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A B S T R A C T   

The serine-threonine protein phosphatases PP2A regulate many cellular processes, however their role in 
oxidative stress responses and defence is less known. We show the involvement of its C (catalytic) and B” (a 
regulatory) subunits. The c3c4 (C subunit) and fass (B”) subunit mutants and Col wt of Arabidopsis were used. 
Controls and treatments with the PP2A inhibitor microcystin-LR (MCY-LR) and reactive oxygen species (ROS) 
inducer diquat (DQ) were employed. ROS levels of primary roots were largely genotype dependent and both C 
and B” subunit mutants had increased sensitivity to MCY-LR and DQ indicating the involvement of these subunits 
in oxidative stress induction. Superoxide dismutases (SOD), mainly the Cu/Zn-SOD isoform, as key enzymes 
involved in ROS scavenging are also showing altered (mostly increased) activities in both c3c4 and fass mutants 
and have opposite relations to ROS induction. This indicates that the two types of subunits involved have 
partially different regulatory roles. In relation to this, control and MCY-LR/DQ treated B” subunit mutants were 
proven to have altered levels of phosphorylation of histone H2AX. γH2AX, the phosphorylated form indicates 
double stranded DNA damage during oxidative stress. Overall we point out the probable pivotal role of several 
PP2A subunits in the regulation of oxidative stress responses in plants and pave the way for future research to 
reveal the signaling pathways involved.   

1. Introduction 

Oxidative responses accompany normal developmental and physio
logical events (cell division, photosynthetic and mitochondrial electron 
transport etc.) and are induced by a variety of abiotic and biotic stresses 
in plants (Apel and Hirt, 2004). This involves elevations of reactive 
oxygen species (ROS) as well as changes of levels and activities of 
antioxidant enzymes (Apel and Hirt, 2004). Reversible protein phos
phorylation is important in the regulation of many cellular events and 
oxidative stress signaling pathways often involve these 
post-translational modification mechanisms. Protein phosphatases that 
target phosphorylated side chains of serine and threonine amino acids 
are the main players in the relevant protein dephosphorylation (see Shi, 
2009; Máthé et al., 2019 for reviews). ABI1 is a PP2C that belongs to the 

metal dependent protein phosphatases (Meinhard and Grill, 2001). It 
negatively regulates ABA signaling, increases ROS levels and keeps ROS 
scavenging enzyme activities at relatively low levels (Ludwików et al., 
2014). This well-known fact points out the important role of well 
regulated protein dephosphorylation in plant ROS signaling. This raises 
the question whether the non-metal dependent PP2A, a serine-threonine 
phosphatase crucial in the regulation of intracellular processes (Shi, 
2009) has such a role as well. 

PP2A is a complex consisting of an “A” scaffolding, a “B” regulatory 
and a “C” catalytic subunit (Shi, 2009). Arabidopsis has five catalytic (C) 
subunits of PP2A (Farkas et al., 2007). Among them, C3 and C4 subunits 
belong to the subfamily II (Yoon et al., 2018). They are involved in (i) 
the organization of mitotic and non-mitotic microtubules; (ii) the 
regulation of PIN phosporylation and in consequence, auxin distribution 
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within embryos and roots which influence their developmental 
patterning; (iii) the light-dependent regulation of nitrate reductase 
(Ballesteros et al., 2013; Spinner et al., 2013; Creighton et al., 2017). 
The c3c4 double mutant is characterized by severe impairment of root 
and shoot development and related to this, severely altered microtubule 
organization (Spinner et al., 2013). There is a high variety of “B” sub
units grouped into subfamilies (B, B’, B”) that regulate not only the 
activity, but the subcellular localization of the holoenzymes as well 
(Farkas et al., 2007; Shi, 2009). Many functions of these subunits are 
known, but less knowledge for their involvement in ROS signaling is 
known to date. The ton2/fass mutants have disfunctional or absent 
PP2A/B” regulatory subunits and the homozygote recessive phenotypes 
are dwarf, practically lacking roots and the preprophase band of mi
crotubules important in the organization of mitotic division plane is 
absent. B” subunits are known to interact with C3 and C4 (Camilleri 
et al., 2002; Spinner et al., 2013). 

Superoxide dismutases (SODs) are main scavengers of ROS by dis
mutating the superoxide anion to form hydrogen-peroxide, a less toxic 
form of ROS (Kliebenstein et al., 1998). According to their metal 
dependence, there are multiple isoforms of SOD. Fe-SOD isoenzymes are 
localized mainly in chloroplasts, but they are also present in the cytosol 
and nucleus in plants including non-photosynthetizing organs. Con
cerning roots, most of Fe1-SOD is localized in the apical region, but 
present in the whole primary root system of young seedlings where it 
contributes to the development of salt stress tolerance (Dvořák et al., 
2021). Mn-SOD is localized essentially in mitochondria and peroxi
somes, but a putative apoplastic form was also identified in Arabidopsis 
roots (Chen et al., 2022). Cu/Zn SOD is localized mainly in the plastids 
and also present in the cytosol, peroxisomes and apoplast (Kliebenstein 
et al., 1998; Gill et al., 2015). In plants, not much is known on the 
dependence of their levels and/or activities on direct or indirect 
phosphoregulation. 

H2AX is a variant of histone H2A in eukaryotes. Its phosphorylated 
form at the carboxy-terminal site is called γH2AX that marks DNA 
double-strand breaks induced e.g. by ROS and plays a role in the initi
ation of double-stranded DNA repair (Fillingham et al., 2006; Tanaka 
et al., 2006). This latter function is achieved by triggering nucleosome 
loss to allow recruitment of protein complexes important in repair 
(Fuchs et al., 2006). In plants, little is known on the role of phosphatases 
such as PP2A in the direct regulation of H2AX phosphorylation state (see 
Discussion as well). 

