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ARTICLE INFO ABSTRACT

Keywords: Mitogen-activated protein kinase (MAPK) pathways are evolutionarily conserved signalling cascades that
MAPK Path‘_/‘/ays regulate fundamental cellular processes such as proliferation, differentiation, and stress responses. In the colonial
Blastogenetic cycle ascidian Botryllus schlosseri, MAPK activity is required for efficient phagocytosis of non-self cells or particles. In

Botryllus schlosseri

Oxidative stress

Stress granules
Post-transcriptional regulation

the present study, we identified two novel MAPK transcripts in B. schlosseri and analysed their modulation during
the colonial blastogenetic cycle under various experimental conditions. Since phagocytic activity is essential for
the cyclical renewal of the colony throughout the blastogenetic cycle, we also investigated the effects of colony
exposure to MAPK inhibitors, PD98059 and SP600125, targeting the ERK and JNK signalling pathways,
respectively. Colonies were microinjected with the inhibitors, and changes in morphology and transcriptional
profiles were analysed. The inhibition of MAPK activity altered colony development and modulated the
expression of genes associated with oxidative stress protection (sod, gpx-5) and stress granule dynamics (tiar, ttp),
processes involved in post-transcriptional regulation. These findings suggest that MAPK signalling is indis-
pensable for the proper progression of the blastogenetic cycle in B. schlosseri, integrating oxidative stress defence
and post-transcriptional control to maintain colony homeostasis.

From yeast to humans, three main conserved subfamilies of MAPKs
have been identified: extracellular signal-regulated kinases (ERKs), c-
Jun NH2-terminal kinases (JNKs) and p38s. Two groups of ERK family
members have been described: the classic ERKs (ERK-1 and ERK-2, alias
MAPK-3 and MAPK-1, respectively) and the larger ERKs (e.g., ERK-5,
alias MAPK-7) that contain an extended C-terminal sequence in addi-
tion to their kinase domain [6]. ERK-1 and ERK-2 respond primarily to
: o growth factors and mitogens to induce cell growth and differentiation
skel'etal pI"O'te‘lIlS and tI:aIlSCI‘lpt'lon factors,'MAPKs can fnodulaFe enzy- [7,8]. The JNK family includes JNK-1, JNK-2, and JNK-3 (also known as
matic actlYltles, pr(?te:1{1—prote1n or p1.rote1n—mole.cule mte.ractlons, as MAPK-8, MAPK-9 and MAPK-10, respectively) [9]. They are activated
well as thelr susceptibility to proteolytic degradation. I.n this way, they by environmental stress, inflammatory cytokines, and growth factors
control important cellular processes such as metabolism, movement, and play important roles in apoptosis, inflammation, cytokine produc-

znelogs and r11;1t(])3515,. apogtc})151siland g.ene. exprfssmnR[ﬁ,Z]. S1§nal trans- tion, and metabolism [10,11]. p38a, p38p, p38y, and p385 (also known
uction usually begins with the activation of Ras/Rho small GTPases, & y1apg 14, MAPK-11, MAPK-12 and MAPK-13, respectively), are
which leads to the sequential phosphorylation of MAP kinase kinases

(MAPKKKs), MAP kinase kinases (MAPKKs) and, finally, MAPKs [3,4].
Activated MAPKs can phosphorylate various substrates in the cytosol
and nucleus leading to changes in protein function and gene expression

[5].

1. Introduction

Mitogen-activated protein kinases (MAPKs) are a family of enzymes
that covalently and reversibly attach phosphate groups onto serine and
threonine residues of specific target proteins within the cell. Through
the phosphorylation of other protein kinases, phospholipases, cyto-

members of the p38 family activated by environmental stress and in-
flammatory cytokines [12]. The activation of p38s is associated with
inflammation, apoptosis, cell differentiation, and cell cycle regulation
[13,14]. The three main MAPK subfamilies have been extensively
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Abbreviations used in the text

A adenine

ANOVA one-way analysis of variance
BIC Bayesian information criterion
cAIC Akaike information criterion

CDS coding DNA sequence

CTAB cetyltrimethylammonium bromide
DAB 3,3-diaminobenzidine

EC early-cycle

ef elongation factor

ERK extracellular signal-regulated kinase

FSW 0.45 pm-filtered seawater

GPX-5  glutathione peroxidase 5

HRP horseradish peroxidase

JNK c-Jun NH2-terminal kinase

LC late-cycle

LPS lipopolysaccharide from Gram-negative bacteria
MAPK  mitogen-activated protein kinase

MAPKK MAP kinase

MAPKKK MAP kinase kinase

MC mid-cycle

MCMC Markov chain Monte Carlo

MEGA  molecular evolutionary genetics analysis

MK2 MAPK-activated protein kinase 2

MUSCLE multiple sequence comparison by log-expectation
P-bodies processing bodies

PBS phosphate-buffered saline

gqRT-PCR quantitative real-time PCR

RBP RNA-binding protein

ROS reactive oxygen species
SG stress granule

SOD superoxide dismutase
TIAR TIA-1 related nucleolysin
Tm melting temperature
TNF tumor necrosis factor

TO take-over

TTP tristetraprolin

9) uridine

UTR untranslated region

studied in mammals.

