-oxidative assays, and metabolomic analyses. To further investigate CAT2’s role in root
architecture, we exposed cat2-1 to nitro-oxidative stress using 60 pM cadmium sulphate (CdSO4). Results show
that CAT2 is the main CAT isozyme in Arabidopsis root system. cat2-1 showed inhibition of LR development and
PR elongation, exacerbated by Cd. These defects were highlighted by cyto-histological analyses, revealing al-
terations in the division/differentiation patterns of pericycle cells competent for LR initiation as well as in
meristematic cells of PR and LRs. Cat2-1 root alterations were associated with an accumulation of trans-zeatin-
type cytokinin and with changes in ROS- and, to a lesser extent, RNS-homeostasis. Loss of CAT2 function
exacerbated some of the Cd-related alterations, particularly the disorganisation of cell division and differenti-
ation patterns within root meristems, and ROS accumulation, supporting a positive role of CAT2 in root archi-
tecture. Our results demonstrate a new role for CAT2 per se in Arabidopsis root system development, beyond its
involvement in regulating stress response processes.

1. Introduction

Catalase (CAT; EC 1.11.1.6) is considered one of the most important
antioxidant enzymes regulating redox balance in plants, as it catalyses
the breakdown of H,O5 into H,O and Os.

It is localised in the peroxisomal matrix, a major site of H202 pro-
duction as a consequence of various physiological pathways, such as
photorespiration, fatty acid p-oxidation, and superoxide dismutase
(SOD; EC 1.15.1.1) activity, as well as of stress conditions (Kamada
et al., 2003; Hernandez et al., 2010). Although CAT has a lower affinity
for Hy0, than other enzymes, such as ascorbate peroxidase (APX; EC
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1.11.1.11), its high turnover rate and accumulation within the peroxi-
somes makes it particularly efficient in HyO2 dismutation (Mhamdi
et al., 2010).

In plants, CAT is encoded by small gene families, resulting in various
isozymes, whose number differs among plant species (Palma et al.,
2020). Additionally, within a plant species, the expression of different
genes for CAT isozymes varies depending on the developmental stage,
tissue or organ type, and environmental conditions (Frugoli et al., 1996;
Kamada et al., 2003; Palma et al., 2020).

Accumulating evidence indicates that CAT is involved in several
physiological processes, including leaf and cotyledon senescence,
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stomatal closure, seed viability and ageing (Ni and Trelease, 1991; Baker
et al., 2023).

The importance of CAT in responses to environmental stress has also
been highlighted in different plant species, both through the evaluation
of changes in CAT activity or content and through studies on transgenic
lines overexpressing CAT or mutants in one or more CAT genes (Guan
et al., 2009; Zafar et al., 2020; Dai et al., 2020; Piacentini et al., 2020;
Tyagi et al., 2021).

The Arabidopsis thaliana (L.) Heynh. CAT gene family comprises three
members: CAT1, CAT2 and CAT3. CAT1 is primarily expressed in pollen
and seeds, CATZ2 is the primary photorespiratory isozyme in photosyn-
thetically active tissues and is also expressed, to a lesser extent, in roots
and seeds, while CAT3 is expressed in vascular tissues and senescent
leaves (Frugoli et al., 1996; Su et al., 2018). Although the transcripts of
the three CATs are detected in mature Arabidopsis leaves, with CAT3
and CAT2 more abundant than CAT1, each isozyme contributes to H20-
scavenging in distinct physiological processes and developmental stages
(Baker et al., 2023).

While catl and cat3 mutations do not significantly affect plant
growth or total CAT activity in Arabidopsis, the cat2 mutation causes
reduced growth, pale-green leaves, and decreases in CAT activity of
about 80% in leaves and 50% in roots. For this reason, this last isozyme
is considered the primary CAT responsible for H-0» degradation in
Arabidopsis leaves and has therefore been used as a reference to
investigate CAT function in plant physiological processes and stress re-
sponses (Bueso et al., 2007; Mhamdi et al., 2010; Yang et al., 2019).

In accordance with its function, CAT2 has been recognised as a key
isozyme in plant responses to various stresses, including heat, salt, os-
motic, and heavy metal stress, as well as in pathogen defence (Bueso
et al., 2007; Yuan et al., 2017; Zhang et al., 2021; Ono et al., 2021).

Beyond stress responses, CAT2 is also crucial during early seedling
development through its interaction with acyl-CoA oxidase (ACX), a key
enzyme in peroxisomal fatty acid p-oxidation and a major source of H202
during early post-germination growth. This is particularly evident under
sucrose-free conditions, in which peroxisomal fatty acid p-oxidation
becomes the primary energy source, and ACX-mediated HyO2 produc-
tion increases. Accordingly, many of the developmental defects
observed in the cat2 mutant are detectable under sucrose-free conditions
and have been attributed to impaired fatty acid f-oxidation (Liu et al.,
2017; Yang et al., 2019).

Consistently, the Arabidopsis cat2-1 mutant shows reduced rosette
leaf growth, which can be rescued under high CO: or irradiance condi-
tions that reduce photorespiration, highlighting CAT2 as a key photo-
respiratory isozyme in the regulation of leaf redox state and growth
(Queval et al., 2007).

CAT2 has also been identified as an important regulator of hormonal
and metabolic responses. For example, in response to pathogen-induced
salicylic acid (SA) accumulation, CAT2 activity is inhibited. This inhi-
bition alters tryptophan (Trp) and jasmonic acid (JA) biosynthesis and
leads to reduced indole—3-acetic acid (IAA) accumulation (Yuan et al.,
2017). Metabolomic and transcriptomic analyses of the cat2 mutant
further revealed increased SA levels, accompanied by enhanced SA
glycosylation mediated by specific UDP-glycosyltransferases, as well as
activation of metabolic pathways that restrict the accumulation of
bioactive jasmonate compounds (JAs) (Lelarge-Trouverie et al., 2023).

Furthermore, the most strongly repressed genes in the cat2 mutant
are those encoding auxin-responsive proteins of the SAUR (Small Auxin
Up RNA) and AUX/IAA families (Bueso et al., 2007). Since these two
families play opposite roles in auxin signaling, with SAUR proteins
acting as positive mediators and AUX/IAA proteins as transcriptional
repressors degraded upon auxin perception, their co-repression suggests
a complex modulation of auxin responses by CAT2. Moreover,
CAT-dependent H202 decomposition has been reported to be involved in
IAA biosynthesis (Gao et al., 2014; Yuan et al., 2017; Li et al., 2021),
further linking CAT2 activity to auxin homeostasis.

Similarly, CAT2 has been shown to regulate leaf morphology through
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H202-mediated transcriptional repression of auxin biosynthetic genes,
thereby modulating auxin levels (Gao et al., 2014). Finally, Arabidopsis
cat2 mutants exhibit reduced ethylene synthesis and lower hormone
sensitivity, which have been attributed to post-transcriptional modifi-
cations of key proteins, including oxidative modification of the ethylene
receptor ETR1 (Bueso et al., 2007).

Despite its significance, research on CAT2 function has been largely
focused on photosynthetic tissues, with limited attention to its potential
involvement in the root system development, particularly from a
morpho-anatomical and physiological perspective.

To date, only a limited number of studies have investigated the role
of CAT2 in the root system, generally interpreting the effects of its
absence as secondary or indirect consequences of altered CAT activity in
aerial organs. For example, the reduction of primary root (PR) elonga-
tion observed in cat2-1 under sucrose-free growth conditions has been
interpreted as a consequence of altered photosynthetic processes (Yang
et al., 2019).

Moreover, studies addressing CAT2 function in roots rarely consider
the root system as an integrated structure comprising both embryonic
and post-embryonic roots. At the same time, root redox status is often
evaluated by focusing on a single ROS, whereas reactive nitrogen species
(RNS), key components of cellular redox signalling, are largely over-
looked (Corpas, 2016). This knowledge gap is relevant given the
demonstrated crosstalk between ROS and RNS, and the fact that cata-
lases undergo both ROS-mediated oxidation and RNS-mediated modi-
fications, including nitration and S-nitrosation (Palma et al., 2020;
Gonzalez-Gordo et al., 2024)

A comprehensive analysis of CAT2 functions in the root system per se,
under both physiological and stress conditions, is therefore needed, as
this approach may provide novel insights into the role of catalase in root
system architecture and redox regulation. The aim of the present study
was therefore to investigate the role of the CAT2 isozyme in Arabidopsis
thaliana root system development and in the regulation of root redox
homeostasis.