We used Arabidopsis Columbia wild-type plants as well as fass and 
c3c4 mutants throughout our experiments, as tools for the study of 
involvement of PP2A in ROS signaling. Both control and drug treated 
seedlings were employed. The two drugs (toxins) used were microcystin- 
LR (MCY-LR) and diquat (DQ). MCY-LR is a cyclic heptapeptide pro
duced by several cyanobacterial strains known to be a potent inhibitor of 
the serine-treonine protein phosphatase PP2A (and PP1). For PP2A, it 
affects mainly the C subunit by its competitive binding to the active site 
of the enzyme (MacKintosh and MacKintosh, 1994; MacKintosh and 
Diplexcito, 2001). DQ, as paraquat (PQ) is a dihydropyridine herbicide 
that is inducing strong oxidative stress in plants including Arabidopsis 
(Lv et al., 2021). The toxicity of DQ is practically identical to PQ: it 
induces the transfer of electrons from PSI to O2, thus creating ROS. 
Although for the above reason it affects mainly photosynthetic organs, it 
alters normal growth and development of roots as well (Acar, 2021; Lv 
et al., 2021). The background of this phenomenon is that DQ/PQ affect 
mitochondrial electron transport chain not only in animal, but in 
non-photosynthetic plant cells as well (Zer et al., 1993; Chen et al., 
2021). Thus, DQ is not known to interfere with any protein phospha
tases, making it ideal to be used as a comparative tool in this study. 

In the light of the above statements, the principal aim of this work is 
to give novel insights in the role of several isoforms of PP2A subunits in 
plant oxidative stress. These are C3 and C4 for the catalytic and B” for 
the B regulatory subunits. All are well known to regulate important 
subcellular events (see Discussion section as well), but our knowledge 

related to their role in the regulation of ROS levels and/or scavenging is 
much less. In relation to the PP2A-ROS relationship, we intend to answer 
the following question as well: is the phosphorylation state of histone 
H2AX regulated by PP2A? 

2. Materials and methods 

2.1. Plant material and treatments 

The genotypes of Arabidopsis thaliana used in this study were the 
wild-type Columbia as well as protein phosphatase (PP2A) related mu
tants described by Camilleri et al. (2002), Kirik et al. (2012) and Spinner 
et al. (2013). These were c3c4, a double mutant for the respective cat
alytic subunits and the fass (ton2) mutants for the B” regulatory subunit. 
The fass-15 and fass-5 mutants used here are created by similar methods 
(EMS mutagenesis), but the degree of Fass same protein modification is 
different. These latter mutants exhibit their abnormal phenotypes only 
when their genotypes are homozygote recessive. In the present study we 
used both homozygotes (HoZ) and heterozygotes (HeZ) the latter being 
in fact pools of seedlings consisting of the homozygote dominant ge
notype (in fact Col0) and HeZs. These pools are referred hereafter as 
HeZs. All mutants were a kind gift of Dr. Martine Pastuglia, Institut 
Jean-Pierre Bourgin, INRA Versailles, France. 

Seed sterilization, seedling culture and the method for MCY-LR/DQ 
treatments were performed essentially according to Nagy et al. (2018) 
and Freytag et al. (2021). Briefly, seeds were sterilized with commercial 
bleach and washed thereafter, followed by their transfer to a modified 
Murashige-Skoog medium (Murashige and Skoog, 1962; Gamborg et al., 
1968). After a 48 h-cold treatment, plates with seeds were transferred to 
a plant tissue culture chamber under a 14/10 h photoperiod, 22 ± 2 ◦C, 
60 μmol m− 2s− 1 photon flux density in the light period. Five days after, 
seedlings were transferred on sterilized filter paper soaked in liquid 
modified MS media and MCY-LR/DQ treatments started. These treat
ments lasted for 24 h for each type of experiments presented in this 
study. 

Microcystin-LR (MCY-LR) was purified in our laboratories by a 
method described by Kós et al. (1995) as modified by Vasas et al. (2004). 
Methanolic cyanobacterial (Microcystis aeruginosa BGSD243) extracts 
were subjected to ion-exchange, then size exclusion chromatography. 
Purity of preparations was checked by a HPLC method (see Freytag 
et al., 2021). Diquat dibromide monohydrate (DQ) was purchased from 
Supelco, Bellefonte, PA. Concentrations of MCY-LR and DQ used in this 
study were carefully chosen-for our purposes, non-lethal concentrations 
(at least for the 24h treatment period) were chosen which still induced 
oxidative stress responses. 

For histochemistry and immunohistochemistry studies (determina
tion of total ROS contents, immunohistochemical detection of γH2AX), 
we used primary roots for all the Arabidopsis genotypes involved. For 
the biochemical studies (Western blot detection of γH2AX and in-gel 
detection of SOD activities), we used primary roots for Col0 and the 
fass HeZs. For the fass HoZ and c3c4, since they barely developed well 
defined roots or the biomass of roots was very low, we used whole 
seedlings for these biochemical studies. 

2.2. The assay of total reactive oxygen species (ROS) levels in roots 

For the tissue localization and quantification of ROS, we used roots 
from living seedlings of all genotypes involved in this study. 2′,7′- 
dichlorofluorescein-diacetate (DCFH-DA) is a good method to assay 
intracellular total ROS in plants (Jambunathan, 2010). Accordingly, 
roots were washed in phosphate buffered saline (PBS), then directly 
stained with 10 μM DCFH-DA (Sigma-Aldrich, St. Louis, Mo). dissolved 
in PBS (pH 7.0) as described by Garda et al. (2016). To avoid the for
mation of photon-induced artefacts during DCFH-DA labeling, the entire 
procedure was performed in dark. Samples were excited at 450–480 nm 
and examined with a conventional Olympus BX43 fluorescence 
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microscope (Olympus, Tokyo, Japan). Fluorescence intensities (number 
of pixels showing area integrated optical density/AIOD) for primary root 
tips and differentiated root tissues were quantified with the Fiji software 
(Schindelin et al., 2012). Roots of at least five seedlings per treatment 
per experiment were used and five independent experiments were 
performed. 

2.3. Detection and quantification of γH2AX in roots 

Phosphorylated histone H2AX (γH2AX) was examined both by 
immunolocalization and Western blot. 