As regards their roles in immunity, ERK is required for immunocyte
proliferation, whereas JNK and p38 are the major players in stress re-
sponses and innate immunity [15-18]. Invertebrates rely only on innate
immunity for their defence and the recruitment of MAPKs in innate
immune responses has been described in both spiralians and ecdyso-
zoans. In spiralians, the involvement of p38 in immune responses has
been described in bivalve and gastropod species [19,20], whereas ERK,
together with p38, is activated by non-self recognition in the gastropod
Littorina littorea [20]. ERK and JNK are involved in immune responses of
the scallop Patinopecten yessoensis [21]. ERK is also required for proper
phagocytosis in the gastropod Limnaea stagnalis [22]. As far as ecdyso-
zoans are concerned, p38 and JNK signalling pathways exert a pivotal
role in defence towards bacterial infections in nematodes [23-26]. In
addition, p38 and JNK are important for the modulation of immune
responses towards bacteria, fungi and viruses in insects [26-29]. Among
deuterostomes, the transcription of MAPK genes is upregulated in the
sea cucumber Apostichopus japonicus, upon exposure of whole animals or
isolated coelomocytes to Vibrio splendidus [30].

Tunicates are invertebrate chordates representing the sister group to
vertebrates [31]. They include sessile ascidians and pelagic thaliaceans
and larvaceans [32,33]. Except for a few papers on immunocytes and
immune responses in thaliaceans [34,35], most of the data of immune
responses in tunicates come from studies on ascidians. Here, the main
effectors of immune responses are the circulating immunocytes, repre-
sented by phagocytes and cytotoxic granular cells [36]. Ascidians
respond to the recognition of non-self (either microbes or foreign/self
altered cells) with inflammation, phagocytosis or encapsulation. Cyto-
toxic cells represent the most abundant circulating haemocyte type and
store the enzyme phenoloxidase within their granules [37]. Upon
recognition of non-self, phenoloxidase is released and triggers the in-
flammatory reaction observed in vitro in solitary ascidians [38-40] and
in vivo in colonial species, along the contacting borders of genetically
incompatible colonies during the allorejection reaction of botryllid as-
cidians [41-45].

Botryllus schlosseri is a colonial ascidian widely used as a model or-
ganism for the study of innate immune responses [46]. In a previous
study, we demonstrated that in vitro phagocytosis of target yeast cells in
the colonial ascidian Botryllus schlosseri requires MAPK signalling
pathways [47]. In addition, in this species, sustained oxidative stress
leads to the impairment of phagocytosis and death of phagocytes [48,
49].

In this study, we mined the available Botryllus databases looking for
MAPK genes. We identified and characterised two MAPK genes that
exhibit similarity to the chordate ERK-2 and JNK-1 genes and are
expressed by Botryllus phagocytes. We then evaluated their involvement
in phagocytosis by inhibiting ERK and JNK activity with PD98059 and
SP600125, respectively. In agreement with previous studies, we
observed a reduction in phagocytic activity associated with the inhibi-
tion of the ERK and JNK pathways. To confirm the effectiveness of the
inhibitors in modulating the target proteins, we carried out immunoblot
analyses and measured changes in the percentage of immunopositive
haemocytes stained with anti-pERK and anti-pJNK antibodies after in-
cubation with yeast, used as an immune challenge, in the presence of the
respective inhibitors. Since MAPK pathways can be activated by reactive
oxygen species, we also studied the modulation of the transcriptional
activity of the two identified MAPK genes by cadmium, zinc and copper
(a non-essential metal and two essential metals, respectively), known
inducers of oxidative stress in ascidians [50-52], and LPS, a bacterial
molecule known to act as an inflammatory inducer in ascidians [53,54].
Moreover, as MAPKs can influence the activity of stress-related genes,
we studied the effects of the above-reported inhibitors on the tran-
scription of four previously identified Botryllus genes involved in both
the response to oxidative stress (bssod and bsgpx-5) [51] and stress
granule (SG) formation (bstiar and bsttp) [55,56]. In addition, since
phagocytic activity is required for the progression of the colonial blas-
togenetic cycle [57], we evaluated the effects of the two MAPK in-
hibitors on the blastogenetic cycle. Our findings suggest that the two
MAPK genes play important roles in the progression of the blastogenetic
cycle and in the modulation of oxidative stress and SG dynamics.

2. Materials and methods
2.1. Animals

Colonies of B. schlosseri were collected in Chioggia, in the southern
part of the Venice Lagoon, detached from solid substrates with a razor
blade and transferred onto glass slides. They were kept in aerated
aquaria filled with 0.45 pm-filtered seawater (FSW), in thermostatic
rooms at 19 °C under a 12 h light/12 h dark cycle, and fed every other
day with Tetraselmis chuii and Dunaliella sp.

In a colony, adult zooids are grouped in star-shaped systems with a
common cloacal siphon in the centre of each system. All the zooids share
the tunic and the colonial circulatory system. Colonies undergo periodic
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(weekly at 19 °C) generation changes, known as take-overs (TOs), dur-
ing which adult zooids are progressively resorbed and replaced by their
buds (second generation of the colony), which bear budlets (third gen-
eration of the colony). The interval between two consecutive TOs is
defined as the blastogenetic cycle. During the TO, lasting 24-36 h,
diffuse cell death by apoptosis occurs in cells of adult zooids [58,59].
Circulating phagocytes infiltrate adult zooid tissues to remove senescent
cells, a process essential for the proper progression of the blastogenetic
cycle [57]. A blastogenetic cycle includes various colonial develop-
mental phases [60]. The phases that follow or precede the TO by more
than one day are collectively called mid-cycle (MC), whereas the phases
one day before or after TO are called, respectively, late-cycle (LC) and
early-cycle (EC).