To this end, Arabidopsis wild-type (Col—0) and the cat2-1 mutant,
characterised by a strong reduction in total CAT activity (Bueso et al.,
2007), were grown in the presence or absence of a toxic level of Cd,
given its well-established role as a stress agent that promotes the over-
production of ROS and RNS, particularly in roots (Gallego and Bena-
vides, 2019; Romero-Puertas et al., 2019; Piacentini et al., 2021; Della
Rovere et al., 2022). The root system of the Arabidopsis cat2-1 was
studied through a combination of morpho-cyto-histological analyses and
assessment of ROS/RNS accumulation and spatial distribution. Addi-
tionally, targeted metabolite profiling of roots, including major plant
hormones and other relevant metabolites, was performed.

Particular emphasis was placed on all components of the Arabidopsis
root system, namely the PR, lateral root primordia (LRPs), and elongated
lateral roots (LRs), with special focus on LRPs due to their high plasticity
and responsiveness to environmental changes (Malamy, 2005; Altamura
et al., 2023).

2. Materials and methods
2.1. Plant material and growth conditions

Arabidopsis thaliana (L.) Heynh. ecotype Columbia (Col—0, wild-
type) and the cat2-1 mutant (SALK_057998), in the Col—0 background
(Alonso et al., 2003), were used in this study. Seeds of the cat2-1
mutant, carrying a T-DNA insertion in the CAT2 gene (At4g35090), were
obtained from the Nottingham Arabidopsis Stock Centre (http://nasc.
nott.ac.uk). Homozygosity of the cat2-1 line was confirmed by
PCR-based genotyping using two primer pairs listed in Supplementary
Table 1, as detailed in Supplementary Methods 1 and Supplementary
Figure 1. All subsequent analyses were performed on homozygous T1
seedlings. Seeds were surface sterilized by washing for 5 min in 70%
(v/v) ethanol and 0.1% (w/v) SDS, followed by 20 min in 20% (v/v)
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bleach and 0.1% (w/v) SDS, and were then rinsed four times with sterile
water. Ten seeds per genotype were sown on square Petri dishes
(245 mm x 245 mm) containing half-strength Murashige and Skoog
medium (Murashige and Skoog, 1962; Duchefa Biochemie, The
Netherlands) supplemented with 0.7% (w/v) sucrose, 0.7% (w/v) agar,
and either 0 (Control) or 60 pM CdSO4 (Merck, Italy). The pH was
adjusted to 5.6-5.8. The CdSO4 concentration was selected based on
previous data obtained in Arabidopsis (Fattorini et al., 2017). Before
light exposure, the sown seeds were kept in the dark at 8°C for 24 h for
cold stratification. Seedlings were then grown vertically for 10 days
under in vitro long-day conditions (16 h light/8 h dark) at 22 + 2 °C with
a light intensity of 100 pmol m~2s™1

2.2. SDS-PAGE and Western blotting of CAT and CAT2

Root systems and green cotyledons from 10-day-old Arabidopsis
seedlings were separately collected and homogenized in extraction
buffer (1:1, w/v) containing 100 mM Tris-HCl (pH 8.0), 1 mM EDTA,
0.1% (v/v) Triton X—100, and 10% (v/v) glycerol. Homogenates were
centrifuged at 27,000xg for 20 min at 4°C, and the resulting superna-
tants were used for all assays. Before SDS-PAGE, total protein concen-
tration in each sample was determined in triplicate using the Bio-Rad
protein assay solution (Bio-Rad Laboratories, Hercules, CA, U.S.A.), and
the same amount of total protein (15 pg) was loaded in each lane. Thus,
immunoblot signals were compared on an equal-total-protein-input
basis across genotypes and treatments. Proteins were separated on
4-20% gradient precast polyacrylamide gels using a Mini-PROTEAN
system (Bio-Rad, Hercules, CA, USA), according to Corpas et al.
(2025). After electrophoresis, proteins were transferred onto 0.22 pm
PVDF membranes using the Trans-Blot® Turbo™ Transfer System
(Bio-Rad). Membranes were then probed with commercial rabbit poly-
clonal antibodies against Arabidopsis catalase (Agrisera, AS09 501;
dilution 1:3000) and catalase—2 (Agrisera, AS21 4531; dilution 1:3000).
Signals were detected using an HRP-conjugated goat anti-rabbit IgG
secondary antibody (Bio-Rad) and Clarity™ Western ECL reagent
(Bio-Rad). Chemiluminescent images were acquired with a Molecular
Imager® Gel Doc™ XR system (Bio-Rad) as uncompressed grayscale
TIFF files. Band intensities were quantified using ImageJ software
(version 1.54d). Background subtraction was performed using the
Rolling Ball algorithm, and bands were quantified using the Analyze
Gels function by calculating the area under each density-profile peak. No
additional normalization to a housekeeping protein or to post-transfer
total-protein staining was performed.

2.3. Seed germination rate and root morphological analysis

Seed germination and root morphology analyses were performed on
twenty-five seeds or seedlings per genotype and treatment. Germination
rate was evaluated at 48 and 72 h and at 6 days after sowing, whereas
primary root (PR) length was measured at 48 and 72 h, and at 6 and 10
days after sowing. Primary root length was quantified from digital im-
ages acquired directly from Petri dishes using a Canon EOS 2000 camera
(Canon, Italy) and analysed with ImageJ v1.54d software (Schneider
et al., 2012). Values were expressed as mean length (cm + SEM). The
total number of lateral root primordia (LRPs) and mature lateral roots
(LRs) was determined 10 days after sowing by observing each root
system under a Leica DMRB microscope (Leica Microsystems, UK) and
values were expressed as means (+ SEM). Finally, the LR density was
calculated for each seedling as the total number of LRPs plus LRs per cm
of PR and expressed as a mean (+ SEM). Individual values and mean +
standard deviation (SD) for root morphological traits are provided in
Supplementary Figure 2.

2.4. Root-targeted metabolite quantification

Root-targeted metabolite quantification was performed on three
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biological replicates per genotype and treatment, each consisting of 150
seedlings, following Schmidt et al. (2024). Frozen root samples were
extracted with 100 pL of 1 M formic acid after the addition of
isotope-labelled internal standards. After centrifugation at 30,000x g at
4 °C, the supernatants were purified using Oasis HLB solid-phase
extraction 96-well plates (10 mg per well; Waters, Milford, MA, USA),
previously conditioned with acetonitrile and 1 M formic acid. The plates
were washed three times with water, and the metabolites were eluted
with 50% acetonitrile in water. Chromatographic separation was per-
formed on a Kinetex EVO C18 column (2.6 pm, 150 x 2.1 mm; Phe-
nomenex, Torrance, CA, USA) using 5 mM ammonium acetate and 2 pM
medronic acid in water as mobile phase A and acetonitrile (95:5, v/v) as
mobile phase B. The gradient was as follows: 5% B at 0 min, 5-7% B
from 0.1 to 5 min, 10-35% B from 5.1 to 12 min, and 35-100% B from
12 to 13 min, followed by a 1-min hold at 100% B and re-equilibration at
the initial conditions. Analyses were performed using a 1290 Infinity II
UHPLC system coupled to a 6495 Triple Quadrupole Mass Spectrometer
(Agilent, Santa Clara, CA, USA). Metabolites were detected by targeted
analysis in multiple reaction monitoring mode using predefined
compound-specific transitions. Data were acquired and processed using
MassHunter software B.08 (Agilent), with peak integration performed
using the Agile2 algorithm followed by manual verification. Absolute
quantification was carried out by isotope dilution using isotope-labelled
internal standards, and metabolite contents were normalised to sample
fresh weight. The targeted metabolites included major classes of plant
hormones, such as abscisic acid (ABA), jasmonates, auxins, cytokinins
and related compounds, as well as phenolic metabolites. Only selected
representative metabolites are reported, and their contents, expressed as
pmol g-! FW, are presented as means & SEM. To highlight variations in
overall metabolite profiles between genotypes and/or treatments, mean
values for each hormone were also Z-normalised and plotted as a heat-
map. Only metabolites showing at least one statistically significant dif-
ference, either between treatments within the same genotype or
between genotypes within the same treatment, were included in the
heatmap.