The immunofluorescence procedure followed the principles of a 
whole mount protocol as described by Pasternak et al. (2015) and 
Freytag et al. (2021) with slight modifications. Briefly, intact tips of 
control and MCY-LR/DQ treated primary roots of Col0 were fixed with 
2% (w/v) paraformaldehyde (PFA) + 0.1% (v/v) Triton-X100 in 2x 
microtubule stabilizing buffer (MTSB). Vacuum infiltration was used for 
5 min twice, then further incubation occurred for 50 min without vac
uum; then samples were washed with 1x MTSB three times. Root tips 
were then treated with methanol and rehydrated with a series of 
decreasing methanol concentrations. Afterwards, cell walls were diges
ted with 2% (w/v) Driselase (Sigma-Aldrich, St. Louis, Mo., USA) and 
0.2% macerozyme (Serva Electrophoresis GmbH, Heidelberg, Germany) 
in 2 mM MES (Sigma-Aldrich) for 30 min at 37 ◦C and samples were 
washed with 1x MTSB. Seedlings were then permeabilized with 10% 
(v/v) DMSO/3% (v/v) IGEPAL (Sigma-Aldrich) in 1x MTSB for 20 min at 
37 ◦C and washed with 1x MTSB. Samples were pre-incubated in 1x 
MTSB +4% (w/v) BSA (Sigma-Aldrich) for 30 min and incubated with 
primary antibody in 1x MTSB + 4% BSA 4h at 37 ◦C (or overnight at 
4 ◦C), then washed with 1x MTSB. The primary antibody was rabbit 
raised anti-γH2AX2 (Thermo Fisher Scientific, Waltham, USA 
PA5-77995) at a 1:30 dilution. Secondary antibody was Alexa 488 
conjugated anti-rabbit IgG generated in goat (Abcam, Cambridge, UK). 
Incubation with secondary antibody was in 1x MTSB +4% BSA for 4h at 
37 ◦C, then samples were washed with 1x MTSB. Preparations were 
analyzed with a Zeiss LSM 880 (Carl Zeiss AG, Jena, Germany) confocal 
microscope with Zen Black 2.3 software and the conventional settings 
for Alexa 488 visualization (Arg laser for excitation; emission was 
observed with the aid of a 490 nm dichroic mirror and a 490–530 filter 
set). Samples were then counterstained with 3 μg mL− 1 

4′6′-diamidino-2-phenylindole (DAPI, Fluka, Buchs, Switzerland) to 
visualize all nuclei according to Beyer et al. (2012). DAPI visualization 
was performed with a 405 nm diode laser and signal detection was as for 
the conventional LSM parameters for this dye. Quantification of γH2AX 
labeling intensity was performed with the aid of the Fiji software 
(Linkert et al., 2010; Schindelin et al., 2012) and given as number of 
pixels showing area integrated optical density/AIOD. Roots of at least 
five seedlings per treatment per experiment were used and five inde
pendent experiments were performed. 

Western blot studies designed for the quantification of γH2AX were 
performed according to the method of Waadt et al. (2008) as modified in 
our laboratory and involved control and MCY-LR/DQ treated whole 
roots or whole seedlings (the type of plant material depended on the 
genotype as described at Section 2.1.) of all genotypes involved in this 
study. To summarize, whole roots or seedlings were homogenized, then 
boiled at 95 ◦C for 5 min in a buffer containing 50 mM Tris pH 8.0; 150 
mM NaCl; 1%SDS, 1 mM phenyl methyl sulphonyl fluoride (PMSF, 
PanReac AppliChem, Darmstadt, Germany), 1x protease inhibitor 
cocktail (Sigma-Aldrich), 4% poly-vinyl-pyrrolidone (PVP). Extracts 
were then centrifuged at 13,000 rpm for 20 min (Beckman Avanti series 
centrifuge, Indianapolis, USA) at 10–15 ◦C. Protein content of super
natants was assayed with a BCA reagent, then Laemmli buffer was added 
and samples were subjected to boiling at 95 ◦C for 3 min. Equal amounts 
of proteins (30 μg) were loaded on gels, along with a molecular weight 
marker (Thermo Fisher Scientific). Running gel contained 15% (w/v) 
polyacrylamide. SDS-PAGE was according to Laemmli (1970). Proteins 

were blotted into nitrocellulose membranes (Millipore, Burlington, Ma., 
USA) with an electroblot system (Cleaver Scientific, Rugby, UK). The 
transfer buffer was 25 mM Tris; 192 mM glycine; 20% (v/v) methanol; 
pH 8.3. Membranes were then blocked with 1xTBST (1xTBS + 0,05% 
Tween 20) + 3% (w/v) BSA for 2 h at room temperature. Afterwards, 
primary antibodies were applied. Anti – γH2AX from rabbit (Thermo 
Fisher Scientific) was used at a dilution (in TBST + 3% BSA) of 1:3000, 
while anti – β – tubulin (Abcam) was used as a loading control at a 
dilution of 1:12,000. Labeling was performed overnight at 4 ◦C. After 
several washing steps, a HRP conjugated anti-rabbit secondary antibody 
(Abcam) was applied at a 1:4000 dilution for 2 h at room temperature. 
After several washing steps, protein bands were detected by the Chem
idoc chemoluminescence system (BioRad, Hercules, USA). For the 
Western blot studies, roots of at least thirty seedlings or a similar number 
of whole seedlings per treatment per experiment were used and three 
independent experiments were performed. 

2.4. In-gel detection of superoxide dismutase (SOD) isoenzyme activities - 
roots and whole plants 

The in-gel assay of SOD activities was an adaptation of the methods 
described by Giannopolitis and Ries (1977) and Bertrand and Eze 
(2014). Plant material was ground in liquid nitrogen, then extracted in a 
buffer containing phosphate buffer, pH 7.5, 4% (w/v) PVP, 1x protease 
inhibitor cocktail, (Sigma-Aldrich), 1 mM PMSF (PanReac, Applichem, 
USA). Extracts were centrifuged as for the Western-blot analysis (see 
section 2.3.), then protein content of samples was measured according to 
Bradford (1976). Equal amounts of proteins (40 μg) were loaded into 
each well of gels, samples contained Laemmli buffer without SDS. The 
running gel contained 10% polyacrylamide without SDS. Following 
separation of proteins, gels were washed with sterile water, then incu
bated in 2.5 mM nitroblue tetrazolium (NBT, Duchefa, Haarlem, The 
Netherlands) for 20 min, followed by incubation in 28 μM riboflavin 
+28 μM N, N, N ′, N′-tetramethyl-ethylene-diamine (TEMED, 
Sigma-Aldrich). Gels were illuminated (1050 lumen LED light source) to 
reveal bright SOD activity bands in a dark background. Band intensities 
correlated with enzyme activities and were quantified with the GelA
nalyzer 19.1® software (www.gelanalyzer.com, by Istvan Lazar Jr., PhD 
and Istvan Lazar Sr., PhD, CSc). For the in-gel SOD activity assays, roots 
of at least thirty seedlings (or the corresponding number of whole 
seedlings) per treatment per experiment were used and three indepen
dent experiments were performed. 