2.2. Search for Botryllus MAPKs: in silico analyses, sequence alignment,
and phylogenetic reconstruction

Two putative MAPK-encoding cDNA sequences from B. schlosseri
were identified by searching the Octopus (https://octopus.obs-vlfr.fr/
blast/botrylle/blast_botryllus.php) and ANISEED (https://www.an
iseed.fr/) databases. The two sequences showed 85.8% and 69.9%
identity to the human ERK-2 and JNK-1 cDNAs, respectively, and are
hereafter referred to as bsmapk-1 and bsmapk-8. Following PCR ampli-
fication and sequencing (see below; primers are listed in Table S1), the
identities of the characterised sequences were confirmed by BLAST
analysis against the NCBI database (https://blast.ncbi.nlm.nih.gov/Bla
st.cgi), and the resulting partial transcript sequences were deposited in
GenBank (see below). Full-length transcripts were subsequently recon-
structed in silico based on fully matching entries from the ANISEED and
Octopus databases. The predicted protein sequences were obtained
using the ExPASy translation tool (https://web.expasy.org/translate/)
and analysed for conserved domain architecture with the SMART
database (https://smart.embl.de/).

For domain-level comparisons, BsMAPK-1 and BsMAPK-8 were
aligned with orthologous MAPK proteins from other metazoans
retrieved from the NCBI database using the Clustal Omega multiple
sequence alignment program (https://www.ebi.ac.uk/jdispatcher/msa/
clustalo; NCBI accession numbers are reported in Tables S2 and S3).
Pairwise identity and similarity values were calculated using the
LALIGN tool (https://www.ebi.ac.uk/jdispatcher/psa/lalign). In addi-
tion, site-specific selective pressures acting on the protein sequences
were further evaluated using the Selecton software (http://selecton.tau.
ac.il/).

Phylogenetic analyses were conducted on MAPK-1 and MAPK-8
amino acid sequences from metazoans previously used for domain
analysis, together with additional MAPK sequences retrieved from the
NCBI database corresponding to MAPK-3, MAPK-9, MAPK-10, and
MAPK-14 (Tables S2-S4). These sequences represent the major isoforms
of the three principal classes of MAPKs. Full-length protein sequences
were aligned using the Multiple Sequence Comparison by Log-
Expectation (MUSCLE) algorithm. The resulting alignment was used to
determine the best-fitting amino acid substitution model with the Mo-
lecular Evolutionary Genetics Analysis X (MEGA X) software. Phyloge-
netic relationships were inferred using the Bayesian Inference method
implemented in MrBayes v3.2.7a. Four independent runs were per-
formed, each consisting of four simultaneous Markov Chain Monte Carlo
(MCMC) chains, for a total of 100,000,000 generations, with trees
sampled every 1000 generations. Annotated phylogenetic trees were
visualised using FigTree v1.4.4.

2.3. Primers, antibodies and inhibitors

Primers for quantitative real-time PCR (qRT-PCR) (Table S1) were
designed on the partial coding DNA sequence (CDS) of the characterised
sequences. Primer parameters (melting temperature, GC content,
hairpin, self-dimer, and heterodimer) were checked using the IDT Oligo
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Analyzer (https://eu.idtdna.com/calc/analyzer), and primers were
subsequently synthesized by Merck Life Science S.r.l. (Milan, Italy).

Polyclonal anti-human phospho-ERK-1/2 (anti-pERK) and poly-
clonal anti-human phospho-SAPK/JNK (anti-pJNK) primary antibodies
were purchased from Cell Signalling Technology (Danvers, MA; cata-
logue numbers 9101 and 9251, respectively), and their specificity for the
target proteins was previously validated by immunoblotting [47]. A
polyclonal antibody raised against Ciona robusta TIAR (Bio-Fab Research
S.r.l., Italy) was also used; its specificity in B. schlosseri has been previ-
ously demonstrated by immunoblot analysis [55]. The HRP-conjugated
goat anti-rabbit IgG secondary antibody was purchased from Bio-Rad
Laboratories (Hercules, CA, USA; catalogue number 1706515).

The inhibitors PD98059 and SP600125 were purchased from Sig-
ma-Aldrich (St. Louis, MO) and were diluted in DMSO to a concentra-
tion of 100 mM (stock solutions).

2.4. Microinjections in B. schlosseri colonies

For intravascular microinjections of the solutions described below
(1 pl every six zooids), peripheral ampullae (blind endings of the cir-
culatory system) were punctured with thin glass capillaries, stretched
with a Narishige puller, inserted into a PLI-100 pico-injector (Medical
Systems Corp, Greenvale, NY). The efficacy of the injection was moni-
tored under a stereomicroscope, as all solutions contained 0.025%
phenol red.

For inhibitor treatments, colonies at MC were divided into subclones
and microinjected with either PD98059 (ERK inhibitor, 100 pM in FSW),
SP600125 (JNK inhibitor, 100 pM in FSW), or FSW containing 0.1%
DMSO (reference control), the last concentration corresponding to the
solvent concentration in the inhibitor working solutions. The concen-
trations of the inhibitors were considered sub-lethal, as they did not
increase haemocyte mortality in vitro [47].

In another series of experiments, LPS (from Escherichia coli 055:B5;
Sigma-Aldrich) was injected into colonies at MC at a final concentration
of 1 mg/ml in FSW, a concentration known to trigger innate immune
responses in B. schlosseri [61]. The following experimental groups were
considered: O (reference control), 2, 4, and 6 h after LPS injection.

2.5. Protein extraction, electrophoresis and immunoblotting

Colonies were injected with FSW without (reference control) or with
MAPK inhibitors at the concentrations reported above. One day after
injection, samples were homogenised in ice-cold denaturing lysis buffer
(50 mM Tris-HCI, pH 7.8, 25 mM sucrose, 5 mM EDTA, 2 mM sodium
orthovanadate, 10 mM sodium fluoride, 5 mM N-ethylmaleimide, 1%
SDS, 1 mg/mL pepstatin, 1 mg/mL leupeptin). Homogenisation was
performed by mechanical disruption followed by sonication on ice
(Bandelin Sonopuls sonifier; 50% duty cycle, three 20 s pulses with 10 s
intervals). Lysates were centrifuged at 12,000 x g for 15 min at 4 °C, and
supernatants were collected.