2.5. Root ROS and RNS analyses

ROS were analysed by evaluating total ROS levels as well as indi-
vidual species, including hydrogen peroxide (H20:) and superoxide
anion (Oze"), through their distribution and accumulation in roots. Ni-
tric oxide (*NO) and peroxynitrite (ONOO™) levels and distribution were
also analysed. The distribution and accumulation of each ROS and RNS
were analysed in the root systems of five seedlings per genotype and
treatment. H20. was detected using the 3,3-diaminobenzidine (DAB;
Sigma-Aldrich) assay, following the procedure of Piacentini et al. (2020)
with slight modifications. Root systems were vacuum-infiltrated for
5 min and then incubated for 1 h at room temperature (RT) in complete
darkness in 1% DAB prepared in Milli-Q water. The pH of the solution
was adjusted to 7.0 with 200 mM NayHPOg4. Oze~ detection was per-
formed using the nitroblue tetrazolium (NBT; Roche Diagnostics Corp.,
GmbH, Germany) assay. Root systems were incubated for 30 min in the
dark at RT in a solution containing 0.5 mg L " of NBT in 10 mM Tris-HCI
buffer (pH 7.40 + 0.05; Merck, Italy). After incubation, roots were
thoroughly washed with Milli-Q water to stop the reaction and observed
under a Leica DMRB brightfield microscope. Images were acquired with
an Optika digital camera (C-P20CC, Optika, Italy) and processed with
OPTIKA PROView image analysis software (version May 2021). Super-
oxide anion level was also quantified spectrophotometrically at 630 nm
using a Shimadzu UV-1280 spectrophotometer (Shimadzu, Japan),
using three aliquots (~30 mg each) per genotype and treatment
collected from 25 seedlings (Vaccarella et al., 2023). Total ROS content
was analysed by incubating the root systems for 30 min at 25°C in
complete darkness in 20 mM HEPES-NaOH buffer (pH 7.4) containing
the general oxidative stress indicator 5-(and—6)-chloromethyl—2,
7'-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H:DCFDA,
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Fig. 1. Immunodetection of CATALASE (CAT) proteins in the roots of 10-day-old Col—0 and cat2—1 seedlings grown in the presence or absence of 60 uM CdSO4
(60 uM Cd). (a) Representative immunoblot obtained using an antibody recognising the three Arabidopsis CAT isozymes. (b) Representative immunoblot obtained
using a CAT2-specific antibody. Equal amounts of total protein (15 pg per lane) were loaded.

Thermo Fisher Scientific, USA). For eNO and ONOO™ detection, root
systems were incubated at 25°C in complete darkness for 30 min and
60 min, respectively, in solutions containing either 10 pM 4-Amino-
—5-Methylamino—2',7-Difluorofluorescein Diacetate (DAF-FM diac-
etate, Thermo Fisher Scientific, USA) in 20 mM HEPES-NaOH buffer (pH
7.4) or 10 uM Aminophenyl fluorescein (APF, Thermo Fisher Scientific,
USA) in 10 mM Tris-HCI buffer (pH 7.4). After incubation, root systems
were rinsed three times with the corresponding buffer to remove excess
probe. Total ROS, eNO and ONOO- fluorescence signals were analysed
using an Axio Imager M2 microscope (Zeiss, Germany) equipped with an
LSM 900 confocal unit and a 488 nm, 10 mW solid-state laser, with
emission collected in a 500-530 nm band. Longitudinal root images
were acquired at different magnifications with a minimum resolution of
1100 x 1100 pixels using Zeiss ZEN 3.1 software.

Fluorescence signals were quantified using ImageJ v1.54d software
by converting images to grayscale and assigning each pixel an intensity
value ranging from 0 (black) to 255 (white) arbitrary units (AUs). To
enhance visualisation without altering the original intensity values, eNO
and ONOO™ images were additionally displayed using the Look-Up
Tables (LUTs) function in ImageJ (Schneider et al., 2012), whereas
ROS images were false-colored red using the same software.

2.6. Cyto-histological analyses

The primary root (PR) region, including lateral root primordia
(LRPs) and mature lateral roots (LRs), from five seedlings per genotype
and treatment was collected for histological analysis. In Control seed-
lings, the apical 3 cm of PRs were excised, whereas in Cd-treated seed-
lings, in which PR length was markedly reduced, the entire primary root
was collected. Samples were fixed in 70% (v/v) ethanol, dehydrated
through a graded ethanol series, embedded in Technovit 7100 resin
(Heraeus Kulzer, Germany), and longitudinally sectioned at 8 ym using
an Epredia HM355S microtome (Epredia, Italy). Sections were stained
with 0.05% toluidine blue and observed under a Leica DMRB brightfield
microscope (Leica Microsystems, Germany). Pericycle cell proliferation
and division planes were evaluated along the PR axis. Meristem orga-
nization and cell differentiation were inferred from cell size, degree of
vacuolisation, and establishment of the quiescent centre (QC).

2.7. Statistical analysis

All experiments were performed in three independent biological
replicates. Quantitative data were analysed by one-way or two-way
ANOVA, followed by Tukey’s post hoc test (P < 0.05), after verifica-
tion of normality with Shapiro-Wilk’s test and homogeneity of variances
with Bartlett’s test. Germination data were analysed using the chi-
square (x*) test. All statistical analyses and data visualisation were
performed using GraphPad Prism software (Version 8.0.2; GraphPad
Software, USA).

3. Results

3.1. The CAT2 isozyme is present in Arabidopsis roots, and its content is
slightly affected by Cd treatment

A PCR-based validation of cat2-1 homozygosity was preliminarily
performed using genomic DNA from Col-0 and cat2-1 seedlings
(Supplementary Methods 1 and Supplementary Fig. 1). Subsequently,
the relative abundance of total CAT-immunoreactive proteins and CAT2
was assessed in the root systems of Col—0 and cat2-1 seedlings using a
general anti-CAT antibody recognising all three CAT isozymes and a
CAT2-specific antibody, respectively (Fig. 1). The same analyses were
also performed on green cotyledons (Supplementary Fig. 3).

In Col—0 roots, a clear CAT-immunoreactive signal was detected,
although it was lower than that observed in green cotyledons (Fig. 1a;
Supplementary Fig. 3a). In cat2-1 roots, the signal detected with the
general anti-CAT antibody was markedly lower than in Col—0. Since no
CAT2-specific signal was detected in the mutant, the residual signal
obtained with the general antibody can be attributed to CAT1 and/or
CAT3. The reproducible reduction in CAT immunoreactivity observed in
cat2-1 suggests that CAT2 may represent a major contributor to the
overall CAT protein pool in Arabidopsis roots. Densitometric analysis
indicated that Cd exposure caused only a modest increase in the relative
total CAT-immunoreactive signal in both Col—0 and cat2-1 compared
with the respective Controls (approximately 17%; Fig. 1a). Similarly, the
CAT2-specific antibody detected a distinct band in Col—0 roots, whose
relative intensity was only slightly higher following Cd exposure, with
an increase of approximately 4% (Fig. 1b). No CAT2-specific signal was
detected in cat2-1 roots under either growth condition, confirming the
absence of detectable CAT2 protein in the mutant.
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Fig. 2. Germination rate (a) and root morphological analyses (b-d) of Col—0 and cat2—1 seedlings grown in the presence or absence of 60 uM CdSO4 (60 pM Cd). (a)
Germination rate (+ SEM) at 48 h, 72 h, and 6 days after sowing. (b) Mean primary root (PR) length (+ SEM) at 48 h, 72 h, 6 days, and 10 days after sowing. (c)
Mean number of lateral root primordia (LRPs) (& SEM) and mean number of mature lateral roots (LRs) (- SEM) at 10 days from sowing. Statistical comparisons were
performed between treatments within the same genotype and time point and between genotypes within the same treatment and time point. *, P < 0.05; **, P < 0.01;
*#% P < 0.001; **** P < 0.0001. Data are from the first biological replicate. N = 25. (d) Representative images of Col—0 and cat2—1 seedlings grown with or
without 60 uM Cd after 48 h (insets), 72 h, 6 days and 10 days after sowing. Arrowheads indicate LRs in Col—0 under Control treatment. Scale bars = 1 cm.