2.5. Data analysis 

All quantified data were plotted –plots are showing the mean ± SE 
values-with the aid of Systat Sigma Plot 10.0 ® software (Systat Soft
ware, San Jose, CA). Statistical significances for the differences between 
groups controls and treatments were studied by two-way ANOVA (post- 
hoc: Holm-Sidak method) and t-tests (the latter only for Fig. 2 where 
only one variable is analyzed). Differences were considered to be sig
nificant at P < 0.1 according to the statistical settings used. During data 
analysis we took into consideration the hypothesis of alterations of the 
studied parameters by MCY-LR and DQ and that separate two factors 
were analyzed (dependence on genotype and MCY-LR/DQ treatments). 
P values are marked in figures by 3 levels: treatments within genotype 
(against control), P value < 0,001 ***; <0,05 **; <0,1 *; changes in 
control (not MCY-LR/DQ treated) mutants as compared to Col0, P value: 
<0,001 ×× × ; <0,05 × × ; <0,1 × . As stated in the above sections, for 
every experiment we used minimum 3 independent observations per 
group. In the case of SOD activity assays and Western blot analyses, 
approximately 30 seedlings were in groups, furthermore we scrutinized 
at least five seedlings per group during microscopic examination. 
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3. Results 

3.1. Protein phosphatase mutants of Arabidopsis have altered ROS levels 
and MCY-LR/DQ treatments increase their sensitivity to oxidative stress 

When we compared primary roots of control genotypes (i.e. no MCY- 
LR/DQ treatments) of Arabidopsis Columbia wild-type to protein 
phosphatase mutants, we detected marked differences in terms of ROS 
levels. The c3c4 (catalytic subunit) mutants showed similar ROS levels in 
the tips of primary roots, but significantly lower levels in differentiated 
primary root tissues (Fig. 1b, d). In contrast, homozygote recessive ge
notypes of fass-5 and fass-15 (B” subunit) showed significant differences 
to Col0 in root tips (Fig. 1b, arrows). fass-5, where the homozygote 
recessive (HoZ) genotype shows more severe phenotypic alteration than 
fass-15 (Spinner et al., 2013), has higher levels of ROS than Col0 and 
even fass-15, and this is true for both the homozygote recessive and the 
HeZ genotypes (Fig. 1a–c, arrows). For fass-5, differentiated roots could 
be examined only for the HeZs (Fig. 1c), since the HoZ did not develop 
well differentiated root tissues. 

The reactions to drugs of primary roots from different genotypes did 
differ as well. Col0 roots did not show significant changes of ROS con
tents at MCY-LR/DQ treatments (Fig. 1a–d). In contrast, c3c4 mutants 
were characterized by significantly elevated levels of total ROS at 
treatments with both the PP2A inhibitor MCY-LR and the ROS inducer 
DQ, in the tips of primary roots (Fig. 1b, d). In the differentiation zone 
both MCY-LR and DQ induced ROS elevation as well, but these elevated 
c3c4 ROS values are still below the levels of ROS levels in Col0 controls 
(Fig. 1d). For the fass-15 mutants, in case of HeZs MCY-LR and DQ 
treatments induced only slight increases in root tips and DQ induced 
significant elevations of ROS levels in differentiated root tissues (Fig. 1a, 
c). For the HoZ recessives, 1 μM MCY-LR and 1 μM DQ increases ROS 
levels in differentiated root tissues in a significant manner (Fig. 1b, d). 
For the fass-5 mutant, 1 μM MCY-LR had a significantly increasing effect 
in root tips of HoZs (Fig. 1b). 0.5 μM DQ increased, while 1 μM DQ 
decreased significantly ROS levels both in HoZs and HeZs in all root 
developmental zones where they could be examined (Fig. 1a–c). 

3.2. MCY-LR and DQ alter γH2AX levels in a genotype dependent manner 

Immunohistochemical labeling of Col0 primary root tips for γH2AX 
showed that nearly all nuclei contained this post-translational modifi
cation (Fig. 2a) and MCY-LR altered slightly its levels (Fig. 2 c). In 
contrast, DQ induced a significant and strong increase in the phos
phorylation level of H2AX (Fig. 2b and c). 

At a comparison of different genotype controls, a thorough Western 
blot analysis of whole seedling protein extracts proved marked differ
ences for the fass-15 and fass-5 homozygotes that showed higher γH2AX 
levels, than Col0 and c3c4 (Fig. 3a/lower panel, 3d, arrows). In the case 
of roots of fass HeZs, we could not detect such increases in fass, as 
compared to Col0 (Fig. 3a, upper panel; Fig. 3b). As for drug treatments, 
MCY-LR increased the amount of phosphorylated H2AX in Col0 and fass- 
5/HeZ roots (Fig. 3a/upper panel, 3c, arrow). Interestingly for extracts 
of whole seedlings of fass-5 homozygotes, both MCY-LR and DQ treat
ments decreased and not increased γH2AX levels (Fig. 3e, arrows). 
Neither MCY-LR, nor DQ induced marked changes in c3c4 and fass-15 
(Fig. 3a, lower panel; 3c, e). 

3.3. Activities of superoxide dismutase (SOD) isoenzymes change in a 
genotype and MCY-LR/DQ treatment dependent manner 

Native activity gels for SOD showed three distinct groups of SOD 
activities. Inhibition studies with KCN and H2O2 revealed the location of 
Mn-SOD, Fe-SOD and Cu/Zn SOD activity bands (data not shown). The 
most prominent activity bands were detected for Mn-SOD and Fe-SOD 
(Fig. 4e). 