Protein concentration was determined using the Bradford assay [62].
Aliquots containing 20 pg of total protein were mixed with Laemmli
sample buffer (0.5 M Tris-HCI, pH 6.8, 10% SDS, 10% glycerol, 5%
B-mercaptoethanol, 0.05% bromophenol blue), heated at 95 °C for 7 min
to ensure protein denaturation, and separated by SDS-PAGE on 12%
polyacrylamide gels [63]. Electrophoresis was performed at a constant
voltage of 80 V. Proteins were transferred onto nitrocellulose mem-
branes (0.2 pm Hybond-ECL, GE Healthcare) using a Bio-Rad Trans-Blot
semi-dry system with transfer buffer (25 mM Tris, 160 mM glycine, 20%
methanol, 0.02% SDS).

Membranes were blocked for 2 h at room temperature in TBST
(20 mM Tris-HCl, 150 mM NaCl, 0.1% Tween-20, pH 7.6) containing
3% normal goat serum and 2% bovine serum albumin. Membranes were
then incubated overnight at 4 °C with primary antibodies (anti-pERK or
anti-pJNK, 10 pg/mL; or anti-TIAR, 2 pg/mL), applied on separate
membranes. After washing in TBST, membranes were incubated for 2 h
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at room temperature with horseradish peroxidase (HRP)-conjugated
secondary antibody (1:5000). Immunoreactive bands were detected
using 0.025% 3,3-diaminobenzidine (DAB) in TBST, containing
0.0125% hydrogen peroxide, for 10 min. In the presence of HRP, DAB is
oxidised by hydrogen peroxide, resulting in the formation of an insol-
uble brown precipitate at the site of antibody binding.

Membranes were imaged and band intensity was quantified using
ImageJ software (NIH). Integrated density values were calculated after
background subtraction.

2.6. RNA sample preparation

The transcriptional activity of bsmapk-1 and bsmapk-8 was evaluated
throughout the blastogenetic cycle. For this purpose, colonies of
B. schlosseri at the EC, MC, LC, and TO phases were frozen in liquid ni-
trogen and stored at —80 °C until RNA extraction. The MC phase was
chosen as a reference control because it is well away from the extensive
apoptotic events that characterise the TO phase, when the cells of the old
zooid generation undergo cell death and are cleared by circulating
phagocytes infiltrating into the tissues and engulfing them [58].

To study the modulation of MAPK genes in response to immune
stimulation, colonies at the MC were microinjected with LPS (1 mg/ml
in FSW), frozen in liquid nitrogen after 0 (reference control), 2, 4, or 6 h,
then stored at —80 °C until processing.

In another series of experiments, MC colonies were microinjected
with the previously described inhibitors dissolved in FSW, or FSW
containing 0.1% DMSO (reference control), and after 24 h, they were
frozen in liquid nitrogen and stored at —80 °C. Colonies at this phase
have been reported to display the highest transcription levels of
antioxidant-related genes, such as bssod and bsgpx-5 [51], as well as
SG-related genes, including bstiar and bsttp [55,56]. Therefore, the
transcription of these genes, together with that of MAPK genes, was
quantified to investigate the potential involvement of MAPK pathways
in their regulation.

To evaluate the effects of metals on MAPK gene transcriptions, col-
onies at MC were incubated in FSW containing 0.2 pM CuCly, ZnCly, or
CdCl, (two essential and one non-essential metal, respectively), for
0 (reference control), 2, 4, or 6 h. Previous experiments indicated that
these sub-lethal concentrations of metals were effective in inducing
oxidative stress [51]. Metal stock solutions were prepared by dissolving
the respective salts in distilled water, and their concentrations were
verified using a PerkinElmer 4000 atomic absorption spectrophotom-
eter. After treatments, colonies were frozen in liquid nitrogen and stored
at —80 °C.

2.7. Total RNA extraction, cDNA synthesis, amplification, and
sequencing

Total RNA was isolated by the precipitation method, using cetyl-
trimethylammonium bromide (CTAB, PanReac AppliChem) and PRI-
meZOL (Canvax), combined in a 1:1 ratio, as lysis buffer, with the
addition of 0.04% p-mercaptoethanol [49]. Samples were incubated in
the lysis buffer at 65 °C for 1 h after mechanical disruption. One volume
of chloroform was then added, and samples were centrifuged (4 °C;
15 min at 12000 x g). One volume of isopropanol was added to the
supernatants, and samples were incubated overnight at —20 °C for RNA
precipitation. After centrifugation (4 °C; 10 min at 12000 x g), the
pellets were washed twice with 80% ethanol and centrifuged again
(4 °C; 5 min at 7500 x g). Finally, the pellets were air-dried and resus-
pended in nuclease-free water. Further purification of all RNA samples
was performed with the RQ1 RNase-Free DNase (Promega) kit to remove
any possible genomic contamination. RNA concentration and purity
were assessed using the Nanodrop ND-1000 spectrophotometer (Ther-
moFisher Scientific), by checking the Aygo,/280 and Ageo/230 ratios; RNA
integrity was verified through the visualisation of ribosomal RNA bands
on 1% agarose gel.
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Reverse transcription, from 1 pg of each extracted total RNA, was
performed using the BiotechRabbit cDNA Synthesis Kit, which includes
Oligo (dT) primer for the selection of poly(A) tailed mRNA. The quality
of the obtained cDNAs was checked by qualitative PCR, performed with
2X YourTaq PCR Master Mix (BiotechRabbit) kit and the primers for
elongation factor (bsef, endogenous control), reported in Table S1, on a
SimpliAmp Thermal Cycler (Applied Biosystems). For bsmapk-1 and
bsmapk-8, the obtained PCR fragments were isolated from 1.5% agarose
gel with the Wizard SV Gel and PCR Clean-Up System (Promega) kit and
sequenced by Eurofins genomics (Europe Shared Services GmbH,
Ebersberg, Germany), to obtain the coding sequences for qRT-PCR
primer design. Checked cDNAs were used for gene quantification by
qRT-PCR.