3.2. The cat2 mutation impairs root system architecture and this effect is
hidden by Cd stress

The germination rate was comparable between Col—0 and cat2-1 at
all the observed time points (i.e. 48 h, 72 h, 6 days after sowing), indi-
cating that the absence of CAT2 does not affect Arabidopsis germination
(Fig. 2a). Cadmium treatment caused a delay in seed germination in
both genotypes, as a significantly lower germination rate was observed
at 48 h compared with the Control. However, this delay was fully
recovered at later time points, when germination rates became compa-
rable to those of the Control (Fig. 2a). Under Control conditions, PR
length was comparable between the two genotypes at all time points,
except at day 10 after sowing, when cat2-1 showed a PR length
approximately 21% shorter than that of Col—0 (Fig. 2b,d). This reduc-
tion was not caused by a germination delay induced by the mutation
(Fig. 2a) but rather appeared to result from an arrest in PR elongation.

Cadmium exposure significantly reduced PR length with a compa-
rable effect in Col—0 and cat2-1, as early as 48 h after treatment. Spe-
cifically, relative to the Control, the reduction in PR length under Cd
exposure was approximately 27%, 63%, 85%, and 90% at 48 h, 72 h, 6
days, and 10 days after sowing, respectively (Fig. 2b,d). Since the
mutation-induced phenotype in PRs was detected specifically 10 days

after sowing, the number of LRPs and LRs was also quantified at this
time point (Fig. 2c), and their density determined (Supplementary
Fig. 4). Regarding the LRPs, their mean number was comparable be-
tween Col—0 and cat2-1 seedlings under Control conditions.

In contrast, the mutant exhibited a significant reduction in the mean
number of LRs (arrowheads in Col—0), by 48.6% compared to Col—0
(Fig. 2c-d), despite both genotypes showing a comparable density of
LRPs plus LRs (Supplementary Fig. 4). Cadmium treatment exerted a
strong and similar negative effect on LR formation in both cat2-1 and
Col—0, significantly reducing the mean number of LRPs by 88% and
85% respectively, and that of LRs by 78% and 90% (Fig. 2c,d). Collec-
tively, these results suggest that CAT2 contributes to the regulation of
root system architecture under physiological conditions, particularly by
affecting LRP development and confirm Cd as a strong stressor for root
system development, with detectable effects already after 48 h of
exposure.

3.3. The cat2 mutation and the Cd stress alter the hormonal and phenolic
metabolism in Arabidopsis roots

The metabolite profiling of the roots of 10-day-old Col—0 and cat2-1
seedlings, either exposed or not to Cd, highlighted a total of detected and
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Fig. 3. (a-g) Bar plots of the mean concentrations (pmol g-* FW + SEM) of the most representative bioactive metabolites, belonging to ABAs (dark and light purple),
JAs (dark and light orange), auxins (dark and light red), or CKs (dark and light grey) classes and present in the root system of 10-day-old Col—0 and cat2—1 seedlings
grown in the presence or absence of 60 uM CdSOa. (Cd). Statistical comparisons were performed between treatments within the same genotype and between ge-

notypes within the same treatment.

*, P <0.05; **, P < 0.01; ***, P < 0.001; ****,

P < 0.0001. N = 3. (h) Heatmap of the targeted metabolites. The colour scale

represents z-normalised values of each metabolite across samples, with yellow indicating higher concentrations and blue indicating lower relative concentrations.
Abbreviations: ABAs, abscisic acid and related compounds; CKs, cytokinins; IAA, indole—3-acetic acid; IAM, indole—3-acetamide; JAs, jasmonates; JA, jasmonic acid;
JA-Ile, jasmonoyl-L-isoleucine; PA, phaseic acid; PHs, phenolic metabolites; iP, isopentenyl adenine; tZR, trans-zeatin riboside.

quantified 53 compounds, including active hormones, their precursors
and conjugated or catabolized forms, belonging to five classes: abscisic
acids (ABAs), jasmonates (JAs), auxins, cytokinins (CKs) and phenolic
compounds (PHs). Overall, both the mutation and Cd significantly

affected the levels of 38 of the highlighted metabolites, often resulting in
their upregulation, with some combined effects observed, particularly
for auxins and cis-zeatin-type CKs (Fig. 3).

The compounds exhibiting the most significant changes among
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Fig. 4. Representative images of DAB (a-h) and NBT (i-p) histochemical staining, showing H>O5 (dark brown) and O3~ accumulation (dark blue), respectively, in the
primary roots (PRs) and lateral root primordia (LRPs) of 10-day-old Col—0 and cat2—1 seedlings grown in the presence or absence of 60 uM CdSO4 (60 uM Cd).
Images are representative of three biological replicates. The arrowhead in (a) indicates signal presence in the PR elongation zone, arrowhead in (b) indicate signal
presence in the LRP basal portion, in (d) signal presence in the LRP protoderm, in (e) signal presence in the PR meristem and elongation zone, in (g) signal presence in
PR meristem, in (k) and (m) signal presence in the PR inner tissues and in (1) signal absence in the LRP protoderm. Bars = 50 pm (d), 100 pm (b,c,f,h-p insets in a,e,g,

h), 200 pm (a,e,g).

genotypes or treatments are described below (Fig. 3), with additional
details provided in Supplementary Figure 5.

The ABA metabolites, particularly phaseic acid (PA), accumulated in
the roots of Col-0 at higher concentrations than in those of cat2-1
(Fig. 3a). However, Cd induced a significant increase in PA in the
mutant, which reached levels comparable to the wild-type (Fig. 3a,h).
Jasmonic acid (JA) and the jasmonate-isoleucine conjugate (JA-Ile)
exhibited similar levels in both genotypes under Control conditions
(Fig. 3b,c), and Cd significantly increased their levels, but only in Col—0
(Fig. 3b,c,h). Similar to JAs, auxins (including bioactive forms, pre-
cursors, catabolic products, and amino acid conjugates) were present at
comparable levels in the two genotypes under Control conditions, as
exemplified by indole—3-acetic acid (IAA) and indole—3-acetamide

(IAM) (Fig. 3d,e,h). However, Cd treatment resulted in significantly
greater accumulation of these molecules in cat2-1 roots than in wild-
type roots (Fig. 3d,e). Cytokinin metabolites, particularly of the trans-
zeatin (tZ)-types, accumulated to higher levels in cat2-1 than in the
wild-type, as reported for tZ-riboside (tZR) (Fig. 3 f,h). However, their
levels markedly decreased in the mutant roots under Cd exposure,
becoming negligible as in the wild-type under the same treatment
(Fig. 3 f,h). By contrast, cZ-type CKs were at comparable levels between
the two genotypes in Control conditions, with a preferential increase
observed in cat2-1 after Cd treatment (Fig. 3 h). Other cytokinins, such
as the bioactive isopentenyl adenine (iP), were also present at compa-
rable levels in both genotypes in the absence of Cd-stress and showed a
similarly significant increase upon Cd exposure (Fig. 3 g,h).
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Fig. 5. Representative confocal microscopy images showing nitric oxide (*NO) (a-h) and peroxynitrite (ONOO") (j-q) signals in the primary roots (PRs) and lateral
root primordia (LRPs) of 10-day-old Col—0 and cat2—1 seedlings grown in the presence or absence of 60 uM CdSO4 (60 uM Cd) and treated with the fluorescence
probe DAF-FM DA or with APF, respectively. The colour scale bar on the left indicates fluorescence intensity (min-max) according to the applied LUT. Arrowheads in
(a) and (e) indicate signal presence in the PR elongation zone, in (b) and (j) signal presence in the PR epidermis, in (p) signal presence in the PR root hairs and in (0)
and (q) signal absence in a LRP. (i,r) Bar plots showing the mean values of the *°NO (i) and ONOO- (r) fluorescence signals, expressed in arbitrary units (AUs &= SEM).
Statistical comparisons were performed between treatments within the same genotype and between genotypes within the same treatment. ****, P < 0.0001. The m
symbol indicates that fluorescence quantification was not performed due to the limited number of LRPs. Bars = 25 pm (insets in g,j,1,n,p); 50 pm (inset in a, b,d,inset
in e,f,h,k,m,0,q); 100 pm (a,c,e,g,j,n); 200 pm (L,p). N = 15.
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Finally, some PHs, such as salicylic acid glucoside (SAG), phenyl-
acetamide (PAAM) and ferulic acid, were more abundant in the roots of
cat2-1 compared to Col—0 under Control conditions. Cadmium treat-
ment differentially modulated their levels, increasing them in Col—0
while decreasing them in the mutant, ultimately resulting in comparable
concentrations between the two genotypes (Fig. 3 h; Supplementary
Fig. 5).