At an examination of protein extracts from whole seedlings, Mn-SOD 
activities were similar for Col0 vs. HoZ recessives of fass-15 and fass-5 as 
well as c3c4 and MCY-LR/DQ treatments did not change this activity in a 
significant manner (Fig. 4a and b). Fe-SOD activities were higher in 
controls of fass-15 and c3c4 as compared to Col0 controls (Fig. 4a, 
arrow). Neither MCY-LR, nor DQ had any significant effects on Fe-SOD 
activities for any of the genotypes, except a slight decrease in fass-5 in 
the presence of 0.5 μM DQ (Fig. 4c). The most prominent changes could 

Fig. 1. Total ROS contents of wild-type and phos
phatase mutant primary roots in root tips (a, b) and 
differentiated root tissues (c, d) as revealed by 
DCFH-DA staining. Both controls and toxin (MCY-LR 
and DQ) treatments are shown. These data reveal 
that ROS contents differ significantly in a genotype 
and toxin treatment dependent manner. (a, c) Col wt 
vs. fass (B” subunit) mutant heterozygotes; (b, d) Col 
wt vs. fass (B” subunit mutant), homozygote re
cessives and c3c4 (catalytic subunit mutant) homo
zygote recessives. Arrows on (a, b, c) indicate that in 
controls of fass mutants, ROS levels are higher, than 
in Col0 controls. Significant differences (P < 0.1) are 
indicated by * and ** (significance of differences 
between controls and treatments within a given ge
notype) and “X, XX and XXX” (significant differences 
as compared to Col0 controls) according to Section 
2.5. of Materials and methods.   
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be observed for Cu/Zn SOD activities. Control fass and c3c4 seedlings 
had significantly higher activities, than Col0 (Fig. 4a, arrows). Both 
MCY-LR and 0.5 μM DQ increased Cu/Zn-SOD activities in Col0 and fass 
– but not in c3c4 -, with the most significant/prominent changes in fass-5 
(Fig. 4d, arrows). In this latter case, a high concentration (1 μM) of DQ 
decreased the activity (Fig. 4d). 

Root extracts of Col0 plants as well as HeZs of fass-15 and fass-5 were 

examined for SOD activities as well. As seen for the experiments with 
whole seedlings (see above), no genotype- or MCY-LR/DQ-dependent 
changes were observed for Mn-SOD activities (Fig. 5a and b). In 
contrast, Fe-SOD activities were significantly lower in controls of fass-15 
as compared to the other two genotypes (Fig. 5a, arrow). MCY-LR and 
DQ treatments induced slight, but non-significant increases in Col0, fass- 
5 and c3c4 (Fig. 5c). For fass-15, only DQ induced such changes (Fig. 5c). 
Cu/Zn-SOD activities were similar in all three genotypes (controls, 
Fig. 5a) and MCY-LR/DQ treatments induced visible, but non-significant 
increases in Col0 and fass mutants, with the most prominent changes in 
MCY-LR treated fass-5 (Fig. 5d/see arrows). These effects were partially 
similar to those observed for whole plants of Col0 and HZ recessives of 
fass (Fig. 4d). 

4. Discussion 

Overexpression of PP1 (a non-metal dependent phosphatase), for 
which the catalytic subunit is related to PP2A/C, induces increased non- 
enzymatic ROS scavenging capacity, APX activity and reduced malon
dialdehyde content under salt stress in rice. These results suggest that 
PP1 is involved in the regulation of oxidative stress responses in this 
plant (Liao et al., 2016). PP2A is the most frequent among 
serine-threonine phosphatases in plants, but its relationship to oxidative 
stress regulation is much less known in plants. However, there are some 
data regarding especially the B’ regulatory subunits, as we will show 
below. 

The B’γ subunit of PP2A activates PP2A holoenzyme in the absence 
of biotic stresses (Li et al., 2014). During pathogenesis response (PR), 
this subunit is inactivated which will increase the phosphorylation state 
of CONSTITUTIVE EXPRESSION OF PR GENES5 (CPR5), a factor 
involved in ROS signaling: it will activate the respiratory burst oxidase 
homologue (RBOH) and increase the expression of an ascorbate perox
idase isoform (APX2) (Trotta et al., 2011b; Li et al., 2014; Konert et al., 
2015). The Arabidopsis pp2a-b’γ mutants are characterized by increased 
levels of Cu/Zn SOD in leaves (Trotta et al., 2011a, b). The B’θ subunit 
localizes PP2A to the peroxisomes, where it has an activating effect. 
Upon pathogen attack it is inactivated to trigger PR (Kataya et al., 2015). 

Fass mutants affect a putative B” subunit of PP2A (Camilleri et al., 
2002; Spinner et al., 2013). As stated in the Introduction section, this 
subunit is involved in key developmental processes like regulation of 
mitotic microtubular organization. However, B” subunit, a principal 
target of this study was not shown yet unequivocally to regulate ROS 
signaling. 

The C3 and C4 catalytic subunits of PP2A are regulating cortical 
microtubule organization during salt stress (Yoon et al., 2018). Since C4 
subunit is involved in SnRK mediated ABA signaling (Waadt et al., 2015; 
Máthé et al., 2019) that is regulating ROS generation-related gene 
expression, it is likely that it can trigger oxidative stress. However, to 
date there was no evidence on the direct involvement of C3 and C4 in 
plant oxidative stress. Thus, the present study is one of the first ones to 
demonstrate this relationship. In the light of the above statements, the 
present work intends to give an essential contribution to this issue as 
regarding the C3–C4 catalytic and B” regulatory subunits of PP2A. 