2.8. Quantitative real-time PCR (qRT-PCR)

qRT-PCR was performed to evaluate the changes in transcript levels
of bsmapk-1, bsmapk-8, bssod, bsgpx-5, bstiar, bsttp and B. schlosseri
elongation factor (bsef), the latter used as the housekeeping gene, in the
various experimental conditions described above. The qPCRBIO
SyGreen Blue Mix Separate-ROX (PCR Biosystems, Wayne, PA, USA) kit
was used, after adjusting ROX (quencher) concentration at 100 nM in a
10 pl volume reaction, containing <100 ng of cDNA and 0.2 pM of the
primers listed in Table S1. The cycle parameters were set as follows:
95 °C for 2 min (denaturation), 38 cycles at 95 °C for 20 s and 60 °C for
1 min (annealing), followed by a melting curve step (95 °C for 15 s, 60 °C
for 1 min, 95 °C for 15 s, and 60 °C for 15 s). Each cDNA was analysed in
triplicate, and the melting profile was used to verify the absence of
genomic contamination. Relative expression levels were calculated with
the 2722C method [64]. Transcription levels were normalised to the
housekeeping gene, to compensate for variations in the amounts of
cDNA.

2.9. Collection of haemocytes

The tunic marginal vessel of colonies at MC, previously rinsed in
0.38% Na-citrate in FSW, pH 7.5, to prevent haemocyte clotting, was
punctured with a fine tungsten needle and flowing haemolymph was
collected with a glass micropipette. It was centrifuged at 780 x g for
10 min and the pellet was resuspended in FSW to obtain a final con-
centration of 5 x 10° cells/ml. Sixty pl of haemocyte suspension was
placed in the centre of culture chambers prepared as described else-
where [65]; they were kept upside-down for 30 min to allow the
adhesion of haemocytes to coverslips. Cell viability was evaluated with
the Trypan blue exclusion assay. Briefly, cells were incubated in a so-
lution of 0.25% Trypan blue in FSW for 5 min and then observed under
the light microscope; the frequency of blue (=dead) cells was finally
evaluated.

2.10. Immunocytochemical analysis

Haemocytes were incubated for 60 min with either FSW (control) or
yeast (Saccharomyces cerevisiae)-containing FSW (yeast:haemocyte
ratio = 10:1), in the presence or absence of inhibitors at the concen-
tration of 10 pM, according to in vitro analyses carried out by Franchi
et al. [47], and subsequently washed in FSW and fixed for 30 min at 4 °C
in 4% paraformaldehyde plus 0.1% glutaraldehyde in 0.2 M
Na-cacodylate buffer (pH 7.4) containing 1.7% NaCl and 1% sucrose,
rinsed in phosphate-buffered saline (PBS: 1.37 M NaCl, 0.03 M KCl,
0.015 M KH5POy4, 0.065 M NayHPO4, pH 7.4). After washing in PBS,
haemocytes were permeabilised with 0.1% Triton X-100 in PBS for
5 min, washed again in PBS and treated for 30 min with a solution of 6%
H,0, in methanol to block endogenous peroxidase activity. Before
antibody incubation, haemocytes were washed in PBS and blocked with
5% normal goat serum in PBS for 30 min to prevent non-specific bind-
ing. Polyclonal anti-pERK or anti-pJNK primary antibodies were diluted
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in blocking solution (1:200) and applied overnight at 4 °C. After
washing in PBS, haemocytes were incubated with HRP-conjugated sec-
ondary antibody diluted in blocking solution (1:500) for 2 h at room
temperature. Detection was performed using 0.025% DAB in PBS, in
presence of 0.0125% hydrogen peroxide, for 10 min. Coverslips were
finally mounted in Acquovitrex (Carlo Erba, Italy). Cells were observed
under a light microscope and the fraction of immunopositive cells was
evaluated.

2.11. Phagocytosis assay

Haemocytes from colonies at MC were exposed for 30 min to the
inhibitors described above (10 pM in FSW). They were then washed in
FSW and incubated with 60 pl of a suspension of yeast (yeast:haemocyte
ratio = 10:1). Cultures were kept inverted for 60 min, and, at the end of
the incubation period, coverslips were repeatedly dipped into a large
volume of FSW to remove unattached yeast. Haemocytes were then
fixed, as previously described, and stained with 10% Giemsa for 10 min,
and the coverslips were mounted as previously described. About
200 cells per slide, in ten optic fields at the magnification of 1250x,
were observed under a light microscope and the percentage of haemo-
cytes containing ingested yeast cells was calculated.

2.12. Effects on the blastogenetic cycle

To investigate the effects of MAPK inhibition on colony development
during the blastogenetic cycle, three large colonies were divided into
subclones of at least three systems. Daily injections began on the second
day after TO. Digital images of the subclones were acquired daily before
each injection, and the area of adult zooids was measured using ImageJ
software. Measurements obtained from treated subclones were
compared with those from the corresponding control subclones derived
from the same parental colony.

2.13. Statistical analysis

For morphological analyses, three independent colonies (n = 3) were
used. From each colony, one control subclone and two inhibitor-treated
subclones were analysed, and at least 6 zooids per subclone were
measured. Areas of zooids were expressed as means + standard
deviations.