Taken together, these results indicate that both the loss of CATA-
LASE2 and the Cd exposure deeply alter the hormonal and phenolic
metabolism of the Arabidopsis roots. In particular, cat2-1 mutation
significantly impacts cytokinin metabolism, especially that of tZ-type
compounds, whereas Cd primarily affects the levels of JAs and certain
phenolic compounds.

The combined effects of the mutation and Cd exposure resulted in
hormone-specific responses, with some effects being synergistic, such as
the increase in IAM levels, and others antagonistic, such as the decrease
in JA levels. These findings suggest a complex cross talk among hor-
monal pathways in response to CAT2 loss and Cd-induced stress.

3.4. CAT2 affects the accumulation and spatial distribution of ROS in the
root system, with differences between primary roots and lateral root
primordia

To further investigate the effects of the cat2 mutation on PR devel-
opment and on LRP formation, the accumulation and spatial distribution
of the major ROS, i.e., HyO5 and O3, were analysed in both genotypes in
the presence or absence of Cd (Fig. 4; Supplementary Figs. 6 and 7).

In Col—0 roots under Control conditions, the H20: signal, detected by
DAB staining as a dark brown cellular precipitate, was weakly detectable
and primarily localised in the elongation zone of the PR (Fig. 4a,
arrowhead), whereas no signal was detected in the differentiated region
(Fig. 4a, inset). In LRPs, H20: staining was not detected, except for a
faint signal at the basal region (Fig. 4b, arrowhead). Upon Cd exposure,
the H20: signal in Col—0 PR was more evident and was detected mainly
in the root meristem, while it was not observed in the elongation zone
(Fig. 4c). Furthermore, Cd treatment induced Hy0, staining in the LRP
protoderm (Fig. 4d, arrowheads). In cat2-1 seedlings not exposed to Cd,
the H20: signal was more readily detectable than in Col-0 and was
detected in both the PR root meristem and elongation zone (Fig. 4e,
arrowheads), extending at lower intensity into the differentiation region
(Fig. 4e, inset). Similar to Col—0, H20: staining in cat2-1 LRPs was
mainly confined to the basal region. However, unlike in Col—0, the
signal was more intense and slightly extended toward the margins of the
primordium (Fig. 4f). Cadmium exposure resulted in an H20: local-
isation pattern in cat2-1 similar to that observed in Col—0 under the
same conditions, though cat2-1 exhibited more evident staining,
particularly in the PR meristem and in the basal portion of the LRPs
(Fig. 4g, arrowhead; Fig. 4h, inset). However, unlike Col—0, H0-
staining was also detectable in the differentiated region of the PRs
(Fig. 4g, inset).

The O3 signal, detected by NBT staining through formazan forma-
tion, showed a different distribution pattern. In Col—0 roots not exposed
to Cd, O3 staining was weakly detectable and mainly localised in the
elongation and differentiation zones of the PR (Fig. 4i). No O3~ accu-
mulation was observed in LRPs, except for a limited signal in their basal
portion (Fig. 4j). Cadmium exposure resulted in a more evident O3~
signal in both PRs and LRPs of Col—0. Specifically, in the PRs, the signal
was detected in the meristematic region and in the inner tissues of the
elongation zone (Fig. 4k, arrowhead), whereas in LRPs it extended
throughout the entire structure, except for the protoderm (Fig. 41, ar-
rowheads). In cat2-1 seedlings not exposed to Cd, O3~ staining was more
evident in both PRs and LRPs than in Col—0 (Fig. 4m-n and i-j in com-
parison). In particular, in the PRs, the signal was mainly observed in the
elongation zone (Fig. 4m, arrowhead), gradually decreased towards the
differentiated region, and remained detectable in the stele (Fig. 4m).

In contrast, LRPs showed a variable pattern of O3 distribution: in
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some primordia, the signal extended throughout the entire structure; in
others, it was restricted to the central cells (Fig. 4n), and in a few cases it
was not detected. As in Col-0, Cd treatment in cat2-1 was associated
with a broader and more evident 02" staining pattern in both PRs and
LRPs than under Control conditions. Notably, in the mutant, a strong
03 signal was detected in the meristematic regions of the PRs, and in
the entire LRPs, mainly their basal part (Fig. 40,p).

Consistent with these histochemical observations, absorption spectra
of formazan obtained from extracts of Col—0 and cat2-1 seedlings
showed a 49% higher O3 signal in cat2-1 than in Col—0 under Control
conditions. Cd-treatment further increased O3~ accumulation by 29% in
Col—0 seedlings only (Supplementary Fig. 6).

To further investigate ROS distribution and accumulation in PRs and
LRPs of both genotypes, root systems were also analysed with the ROS-
sensitive fluorescent probe CM-H2DCFDA by confocal laser scanning
microscopy (Supplementary Fig. 7). This analysis, together with fluo-
rescence quantification, supported the presence of a broader ROS-
associated signal in cat2-1 roots than in Col—0, particularly in PRs
and, to a lesser extent, in LRPs, with the most extensive signal observed
after Cd treatment.

Taken together, these results indicate that CAT2 influences ROS
distribution patterns in Arabidopsis roots, with differences between PRs
and LRPs. Cadmium treatment was associated with changes in ROS
localisation in both genotypes, particularly in the apical region of the
PR, and with distinct distribution patterns depending on the ROS
considered. Quantitative analyses further supported genotype- and
treatment-dependent differences in ROS accumulation. In addition, Cd-
induced changes in ROS-related signals were more pronounced in cat2-1
than in Col—0.

3.5. The cat2 mutation increases nitric oxide ("NO) accumulation in
primary roots but not in lateral root primordia

Using fluorescent probes and confocal microscopy, we evaluated the
localisation and relative accumulation of *NO and ONOO- in the roots of
Col—0 and cat2-1 seedlings, either exposed or not to Cd. In Col—0 PRs
not exposed to Cd, the *°NO signal was mainly localised in the epidermis
and cortical parenchyma of the elongation and differentiation zones,
with a weak fluorescence also observed in the basal part of the meristem
and in the root cap (Fig. 5a, inset and arrowhead). In LRPs, the *NO
signal was very weak and confined to the protoderm (Fig. 5b,
arrowhead).

Cadmium treatment markedly increased the *NO signal compared
with the Control, particularly in the outer tissues of the PR apices,
without significantly affecting either its intensity or spatial distribution
in LRPs (Fig. 5¢,d,i).

In cat2-1 PRs not exposed to Cd, the *NO fluorescence was signifi-
cantly higher than in Col—0, while maintaining a similar localisation
pattern, except for a more evident signal in the root cap (Fig. Se, inset
and arrowhead). In contrast, LRPs displayed a *NO-related signal pattern
comparable to that observed in Col—0 (Fig. 5f,i). Cadmium treatment
further increased the *NO fluorescence in cat2-1 PRs, whereas no sig-
nificant changes were detected in LRPs (Fig. 5g,h,i).

In Col—-0 PRs under Control conditions, the ONOO" signal was low
and mainly localised in the epidermis of the elongation zone (Fig. 5j,
inset and arrowhead), whereas it was almost undetectable in LRPs
(Fig. 5k). Cadmium treatment significantly increased ONOO- fluores-
cence in the outer tissues of Col—0 PRs, whereas LRPs were unaffected
(Fig. 51, inset; Fig. 5m,r). Under Control conditions, cat2-1 PRs showed
similarly low ONOO" signal intensity and localisation as Col—0 PRs, and
the same undetectable signal in LRPs (Fig. 5n, inset; Fig. 5o,arrowhead,
r). Upon Cd exposure, cat2-1 PRs exhibited a significant increase in
ONOO- fluorescence, comparable in intensity to that observed in Col—0
PRs, but with a broader spatial distribution extending to root hairs and
cortical parenchyma cells (Fig. 5p, inset and arrowhead; Fig. 5r). In
contrast, the ONOO™ signal remained low in LRPs (Fig. 5q, arrowhead).