4.1. B” and C3/C4 subunits of PP2A regulate ROS levels and their 
scavenging by SOD 

The present study shows that the roots of c3c4 double loss-of function 
mutant of Arabidopsis are characterized by lower ROS levels than wild- 
type roots, but concerning oxidative stress, by higher sensitivity to the 
PP2A inhibitor MCY-LR and the ROS inducer DQ (Fig. 1b, d). This is 
accompanied by higher capacity of ROS scavenging by Fe1-SOD and Cu/ 
Zn-SOD for c3c4 controls. However, MCY-LR treatments do not modify 
further these SOD activities, thus we can state here that there is no direct 
relationship between ROS levels and scavenging in MCY-LR treated c3c4 
(Fig. 1b, d; 4). In contrast, the controls of homozygote recessive 

Fig. 2. Immunohistochemical labeling reveals that DQ and less, MCY-LR in
crease the levels of γH2AX in tips of Col wt roots. (a, b) Representative confocal 
microscopy images of single stacks of control (a) and 0.5 μM DQ treated (b) 
samples labeled with anti- γH2AX. Scalebars: 25 μm. (c) quantification of re
sults (labeling intensities) at MCY-LR and DQ treatments. Significant differences 
(P < 0.1) are indicated by * and ** (significance of differences between controls 
and treatments) according to Section 2.5. of Materials and methods. 
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genotypes of fass-5 and fass-15 mutants for the B” regulatory subunit 
show higher levels of ROS, and 1 μM MCY-LR treatments induced their 
significant further increase (Fig. 1b, d). As we will see later, Cu/Zn-SOD 
activities do increase in fass mutants. What is the protein phosphatase 
background of these ROS levels? Mutants show that there is a partial 
difference between the involvement of B” and C subunits of PP2A in the 
regulation of ROS levels. In a study about to be published elsewhere, we 
demonstrated that protein phosphatase activities are not simply 
inhibited in fass and c3c4, rather the interaction between B” and C3/C4 
subunits and the balance between PP2A and PP1 activities is altered 
differently in the two types of mutants. All of our results concerning ROS 
and γH2AX levels as well as SOD activities should be considered in the 
light of this statement as we will see below as well. 

For fass homozygote controls, higher levels of ROS (mainly in root 
tips) are accompanied by higher activities of Fe1-SOD and Cu/Zn-SOD in 
whole seedlings (compare Fig. 1, arrows, to 4a). However, increased 
activities of these SOD isoforms are accompanied by decreased (and not 
increased, as for fass) ROS levels in controls of c3c4 (Fig. 1d). Also, MCY- 
LR and DQ increase Cu/Zn-SOD activities in fass, but not in c3c4 
(compare Fig. 1b, d to 4d). This indicates that the lack of functional B vs 
C subunits affects differently SOD activities besides ROS levels, thus 
mutations and MCY-LR effects are influencing functionality and inter
action of these subunits, rather than just decreasing PP2A activity. All 

these data indicate that both B” and C subunits of PP2A are involved in 
the regulation of ROS levels and scavenging (see also Fig. 6), although 
the possible complex interactions between these subunits at different 
subcellular localizations may explain that their roles/effects are only 
partially overlapping in this respect. 

Transcription levels of the genes for different SOD isoforms are 
diverse in the presence of the same stress factor, like UV-B radiation 
(Kliebenstein et al., 1998). Concerning the activities of these iso
enzymes, the present study shows that the control and 
MCY-LR/DQ-treated plants of different genotypes showed a different 
pattern in the changes of Fe1-SOD and Cu/Zn-SOD activities, when 
compared to Mn-SOD (where its activity remained relatively unchanged 
irrespectively to what genotype and what type of drug treatment did we 
use). For example, in case of controls, both Fe1-SOD and Cu/Zn-SOD 
activities were increased in whole seedlings of mutants as compared 
to Col0 (Fig. 4a). MCY-LR and DQ modulated Cu/Zn-SOD activities in 
Col0 as well as homo- and/or HeZs of fass (Figs. 4 and 5). Differences in 
the activities of isoforms are found in Cd treated Arabidopsis as well 
(Drążkiewicz et al., 2007). These are important findings that underline 
the differential responses of different SODs to changes of PP2A func
tionality and to abiotic stresses. Fe-SOD activity is known for being 
involved in oxidative stress defence. For example transgenic maize 
plants that overexpress Fe-SOD have increased tolerance to PQ (Van 

Fig. 3. Western blot (WB) analysis of γH2AX in 
whole primary roots and whole seedlings reveal that 
mutations of B” and C subunits as well as MCY-LR 
and DQ treatments alter its level. (a) Representa
tive WB images for all genotypes, both controls and 
treatments. (b, c) Quantification of WB band in
tensities in roots for Col wt and fass heterozygotes, 
both controls and treatments. (d, e) Quantification 
of WB band intensities in whole seedlings of Col wt, 
fass homozygote recessives and c3c4 (these mutant 
phenotypes are characterized by deformed very 
small or totally absent roots, as revealed in Materials 
and methods). Arrow on (c) shows increased levels 
of γH2AX in roots of fass-5 heterozygotes in the 
presence of 1 μM MCY-LR. Arrows on (d) show 
increased levels of γH2AX in controls of fass mutants 
as compared to controls of Col0. Arrows in (e) show 
that both MCY-LR and DQ decreases γH2AX levels in 
fass-5 homozygotes. Significant differences (P <
0.05) are indicated by ** (significance of differences 
between controls and treatments within a given ge
notype) and “XX” (significant differences as 
compared to Col0 controls) according to Section 2.5. 
of Materials and methods.   
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Fig. 4. Activity gels for SOD reveal that both B” and 
C subunits of PP2A modulate SOD activities and 
toxins increase their activities in a significant 
manner for Cu/Zn-SOD. Results for whole seedlings 
of Col wt and mutants (homozygote recessives for 
fass-5 and fass-15 as well as c3c4) are shown here. 
(a) Comparison of SOD activities of control seedlings 
of Col0, fass-5, fass-15 and c3c4. (b–d) the effects of 
MCY-LR and DQ on the activities of (b) Mn-SOD; (c) 
Fe1-SOD; (d) Cu/Zn-SOD. Activities are expressed as 
raw data (a) and percentage of controls (100%) 
(b–d). Quantifications were performed as described 
in Materials and methods, Section 2.4. (e) A repre
sentative activity gel image for Mn-SOD and Fe-SOD. 
Significant differences (P < 0.1) are indicated by ** 
(significance of differences between controls and 
treatments within a given genotype) and “X” and 
“XX” (significant differences as compared to Col0 
controls) according to Section 2.5. of Materials and 
methods.   