Relative values obtained by qRT-PCR were expressed as
means + standard deviations of three independent colonies (n = 3). Data
distribution was assessed using the Shapiro-Wilk test. Differences
among groups were evaluated by one-way analysis of variance
(ANOVA), followed by Tukey's post hoc test for multiple comparisons.
Differences were considered statistically significant at p < 0.05.

Immunocytochemical and phagocytosis assays were carried out
using cells from three independent colonies (n = 3). Data were
compared using the chi-square (32) test.

3. Results

3.1. Amplification and partial characterisation of bsmapk-1 and bsmapk-
8

The PCR fragment amplified with the BsSMAPK-1Fw and BsMAPK-
1Rv primers and with the BsMAPK-8Fw and BsMAPK-8Rv primers,
once sequenced, allowed us to characterise part of the CDS of two MAPK
genes. Both, the first one 727 nucleotides long and the second one 883
nucleotides long, correspond to the putative sequences found in the
ANISEED database (transcript ID: Boschl.CG.Botznik2013.chrUn.
g60494.01.t and Boschl.CG.Botznik2013.chr7.g45587.01.t, respec-
tively). These results confirm that the genes are transcribed in
B. schlosseri. The first PCR fragment showed a high similarity (95.0%)
and identity (78.3%; E-value: 3e-157) with the mapk-1 sequence of
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Fundulus heteroclitus (NCBI accession number XM _036144364.1) and
was named bsmapk-1. The second PCR fragment showed the highest
similarity (99.0%) and identity (75.6%; E-value: 2e-172) with the mapk-
8 sequence of Styela clava (NCBI accession number XM_039397647.2)
and was named bsmapk-8. The in silico reconstruction of the first tran-
script resulted in a full-length sequence of 2418 nucleotides, with 5-UTR
and 3-UTR regions of 48 and 1278 nucleotides, respectively, with a CDS
of 1092 nucleotides, encoding a putative protein of 364 amino acids
with a deduced molecular weight of 42 kDa (Fig. S1). For the second
transcript, a full-length sequence of 1980 nucleotides was obtained, with
5-UTR and 3-UTR regions of 249 and 462 nucleotides, respectively, and
a CDS of 1269 nucleotides, encoding a putative protein of 423 amino
acids with a deduced molecular weight of 47.4 kDa (Fig. S2). The partial
transcript sequences were deposited in GenBank under the following
accession numbers: PX411264.1 for bsmapk-1 and PX411265.1 for
bsmapk-8.

3.2. Domain architecture and phylogenetic validation of BsMAPK-1 and
BsMAPK-8

The reconstructed amino acid sequence of BsMAPK-1 (Fig. S1)
showed the highest similarity (98%) and identity (87.1%) to the MAPK-
1 sequence of S. clava (NCBI accession number XP_039266663.1),
whereas the reconstructed amino acid sequence of BsSMAPK-8 (Fig. S2)
showed the highest similarity (97%) and identity (85.1%) to the MAPK-
8 sequence of S. clava (NCBI accession number XP_039253581.2).
Multiple alignment of the sequences revealed that the serine/threonine
catalytic domains are highly conserved (75.4% and 66.7% of identical
residues, respectively). Within this domain, the catalytic sites, repre-
sented by the threonine-glutamate-tyrosine (TEY) and the threonine-
proline-tyrosine (TPY) motifs, respectively, are fully conserved across
all analysed species (100% identity) (Figs. S3 and S4). Selection analysis
of the two sequences (Figs. S5 and S6) indicates that purifying selection
predominates, affecting 80.7% and 78.9% of residues, respectively. The
degrees of identity and similarity resulting from comparison of BsMAPK-
1 and BsMAPK-8 with orthologous metazoan sequences, obtained using
the LALIGN tool, are reported in Tables S2 and S3, respectively.

The MEGA X software identified the LG + G model as the best-fit
substitution model for analysing the evolution of MAPK amino acid se-
quences, with a gamma shape parameter of 0.52 (four rate categories),
based on the corrected Akaike Information Criterion (cAIC) and
Bayesian Information Criterion (BIC) (-InL = 10662.745). The phylo-
genetic tree inferred using the Bayesian Inference method (Fig. S7) is
fully resolved, with all nodes supported by Bayesian posterior proba-
bilities ranging from 61% to 100%. The clade comprising ascidian se-
quences, including B. schlosseri and S. clava, is strongly supported (100%
posterior probability) and is recovered as a sister group to vertebrate
sequences for MAPK-1, and to invertebrate sequences for MAPK-8.

3.3. The transcriptional activity of bsmapk-1 and bsmapk-8 is modulated
during the colonial blastogenetic cycle

During the blastogenetic cycle, bsmapk-1 transcription levels showed
limited fluctuations, with a significant (p < 0.05) increase at the TO
phase, corresponding to a 7.8-fold increase relative to MC (third day
post-TO, reference value) (Fig. 1A). In contrast, bsmapk-8 expression
reached its highest level at LC, significantly (p < 0.01) different from the
levels observed during the first three days post-TO and corresponding to
a 45.2% increase relative to the reference value. Conversely, the lowest
level was recorded one day after EC, corresponding to a 17.5% decrease
compared to the MC reference (Fig. 1B).