D. Piacentini et al. Environmental and Experimental Botany 248 (2026) 106406

-U
:
1"
i
'3
.
=
$
L
.
t
¥y
5
b

Pibars

1

TR
3 ‘l)ﬁi:'ggj

Fig. 6. Histological images of lateral root primordia (LRPs) at different developmental stages (a-i) and of an emerging lateral root (LR) in 10-day-old cat2—1
seedlings grown in the absence of 60 uM CdSO4 (Control). Main panels show cat2—1 LRPs; insets show Col—0 LRPs at the same developmental stages. Insets show the
regular PR pericycle divisions (a-b), LRPs (c-h) or LR (i) of Col—0 seedlings. Images are representative of three biological replicates. Arrowheads in (a) indicate an
anomalous cell proliferation activity, in (b) and (g) anomalous cell divisions and in (d) and (h) large vacuoles in prematurely differentiated cells. The black
arrowhead in the inset in (b) indicates regular anticlinal cell divisions. Black circles in inset in (h) and in (i) mark the regular quiescent centre cells. Bars = 25 pm (b-h

and insets); 50 pm (inset in i);100 pm (a,inset,i).
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Fig. 7. Histological images of lateral root primordia (LRPs) at different developmental stages (a-d) and of lateral roots (LRs) (e,f) in 10-day-old cat2—1 seedlings
grown in the presence of 60 pM CdSO,4 (60 pM Cd). Main panels show cat2—1 LRPs and LRs; insets show Col—0 LRPs and a LR at the same developmental stages.
Insets show a PR (a), a LRP (c) and a LR (e) of Col—0 seedlings grown in the presence of 60 uM Cd. Images are representative of three biological replicates. Ar-
rowheads (a) and (b) indicate anomalous cell divisions. Black circle in the inset in (e) marks the quiescent centre cells. Bars = 25 pm (b,c); 50 pm (a, inset in a, inset in

c,d-f); 100 pm (inset in e).

Overall, these results indicate that the absence of CAT2 is associated
with enhanced *NO-related signal in the PR, without major changes in
the spatial distribution of either RNS analysed. Cadmium exposure
increased eNO- and ONOO™-related signals in the PRs of both genotypes,
although the APF fluorescence showed a broader spatial distribution in
cat2-1. In contrast, RNS-related signals in LRPs remained largely unaf-
fected by either genotype or Cd exposure, indicating a root-type-specific
response.

3.6. The cat2 mutation negatively affects LRP initiation and development
and enhances Cd-induced cyto-histological damage

Given the observed effects of the cat2 mutation on the development
of the PR and LRPs, as well as on the accumulation and distribution of
RNS and specifically on the ROS-related signals within these roots, a
detailed cyto-histological analysis of Col—0 and cat2-1 PRs, either

11

exposed or not exposed to Cd, was conducted, particularly during the
early stages of LRP formation. In cat2-1 PRs, not exposed to Cd, a
consistent and anomalous increase in pericycle cell proliferation was
observed (Fig. 6a, arrowheads) compared to wild-type (Fig. 6a, inset).
Notably, in cat2-1, the first divisions in LRP-founder cells of the peri-
cycle were mainly periclinal (Fig. 6b, arrowhead), in contrast to the
canonical anticlinal pattern of Arabidopsis LRP initiation (Fig. 6b, inset)
(Malamy and Benfey, 1997). As a result, overlapping layers of irregular,
newly formed cells were recurrently produced (Fig. 6¢,d) instead of the
two distinct layers needed for proper LRP formation as, in fact, seen in
the wild-type (Fig. 6c, inset; Fig. 6d, inset). As a consequence, cat2-1
LRPs failed to establish a well-defined meristematic dome, resulting in
irregular structures (Fig. 6e-g). These altered domes were characterised
by the random presence of prematurely differentiated cells, identifiable
by large vacuoles (Fig. 6d, arrowhead; Fig. 6h, arrowhead), and by
anomalous cell division planes (Fig. 6g, arrowheads). Moreover, these
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irregular domes failed to specify a proper protoderm or to establish a
correct quiescent centre (QC) (Fig. 6g-h), in contrast to what observed
in Col—0 (Fig. 6h, inset and Fig. 6i). These defects persisted in the few
LRPs that developed into LRs, which showed altered strands of pro-
cambial cells and irregular division activity in the protoderm and sub-
tending layer (Fig. 6i).

In cat2-1, Cd exposure further exacerbated these cyto-histological
alterations (Fig. 7). In particular, enhanced proliferation of the PR
vascular parenchyma and abnormal pericycle activity were observed
(Fig. 7a, arrowheads), together with numerous periclinal divisions in the
pericycle cells (Fig. 7b, arrowheads), which generated overlapping cell
layers (Fig. 7b), resulting in highly distorted LRP structures (Fig. 7c).
These malformed domes consisted of differentiated cells that were un-
able to establish a functional root meristem. Similar alterations were
observed in Cd-treated Col—0 roots, but they were generally less pro-
nounced and less widespread (Fig. 7a, inset; Fig. 7c, inset). Although
some LRPs developed a nearly regular dome shape, many of their cells
were vacuolated and unable to establish a functional QC (Fig. 7d).
Consequently, the few developing LRPs gave rise to highly anomalous
LRs characterized by profound alterations at the root apex, including
disorganization of the meristematic tissue architecture, cellular hyper-
trophy, precocious cellular differentiation, reduction of meristematic
cells and, consequently, changes in meristem size, as well as loss of QC
definition (Fig. 7e,f). In addition, in some cases, the apex consisted only
of differentiated cells, which were hypertrophic and often underwent
lysis (Fig. 7f). Even in Col—0 exposed to Cd, the elongated LRs showed
histological alterations, with a partially disorganised root meristem but
with a still detectable QC (Fig. 7e, inset).

Overall, the cyto-histological analysis reveals that the absence of
CAT2 leads to pronounced alterations in LRP formation, including
altered division-plane orientation in founder pericycle cells, premature
cell differentiation, disorganised meristematic domes, and the absence
of a clearly identifiable QC. Cadmium exposure further amplifies these
defects, highlighting the combined impact of CAT2 deficiency and the
metal stress in affecting root developmental plasticity.

4. Discussion

In this study, using Arabidopsis thaliana cat2-1, a mutant line lacking
the CAT2 gene encoding the isozyme responsible for the main CAT ac-
tivity (Bueso et al., 2007), we uncover a direct involvement of the CAT2
protein in the development of the Arabidopsis root system, both in the
absence and presence of Cd-induced stress. Specifically, the lack of CAT2
alters phytohormone and phenolic compound homeostasis and affects
the development of the PR and of post-embryonic-derived LRs by
modifying ROS and RNS distribution and accumulation in root tissues,
with most of these alterations being further exacerbated under Cd
exposure. Interestingly, most of the alterations observed in cat2-1 roots
under Control conditions resembled those induced by Cd treatment in
wild-type seedlings, particularly with respect to ROS accumulation. This
further supports the role of CAT2 in sustaining root system development
through the maintenance of redox homeostasis. Indeed, in the root
meristem, ROS accumulate differentially along the
proliferation-to-differentiation axis, establishing redox gradients that
regulate cell cycle progression, meristem maintenance, and cell differ-
entiation  (Tsukagoshi et 2010). Therefore, impaired
CAT2-dependent ROS scavenging may disturb these spatial redox cues,
thereby contributing to the altered cell division and differentiation
patterns observed in cat2-1 roots. In addition, our data reveal a differ-
ential response of LRs and the PR, with the mutation exerting stronger
effects on LR formation and development. This supports a direct role for
CAT2 in Arabidopsis root system development, beyond its involvement
in stress-response regulation.

al.,
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4.1. CAT2 protein is present at substantial levels in the Arabidopsis root
system and increases in response to Cd

Using immunodetection analyses, we showed that CAT2 is present at
appreciable levels within the Arabidopsis root system (Fig. 1). The
marked reduction in the total CAT immunoreactive signal observed in
cat2-1 roots, which lack CAT2, suggests that CAT2 may represent a
major contributor to the overall catalase pool in this organ, although the
contributions of CAT1 and CAT3 cannot be determined from the present
analysis. This interpretation is consistent with the decrease in total CAT
activity reported in Arabidopsis roots following the loss of CAT2, but not
CAT1 or CATS3, function (Yang et al., 2019).