Fig. 5. Activity gels for SOD reveal that in primary 
roots, even the heterozygote genotypes of fass mu
tants show differences as compared to Col0 in the 
activities of Fe1-SOD, but not those of Mn-SOD and 
Cu/Zn-SOD (a). Concerning the effects of MCY-LR 
and DQ, (b) Mn-SOD activities were not changed 
significantly. (c) Fe-SOD activities were increased by 
MCY-LR DQ in fass-15, although in a non-significant 
manner. (d) Cu/Zn-SOD activities were increased by 
DQ in fass-15 and by MCY-LR in fass-5 (see arrows 
for MCY-LR). Quantifications of activities were per
formed as for whole seedlings (see Fig. 4 and Mate
rials and methods, Section 2.4.). Activities are 
expressed as raw data (a) and percentage of controls 
(100%) (b–d). Significant differences (P < 0.1) are 
indicated by “X” (significant differences as compared 
to Col0 controls).   
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Breusegem et al., 1999). In this study we show that Cu/Zn-SOD activities 
are the most sensitive to MCY-LR/DQ treatments in the fass mutants 
(Figs. 4d, 5d and 6). Cu/Zn-SOD activity is also modulated by different 
stress types. For example its activity is elevated during heavy metal 
stress by a mechanism involving ethylene (Abozeid et al., 2017). Trotta 
et al. (2011a, b) has already pointed out the role of the B’γ subunit of 
PP2A in modulating the activity/expression of this SOD isoform. 
Transgenic Arabidopsis plants that overexpress Mn-SOD are character
ized by increased tolerance and the activity of other SODs, of catalase 
(CAT) and peroxidase (POD) is higher as well in these plants (Wang 
et al., 2004). All these data show that different SOD isoforms have 
different contributions to stress tolerance as dependent on the type of 
stress that the plants face. 

All our data demonstrating alterations of SOD activities in PP2A/B” 
and C3/C4 mutants are among the first studies that show the involve
ment of these subunits in the regulation of ROS scavenging in plants. 
Fig. 6 will show a proposed model for this relationship. 

4.2. B” and C3/C4 subunits of PP2A regulate H2AX phosphorylation in 
relation to ROS levels and scavenging 

The phosphorylation of histone H2AX at a serine residue of the 
carboxy-terminus is mediated by members of the phosphatidylinositol 3- 
kinase family (ATM/ATR) in yeasts, mammals and plants (Fillingham 
et al., 2006; Roitinger et al., 2015). In mammals, PP2A plays a role in 
dephosphorylation of γH2AX, an event that is required for 
double-stranded DNA repair (Fillingham et al., 2006). What is the sit
uation in plants? Phosphorylation of H2AX and intra-chromatin locali
zation of γH2AX foci depends on multiple kinases (Moreno-Romero 

et al., 2012). However concerning serine-threonine phosphatases, PP2A 
controls the activity of ATM (Templeton and Moorhead, 2005), but 
knowledge is scarce regarding direct dephosphorylation of γH2AX by 
members of this phosphatase family. Here we demonstrate that (i) For 
controls of homozygote recessive fass mutants, increases of γH2AX levels 
(as compared to Col0) do show strong correlations with ROS levels, and 
there is a direct proportionality between these two parameters for 
controls of c3c4 (compare Figs. 1 and 3d, decreases in both cases). These 
indicate that loss of B” subunit function induces both oxidative stress 
and DNA repair mechanisms, but this is not true for the C3 and C4 
catalytic subunits: functions of PP2A B” and C3/C4 subunits are distinct 
in this respect, too. Since a loss of PP2A activities leads to the decrease 
and not the increase of H2AX phosphorylation state, we suggest that the 
C3 and C4 subunits of PP2A are not directly involved in γH2AX 
dephosphorylation; (ii) in case of fass-5 homozygotes, there is an inverse 
proportionality between the increases of ROS levels and decreases of 
γH2AX levels in the presence of MCY-LR/DQ. Meanwhile, Western blot 
studies show that in c3c4, MCY-LR does not influence histone H2AX 
phosphorylation in a significant manner. One should note that MCY-LR 
treatments affect all five (thus, not only C3 and C4 that interact with 
FASS) subunits of PP2A, since it is a general PP2A inhibitor (Mackintosh 
and Diplexito, 2001). Overall, it seems that none of the C catalytic 
subunits are involved in direct dephosphorylation of γH2AX (compare 
Fig. 1b,d to Fig. 3e). Moreover, the increases of γH2AX levels in controls 
of fass mutants and decreases in c3c4 as well the differences of MCY-LR 
effects between mutants and Col0 (Fig. 3) are also indicating that H2AX 
phosphorylation is regulated by the proper B”-C subunit interaction 
rather than by simply the dephosphorylation of γH2AX by PP2A. More 
clearly: if a subunit of PP2A is impaired in function, one would expect 

Fig. 6. Proposed model showing the involvement of 
B” and C3/C4 subunits of PP2A in the regulation of 
ROS and γH2AX levels and of SOD activities as well as 
the involvement of MCY-LR (protein phosphatase in
hibitor) and DQ (ROS inducer) in these processes. 
Strong red arrows indicate the regulatory roles of B” 
and C subunits of PP2A. Irregular red arrows indicate 
the interference of MCY-LR with these processes via 
affecting B” and C subunits of PP2A, while black 
irregular arrows show the targets of DQ. Concerning 
SOD isoforms, this model proposes that the activities 
of Cu/Zn-SOD and to a less extent, Fe1-SOD, are 
regulated by these subunits of PP2A, and DQ affects 
them by a PP2A independent way. alt = alteration; 
px = peroxisomes. This Figure was created with BioR 
ender.com.   
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hyperphosphorylation of putative substrates. According to our results 
we cannot suppose that any of the PP2A catalytic subunits have a direct 
role in γH2AX dephosphorylation in Arabidopsis. It should be noted that 
in the fass mutants, PP2A activity is not inhibited, rather an imbalance in 
PP2A-PP1 activities occurs and PP1 activity is higher than in controls (to 
be published elsewhere). Thus, we would expect a significant degree of 
γH2AX dephosphorylation in fass. However, γH2AX levels are increased 
in control fass mutants. We propose that the B” regulatory subunit plays 
a role in regulating H2AX phosphorylation via its proper interactions 
with catalytic subunits and not by directly modulating phosphatase 
activities. 