3.4. Immunoblot analysis reveals the inhibition of MAPKs by MAPK
inhibitors

Colony lysates, previously injected with FSW (control) or with MAPK
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Fig. 1. Relative transcriptional activity (fold induction, f.i.) of bsmapk-1 (A) and bsmapk-8 (B) during the blastogenetic cycle of B. schlosseri. EC: early-cycle; MC: mid-
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Significant differences are indicated in bold. The degrees of freedom were 4 for all comparisons.

inhibitors, contained proteins recognised by anti-pERK and anti-pJNK
antibodies. In the immunoblot analysis, the anti-pERK antibody identi-
fied two bands of 42 and 44 kDa (Fig. 2A), whereas the anti-pJNK
antibody recognised a single band of 46 kDa (Fig. 2B). Band intensity
was markedly reduced in the presence of the MAPK inhibitors. In
particular, PD98059 reduced the intensity of the bands detected by the
anti-pERK antibody to 13% of the control band intensity, whereas
SP600125 reduced the intensity of the 46-kDa band to 17.6% of the
control band intensity (Fig. 2A and B).

3.5. Transcriptional effects of MAPK inhibitors

In colonies injected with PD98059, no significant effects on the
transcription levels of either bsmapk-1 or bsmapk-8 were observed
compared with the controls. Conversely, treatment with SP600125
significantly (p < 0.05) reduced the transcription levels of bsmapk-1 and
bsmapk-8 by 73.5% and 63.6%, respectively, relative to the controls
(Fig. 3A).

As for SG-related genes, the injection of PD98059 significantly
(p < 0.001) reduced the transcription of bstiar and bsttp by 45.5% and
75.7%, respectively, whereas SP600125 significantly (p < 0.001)
induced a 13.15-fold increase in bstiar transcription (Fig. 3B). This result
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Fig. 2. Immunoblot analysis of proteins recognised by anti-pERK (A) and anti-

pJINK (B) antibodies in lysates from control colonies and colonies treated with
the inhibitors PD98059 and SP600125.

mirrored what was obtained in the immunoblot analysis with the anti-
TIAR antibody: the 50-kDa band was more intense (60.5% increase)
than the control band in SP600125-injected colonies and markedly less
intense (78% decrease) in colonies treated with PD98059 (Fig. S8).

Regarding other stress-related genes, the injection of PD98059
caused a significant (p < 0.01) reduction of bssod and bsgpx-5 tran-
scription relative to the controls by 84.8% and 45.6%, respectively,
whereas SP600125 led to a significant (p < 0.01) decrease in bssod and
bsgpx-5 transcriptional activity by 96.0% and 49.2%, respectively,
relative to the controls (Fig. 3C).

3.6. The MAPK inhibitors impair B. schlosseri phagocytosis

To confirm the inhibitory effects of PD98059 and SP600125 on
phagocytosis, haemocytes from Botryllus colonies were challenged with
yeast to induce MAPK activation in phagocytes, as previously demon-
strated by Franchi et al. [47], using zymosan as a non-self stimulus. The
Trypan Blue assay indicated that more than 95% of the cells were viable
after haemolymph collection.

Control haemocytes, not challenged with yeast, did not show any
labelling with the anti-pERK antibody (Fig. 4A) or anti-pJNK antibody;
in contrast, round phagocytes containing ingested yeast cells were
strongly labelled with the anti-pERK (Fig. 4B) or anti-pJNK antibody
(Fig. 4C). Pre-incubation with PD98059 (Fig. 4D) or SP600125, in the
presence of yeast, markedly reduced both the intensity of immunopo-
sitivity and the number of immunopositive cells compared with the
yeast-challenged controls (p < 0.001; Fig. 4E).

Phagocytosis of yeast cells was significantly (p < 0.05) reduced
following pre-incubation with either PD98059 or SP600125. The frac-
tion of phagocytes ingesting yeast decreased to 35% and 80% of the
control value for PD98059 and SP600125, respectively (Fig. S9).

3.7. The transcription of bsmapk-1 and bsmapk-8 is modulated by LPS

In LPS-microinjected colonies, variations in bsmapk-1 and bsmapk-8
transcript levels were observed. Two h after LPS injection, bsmapk-1
transcription did not differ from the control. At 4 h, it became signifi-
cantly (p < 0.05) higher, reaching almost three-fold increase relative to
the control, and at 6 h it was significantly (p < 0.01) reduced by 83%
relative to the control. Conversely, bsmapk-8 transcription gradually
increased from 2 to 6 h, remaining significantly (p < 0.05) higher than
the control at all time points analysed, and reaching a maximum 18.8-
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fold increase relative to the control at 6 h post-injection (Fig. 5).
3.8. Metals modulate the transcription of B. schlosseri MAPK genes

Previous studies have shown that metals can influence the tran-
scription of ascidian genes [66-68]. In our experiments, exposure to
Cu®" induced a significant (p < 0.05) decrease in bsmapk-1 transcription
at 2 h and 4 h compared with the control, followed by significant
(p < 0.001) increase after 6 h, reaching approximately 7.8-fold the
control value. In contrast, bsmapk-8 showed a complex response to Cu?".
At 2 h, its transcription was significantly (p < 0.001) downregulated,
with a 92.6% reduction relative to the control. At 4 h, a significant
(p < 0.001) upregulation was observed, with a 6.4-fold increase relative
to the control. At 6 h, transcription was strongly downregulated
(p < 0.001), with a 99.7% reduction relative to the control (Fig. 6A).

Similarly, Zn?* exposure caused a significant (p < 0.05) decrease of
bsmapk-1 transcription, at 4 h compared with the control, and a signif-
icant (p < 0.001) 11.1-fold increase at 6 h. As regards bsmapk-8, tran-
scription was significantly (p < 0.01) downregulated at 2 h and 4 h, and
showed no significant changes at 6 h, relative to the control (Fig. 6B).