Most studies addressing the role of CAT in plant responses to envi-
ronmental stresses, including heavy metal exposure (Leung, 2018; Raza
et al., 2025), have primarily focused on aerial organs or on the whole
plant, without considering the specific contribution of CAT to root sys-
tem development. Because total CAT levels are substantially higher in
leaves than in roots (Chioti and Zervoudakis, 2017), as also confirmed in
this study (Fig. 1; Supplementary Fig. 3), whole-plant analyses may
mask root-specific responses and thereby underestimate the role of these
proteins in root development under physiological conditions as well as
in stress adaptation. Here, we show that Cd treatment slightly increases
the total CAT protein pool in roots, suggesting increased CAT protein
accumulation in response to heavy metal stress. However, this may not
directly translate into increased enzymatic activity, as enzyme activity is
regulated by multiple factors, including post-translational modifications
and the cellular redox environment. By contrast, Glycine max plants
exposed to 200 pM CdCl> showed a decline in total root CAT activity
(Balestrasse et al., 2008), while Triticum aestivum seedlings exposed to
arsenic for 48 h exhibited reduced expression of CAT1, CAT2, and CAT3
genes in roots (Tyagi et al., 2021). However, in line with our results, CAT
expression and enzyme activity in Arundo donax and Agave sisalana roots
increased in response to Cd exposure (Santoro et al., 2022; Li et al.,
2023). These discrepancies in CAT dynamics in roots highlight the
importance of clarifying the role of CAT isozymes in root development
under both stress and non-stress conditions. They also indicate that the
type of pollutant, the nature and duration of the stress, the plant species,
the root type, and the specific CAT isozyme should all be considered
when evaluating the role of CAT in stress responses.

4.2. Phytohormone and phenolic compound homeostasis is altered by the
lack of CATZ2 in the root system

We demonstrate that the absence of CAT2, under physiological
conditions, alters the content of key phytohormones and phenolic
compounds in the root system (Fig. 3). Specifically, the cat2-1 root
system showed a significant increase in trans-zeatin (tZ)-type cytokinins,
particularly tZ riboside (tZR), and in most phenolic compounds. In
contrast, the levels phaseic acid, a major ABA catabolite, were
decreased, whereas auxins and JAs levels remained unaffected. tZR is a
major tZ-type cytokinin and may contribute to cytokinin activity after
conversion to active forms, with important roles in plant performance
under both normal and stress conditions (Frank et al., 2020; Zaheer
et al., 2024). The elevated tZR levels observed in cat2-1 roots may be
associated with ROS-dependent changes in cytokinin metabolism,
possibly involving cytokinin oxidase/dehydrogenase (CKX) enzymes,
which catalyse the irreversible degradation of cytokinins with
substrate-specific affinities and efficiencies (Cueno et al., 2012). In
addition, isopentenyl adenine (iP) levels were similar in both genotypes
and increased similarly in response to Cd. This indicates that these two
major isoprenoid-type cytokinins, despite belonging to the same hor-
monal class, respond differently to CAT2 deficiency and Cd exposure,
likely reflecting regulation through distinct biosynthetic and/or signal-
ling pathways (Sakakibara, 2006). Jasmonates and CAT are known to
interact in physiological processes occurring in aerial organs, including
stomatal closure and leaf senescence (Jannat et al., 2012; Zhang et al.,



D. Piacentini et al.

2020). However, CAT2 does not appear to affect the levels of bioactive
JAs in leaves, since JA and JA-Ile levels in the wild-type and in cat2-1
were essentially similar. In contrast, the mutant displays a marked
accumulation of OPDA and of hydroxylated, glucosylated, and sulfated
derivatives of JA and JA-Ile (Lelarge-Trouverie et al., 2023). Consis-
tently, our results show that JA and JA-Ile levels are comparable in the
root systems of wild-type and cat2-1, whereas higher levels of
JA-derivatives, such as dihydrojasmonic acid, are detected in the mutant
line. Together, these observations suggest that, under physiological
conditions, the interaction between CAT2 and JA or JA-Ile does not lead
to changes in bioactive JA, but rather to a reallocation of jasmonate
metabolites.

In addition, Cd exposure did not increase root JA or JA-Ile levels in
cat2-1, whereas both metabolites increased in the wild-type, suggesting
that CAT2 contributes to jasmonate homeostasis under Cd stress. In line
with this, under pathogen infection, CAT2 has been shown to actively
promote JA production through its interaction with the JA-biosynthetic
enzymes ACX2 and ACX3 in peroxisomes, and accordingly, cat2-1 shows
reduced JA levels (Yuan et al., 2017).

Surprisingly, the levels of the auxin IAA and of its biosynthetic pre-
cursor JAM were not significantly altered in cat2-1 roots compared to
the wild-type. This finding contrasts with previous reports of reduced
IAA levels in Arabidopsis cat2-1 plants (Gao et al., 2014; Yuan et al.,
2017). This discrepancy is particularly noteworthy because cat2-1 is
characterised by enhanced photorespiratory H20: production, and
photorespiration-derived H20: has been shown to influence auxin
biosynthesis by modulating the expression of genes involved in
Trp-dependent IAA biosynthesis and IBA-to-IAA conversion, at least in
rice (Li et al., 2021).

The discrepancy between our results and previous reports obtained
in Arabidopsis cat2-1, may be explained by several experimental dif-
ferences. First, our analyses were specifically performed on roots,
whereas previous studies focused on aerial tissues or whole-plant, sug-
gesting that the relationship between photorespiratory H202 and auxin
metabolism may be organ-specific. Second, photorespiration is a light-
dependent process, and differences in light conditions between studies
may have influenced the extent of H-0: production and its downstream
effects on auxin biosynthesis. Finally, our experiments were performed
on 10-day-old seedlings, whereas previous studies used more mature
plants, at a developmental stage where auxin metabolism may differ
considerably.

Interestingly, Cd treatment affected IAA and IAM levels only in
cat2-1 roots, increasing their accumulation and suggesting a compen-
satory adjustment of auxin metabolism in the absence of CAT2. This
highlights a possible role for CAT2 in the regulation of root auxin ho-
meostasis in response to environmental pollutants, at least Cd, although
the underlying mechanism remains to be fully characterised.

Finally, we found that cat2-1 roots accumulate higher levels of
phenolic compounds, particularly SAG, PAAM and ferulic acid.
Regarding the possible roles of these phenolics, SAG, an inactive glu-
cosylated form of SA, may contribute to buffering SA-dependent redox
signalling, since SA is known to be a key regulator of redox responses
that can also promote ROS overproduction (Saleem et al., 2021).
Consistently, Lelarge-Trouverie et al. (2023) found increased levels of
SA and its glucosylated form SAG in cat2-1 leaves compared with the
wild-type, interpreting this as part of a compensatory response to
oxidative stress induced by the mutation. The increases in PAAM and
ferulic acid may also contribute to limiting excessive ROS accumulation,
given their antioxidant activity (Pattanashetty et al., 2018; Khan et al.,
2024). However, Cd exposure reduced the levels of these compounds in
cat2-1 roots. In this regard, the decreased SAG accumulation might
indicate the activation of SA-mediated stress responses, while the
reduction in ferulic acid may result from impaired antioxidant metab-
olite accumulation caused by excessive ROS production.
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4.3. CAT2 is involved in primary root elongation, lateral root formation,
and in modulating root ROS- and RNS-related patterns

We showed that the cat2-1 mutant exhibits reduced PR elongation,
regardless of Cd application, starting from 10 days after sowing (Fig. 2).
This finding is consistent with the results of Yang et al. (2019), who also
reported reduced PR elongation in cat2-1 under physiological condi-
tions. According to these authors, the PR growth inhibition was allevi-
ated or completely restored by the addition of sucrose to the growth
medium or by elevated atmospheric COz, thus highlighting an important
role of the photosynthetic and photorespiratory pathways of the aerial
organs in affecting PR elongation (Yang et al., 2019). Conversely, we
here show that PR elongation is reduced in cat2-1, despite the presence
of sucrose in the growing medium, at concentrations comparable to
those previously reported by the authors. Thus, it is possible that the
arrest in PR elongation can be directly attributed to alterations in the
root apex itself (i.e., the root part responsible for elongation), associated
with mutation-induced redox imbalance, as suggested by our ROS and
RNS analyses rather than to an indirect effect arising from the
mutation-induced effects in aerial organs (Figs. 4, 5 and Supplementary
Fig. 7).

Although a reduced PR elongation is often compensated by an
increased LR production (Ingram et al., 2011), this was not the case for
cat2-1 under our growth conditions. Instead, we observed a decrease in
LR formation. This is consistent with Bueso et al. (2007), who reported
fewer LRs in Arabidopsis cat2-1, a phenotype that the authors attributed
to the mutant’s reduced sensitivity to ethylene, a known positive regu-
lator of LR development via NAC2.

Additionally, the same reduced LR production observed in the cat2/3
double mutant was linked to a reduced sensitivity to IBA, an auxin
widely known to induce LR. This effect was attributed to impaired
peroxisomal B-oxidation caused by the mutation, which may affect IBA-
to-IAA conversion (Schlicht et al., 2013; Su et al., 2018).