What are the relationships of histone H2AX phosphorylation to ROS 
levels and scavenging? For controls, Fe1-SOD and Cu/Zn SOD activities 
are increased in the homozygote recessive fass and for c3c4. This occurs 
in a similar way to the increases of γH2AX levels and ROS levels in fass 
(compare Figs. 3a, 4a and 6). Thus it seems that oxidative stress re
sponses co-occur with H2AX phosphorylation events in B” subunit mu
tants. However, MCY-LR/DQ treatments show decreases and not 
increases of γH2AX levels in fass and no change in c3c4, in contrast to the 
increase of Cu/Zn-SOD activities in fass and increases of ROS levels in all 
mutants. This suggests that H2AX phosphorylation is related to oxida
tive stress by a more complex way in Arabidopsis and this issue needs 
further investigation. 

The fass mutants are showing a severely impaired developmental 
pattern only in case of the homozygote recessive phenotypes, while 
heterozygotes are seemingly normal (Kirik et al., 2012; Spinner et al., 
2013). Therefore we expected that HeZs will show similar ROS levels, 
SOD activities and γH2AX levels to the wild type plants. To our surprise, 
at a comparison of heterozygotes and homozygote recessives to 
wild-type seedlings, this was not the case neither for controls, nor for 
MCY-LR/DQ treatments. Prominent discrepancies were for example (i) 
observed for γH2AX levels in controls (Fig. 3b, d); (ii) Fe1-SOD levels in 
controls (Figs. 4a and 5a); (iii) the effects of MCY-LR and DQ treatments 
on γH2AX levels in fass (compare Fig. 3c and e); and (iv) Fe1-SOD and 
Cu/Zn-SOD activities for both fass-5 and fass-15 (Figs. 4 and 5). 

4.3. Final statements and conclusions 

At a comparison of the effects of the two drugs, MCY-LR and DQ, we 
found only partial similarities concerning ROS levels and SOD activities 
(see Results section) to further demonstrate that MCY-LR may exert 
changes in the oxidative stress status of seedlings by its specific protein 
phosphatase inhibitory effect (see Fig. 6 as well). Concerning levels of 
γH2AX, the effects of the two toxins are only partially overlapping as 
well in Col0 plants: in tips of primary roots DQ, but not 1 μM MCY-LR 
increases γH2AX levels in a significant manner (Fig. 2c). 

This paper is giving new insights into the regulation of ROS status in 
plant cells. Moreover, it may be a starting point for exciting future 
research to get a more comprehensive view of the PP2A-oxidative stress 
relationship in plants. For example, the “indirect phosphatase depen
dence” mentioned several times in this paper might involve that besides 
changes in SOD activities shown here, the expression levels of different 
SOD isoforms are altered in phosphatase mutants by diverse mecha
nisms. Overall, the main conclusions of the present work are: 

(i) both C (catalytic C3 and C4) and B” (regulatory) subunits of PP2A 
are involved in the regulation of oxidative stress in Arabidopsis. B” 
subunit is prominent in the regulation of SOD activities (mainly Cu/Zn 
SOD and to a lesser extent, Fe1-SOD) involved in the oxidative stress 
defence responses. Relevant proofs: (i/a) both B” and C subunit mutants 
show different ROS levels as compared to Col0, concerning both control 
plants and the effects of MCY-LR/DQ treatments (Fig. 1). (i/b) in con
trols of c3c4, relatively low ROS levels show inverse proportionality to 

relatively high Fe1-SOD and Cu/Zn-SOD activities (compare Fig. 1b, d to 
Fig. 4a). This indicates that the C3 and C4 catalytic subunit isoforms of 
PP2A influence oxidative stress defence responses. (i/c) our results with 
the fass-5 and fass-15 mutants show that the FASS protein as a B” reg
ulatory subunit does regulate oxidative stress and ROS scavenging, and 
it is related to histone H2AX phosphorylation. However, MCY-LR and 
DQ treatments show this relationship is complex, many aspects need 
further investigation. One should note that the functionality of the B” 
regulatory subunit has complex effects on PP2A activities (i.e. the lack of 
the functional protein does not mean that PP2A/C activity will be 
inhibited) and it affects other protein phosphatases (e.g. PP1) as well (to 
be published elsewhere). (ii) The involvement of B” subunit in the above 
processes depends not only on its presence or absence, but on its 
amounts/degree of activities as related to the PP2A holoenzyme-as 
revealed by comparisons in these terms of the homozygote recessive 
and heterozygote genotypes of fass-5 and fass-15 mutants. (iii) our 
findings have a toxicological aspect as well. Although many studies 
show that MCY-LR induces oxidative stress by mechanisms independent 
on its protein phosphatase inhibitory effects-we demonstrate that it is 
also inducing oxidative stress by modulating PP2A both in wild-type 
plants and B/C subunit mutants. Related to this, many of the effects of 
MCY-LR studied here are distinct to DQ, a ROS inducer with mechanisms 
of ROS induction at least partially independent of PP2A. (iv) Given the 
partially different effects of MCY-LR and DQ, the oxidative stress in
duction and responses are not totally dependent on PP2A in Arabidopsis. 
(v) the phosphorylation state of H2AX – which correlates to oxidative 
stress responses-seems not to be directly dependent on the modulations 
in the activity of the catalytic subunits of PP2A- but B” regulatory sub
units do modulate γH2AX levels. Thus in Arabidopsis, PP2A activity 
given by the C3 and C4 (and other catalytic) subunits seems to play a 
minor direct role in γH2AX dephosphorylation as compared to other 
events related to B” subunits. 

Our main findings are summarized in a model as shown on Fig. 6. 
This model shows how B” and C3/C4 subunits of PP2A are involved in 
oxidative stress responses and defence in Arabidopsis. The model also 
shows that MCY-LR and DQ act by different pathways: MCY-LR, as a 
PP2A inhibitor acts directly on the functionality of B” and C3/C4 sub
units, thereby altering ROS homeostasis in Arabidopsis. 
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Drążkiewicz, M., Skórzyńska-Polit, E., Krupa, Z., 2007. The redox state and activity of 
superoxide dismutase classes in Arabidopsis thaliana under cadmium or copper stress. 
Chemosphere 67, 188–193. 
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