Consistent with these observations, our metabolomic analysis
(Fig. 3) revealed a trend toward lower accumulation of IAA and several
of its conjugated derivatives, including IAA-Asp, IAA-Glu, and IAA-GE,
in cat2-1 roots under Control conditions. Given the central role of
auxin accumulation in pericycle cells as an instructive trigger for their
re-specify into lateral root founder cells (Dubrovsky et al., 2008), and
the critical role of local auxin maximum definition in the nascent LRPs
(Péret et al., 2009; Fattorini et al., 2017) even a subtle reduction in auxin
availability could underlie the impaired LR formation observed in
cat2-1. Auxin-responsive reporters such as DR5 in cat2-1 background
could be used in future studies to further refine the spatial interpretation
of this response at the tissue level.

Our cyto-histological analysis shows that LR defects in cat2-1 result
from altered cell division activity in the pericycle, the tissue typically
responsible for LR formation, as well as from abnormal patterns of cell
differentiation and division in the root meristem (Figs. 6 and 7).
Consequently, many LRPs fail to develop into mature LRs. Our histo-
chemical and confocal microscopy analyses suggest that the alterations
observed during the early stages of LRP development, both in primor-
dium cell division-plane orientation and in the proliferation of the
competent tissues, arise from changes in the accumulation and spatial
distribution of root RNS and, in particular, of ROS, with possible con-
sequences at the cytoskeletal level (Figs. 4 and 5). Indeed, changes in
root ROS accumulation are known to profoundly alter the organisation
of the tubulin cytoskeleton during interphase, preprophase, and the
different stages of the mitotic cycle and phragmoplast formation,
thereby having a substantial impact on the proper progression of cell
division in this organ (Livanos et al., 2012, 2017). Consistent with this,
Arabidopsis lines with induced microtubule depolymerisation exhibit an
altered LRP morphology (Stockle et al., 2022), closely resembling that
observed here in cat2-1.

Furthermore, the altered LR development observed in cat2-1 may
also be related to a mutation-induced disruption of ROS gradients within
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Fig. 8. Representative illustration highlighting the main differences between wild-type (Col-0, left) and cat2—1 mutant (right) in root morphology, metabolite
content, ROS/RNS accumulation/distribution, and LR development in 10-day-old Arabidopsis thaliana seedlings grown under Control conditions. Compared with
Col-0, cat2—1 displays a shorter PR, reduced LR formation, and altered levels of key metabolites, including jasmonates (JA, orange bubble), phenolics (SAG, yellow
bubble), cytokinins (tZR, purple bubble), and auxins (IAA, red bubble) (top right). Differences in metabolite content between cat2—1 and Col—0 are represented
proportionally by bubble size. cat2—1 shows altered LRP development due to defects in founder cell division and altered differentiation patterns, leading to
morphological abnormalities and developmental arrest (bottom right). The figure schematically depicts these alterations at stages I, II, V, and VII of LRP development
according to Malamy and Benfey (1997). In Col—0, LRP development proceeds normally beyond stage VII, with the establishment of the quiescent centre occurs
(black cells) (bottom left). cat2—1 displays altered accumulation and distribution of major ROS and RNS within the root cells, in the PR tips and in stage VII LRPs. The
distribution of each reactive species is indicated by distinct colours: blue for superoxide (O2°"), pink for hydrogen peroxide (H202), green for nitric oxide (NO), and
violet for peroxynitrite (ONOO"). Differences observed between Col—0 and cat2—1 under Cd treatment are discussed in the main text. IAA = indole—3-acetic acid; JA
= jasmonic acid; LR = lateral root; LRP = lateral root primordium; PR = primary root; ROS = reactive oxygen species; RNS = reactive nitrogen species; SAG =

salicylic acid glucoside; tZR = trans-zeatin riboside.

the developing primordium itself. As previously discussed, disruption of
the ROS gradient along the root meristem-elongation—differentiation
axis in Arabidopsis can compromise both the maintenance of the root
stem cell niche and proper organ differentiation. In this context, CAT2,
together with UPB1-mediated redox regulation, may contribute to pre-
serving the spatial redox balance required for normal root development
(Tsukagoshi et al., 2010). Supporting this hypothesis, we demonstrate
that the cat2-1 roots display an enhanced accumulation and altered
spatial distribution of ROS, particularly of H02 and O3 -related signals,
especially in the PR meristems and in the tissues undergoing LRP
development (Fig. 4). The increased H20- signal observed in cat2-1 roots
is consistent with the absence of the CAT2 isozyme and supports its
prominent contribution in H20: scavenging in the root tissues under

physiological pathways generating H,O5, such as peroxisomal fatty acid
B-oxidation. In accordance, CAT2 mRNA abundance in Arabidopsis roots
is higher than that of the other catalase isozymes, with a peak of
expression at the root apex (Brady et al., 2007).

Moreover, the altered O2*~ signal in cat2-1 roots can be attributed to
changes in peroxisome functionality caused by the mutation. Indeed, it
is known that CAT2, which contains a peroxisomal targeting signal
(PTS1), predominantly accumulates within peroxisomes, and that Ara-
bidopsis seedlings mutated in this isozyme exhibit peroxisomal aggre-
gation and oxidation, followed by autophagy (Shibata et al., 2013). As
peroxisomes are recognised as a key site of Oz*~ metabolism (Corpas
et al., 2020), it is likely that the cat2 mutation, by altering the func-
tion of these organelles, contributes to the disruption in accumulation
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and distribution patterns of this ROS in the root system. This effect may
be particularly pronounced in the root apical meristems, where perox-
isomes are abundant, and the peroxisome-to-cytoplasm ratio is high, as
reported in the root meristem of Allium cepa (Collings et al., 2003) and
Arabidopsis PRs and LRs, possibly reflecting a cyto-protective mecha-
nism (Piacentini et al., 2020). The same altered peroxisomal involve-
ment might explain the enhanced *NO-signal observed in cat2-1 PRs, as
*NO, like Oze", is tightly regulated also at the peroxisomal level (Fig. 5)
(Corpas et al., 2022).

Cadmium treatment was here demonstrated to enhance all the ana-
lysed ROS and RNS in the root, particularly in the apical meristem. This
observation confirms the root apical meristem as a primary target of the
pollutant’s toxicity, with a strong impact on the redox-related cellular
processes, in turn supporting variations in ROS and RNS molecules as
key indicators of the plant response to Cd stress (Yuan and Huang, 2016;
Romero-Puertas et al., 2019; Talarico et al., 2025).

Compared to the wild-type, cat2-1 roots displayed stronger Cd-
induced ROS accumulation and spatial distribution, whereas RNS-
related signals were affected, but at a lower level than in Col—0. This
finding supports a specific contribution of CAT2 to ROS detoxification
under Cd exposure, also suggesting that excess in RNS may be scavenged
through CAT2-independent pathways. Nevertheless, it has been recently
demonstrated that, under physiological conditions, CAT and RNS
interact through RNS-derived post-translational modifications (PTMs),
including ONOO™~-mediated nitration and eNO-dependent S-nitrosation,
which can downregulate CAT activity and promote H202 accumulation
(Corpas et al., 2009; Corpas and Barroso, 2014; Gonzélez-Gordo et al.,
2024). Therefore, further analyses are needed to elucidate the interplay
between CAT2 and RNS in the root system of Arabidopsis, as well as of
other species.

Overall, our results suggest that mutation-dependent alterations in
redox-related signals are closely associated with changes in root system
development, whereas the CAT-mediated redox response to Cd is ROS/
RNS specific. However, the observation that the cat2 mutation nega-
tively affects LRP initiation and development, together with the finding
that some alterations observed under Control conditions resemble those
induced by Cd treatment in wild-type roots, suggest that CAT2 may have
an important morphogenic role in the formation of LR that is stress-
independent, although the mechanisms underlying this resemblance
remain to be fully elucidated.

5. Conclusions

In conclusion, our results support a key role of Arabidopsis CAT2 in
root system development, particularly to primary root elongation and in
the formation and development of lateral root primordia, opening new
avenues for future investigation. This function is likely linked to CAT2-
dependent modulation of hormonal homeostasis, the accumulation of
secondary metabolites with antioxidant functions, and the accumulation
and spatial distribution of ROS and RNS within the root system, as
schematically illustrated in Fig. 8. These processes appears particularly
important for cell division and differentiation within root tissues and
might explain some of the effects linking organ plasticity to stress
response.
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