Regarding Cd?", bsmapk-1 transcription showed a significant
(p < 0.001) reduction at 2 h with respect to the control but was signif-
icantly (p < 0.05) upregulated at 6 h, with a 3.8-fold increase relative to
control. Conversely, bsmapk-8 displayed a significant (p < 0.01) upre-
gulation at 2 h (4.8-fold relative to the control), followed by significant
(p < 0.01) downregulation at 4 h and 6 h (68.4% and 97.5% reduction
relative to the control, respectively) (Fig. 6C).

3.9. Effect of MAPK inhibitors on the colonial blastogenetic cycle

Phagocytes are essential for the clearance of effete cells and for the
progression of the blastogenetic cycle [57]. To assess the role of MAPK
signalling in these processes, we examined the effects of prolonged
exposure to the above inhibitors on B. schlosseri colonies. Treatment
with PD98059 induced a significant (p < 0.05) reduction in zooid size
compared with the controls as early as day 1, and this difference pro-
gressively increased until day 5, when TO occurred one day earlier than
in the control colonies (Fig. 7A). At this time point, the area of treated
zooids was reduced by 77.4% relative to the control. During the final
two days of the experiment, the new generation of treated zooids
remained markedly (p < 0.001) smaller than controls, reaching by day 9
an average area 56.2% lower than that of the control. At day 9, when the
control colony was in MC (images not shown), the treated colony
(Fig. 7B) displayed a reduction in number of zooid from nine to six. The
remaining zooids were in an advanced phase of resorption, charac-
terised by closed siphons, absence of developing buds, and surrounding
vessels filled with dark haemolymph cells.

Significant (p < 0.05) differences between SP600125-treated and
untreated colonies were first observed on day 1 (Fig. 8A). From day 3
onward, treated zooids remained consistently smaller than controls
(p < 0.001). The TO occurred on day 5 in both groups; however, treated
zooids were significantly (p < 0.001) reduced in size, approximately
57.5% smaller than the control. This difference persisted through day 9,
when treated zooids still exhibited significantly (p < 0.001) smaller
areas, corresponding to about 21.8% smaller than the control. On days 8
and 9, the treated colony (Fig. 8B) failed to progress through the blas-
togenetic cycle, with its zooids arrested in MC. In the treated colony, a
zooid was lost following TO, and the remaining nine appeared slightly
malformed and lacked developing budlets.

4. Discussion

In the present study, by mining two transcriptomic databases of
B. schlosseri (ANISEED and Octopus), we identified and characterised
two MAPK transcripts showing high similarity to chordate MAPK-1
(ERK-2) and MAPK-8 (JNK-1), which we designated as BsMAPK-1 and
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Fig. 3. Relative transcriptional activity (fold induction, f.i.) of bsmapk-1 and
bsmapk-8 (A), bstiar and bsttp (SG-related genes) (B), bssod and bsgpx-5
(oxidative stress-related genes) (C), in colonies of B. schlosseri 24 h after mi-
croinjections of the MAPK inhibitors PD98059 or SP600125. Values were
compared with the reference transcription level (relative value = 1, dotted
line), corresponding to that of control colonies (injected with FSW containing
0.1% DMSO). Asterisks indicate statistically significant differences relative to
the controls (*: p < 0.05; **: p < 0.01; ***: p < 0.001). p-values for the com-
parisons are reported in the table above the graphs. Significant differences are
i‘ndicated in bold. The degrees of freedom were 4 for all comparisons.

<

BsMAPK-8, respectively. Phylogenetic analysis of MAPK amino acid
sequences from vertebrate and invertebrate species revealed a clear
separation of the major MAPK subfamilies, including the ERK (MAPK-1/
MAPK-3), JNK (MAPK-8/MAPK-9/MAPK-10), and p38 (MAPK-14) lin-
eages. The two B. schlosseri sequences clustered within the MAPK-1 and
MAPK-8 lineages, respectively, consistent with their high sequence
similarity to vertebrate orthologues. This high similarity justifies the use
of antibodies raised against mammalian proteins to detect ascidian ones.
Indeed, the anti-pERK antibody recognised two bands of 42 and 44 kDa,
likely corresponding to different phosphorylated forms of ERK-related
proteins detected by the antibody, whereas the anti-pJNK antibody
detected a single band of 46 kDa. On the basis of the phylogenetic
conservation of these proteins, we ascribed the observed bands to
BsMAPK-1 and BsMAPK-8, respectively, as their molecular weights are
consistent with those reported for orthologous proteins in mammals.
Notably, BsMAPK-1 and BsMAPK-8 showed the highest similarity to the
corresponding proteins of S. clava, another ascidian species, highlighting
the strong evolutionary conservation of these kinases within tunicates.
In addition, in silico analyses of the translated amino acid sequences,
compared with orthologous sequences from a broad range of metazoans,
revealed complete conservation of the catalytic site in both kinases. This
conservation underscores the strong evolutionary constraints acting on
this domain, which is essential for MAPK signalling activity [69].
Consistent with this, selection analyses indicated that most amino acid
residues in BsSMAPK-1 and BsMAPK-8 are subject to purifying selection,
limiting the accumulation of deleterious mutations and preserving
protein structural and functional integrity.

We next analysed the transcriptional activity of both MAPK genes
during the Botryllus blastogenetic cycle. bsmapk-8 exhibited its highest
transcription levels at the LC and TO phases, when most of the cells of
the old zooid tissues undergo apoptosis and are removed by circulating
phagocytes [58]. Given its high similarity to mammalian JNK, mainly
involved in stress responses and innate immunity [9], we hypothesise
that BsMAPK-8 activity may contribute to the regulation of phagocy-
tosis, ensuring the clearance of effete cells and cellular debris. This
regulation appears to be critical for the transition between generations,
from bud and budlet stages to adult zooids, and for the removal of old
zooids at TO [57]. As for bsmapk-1, its expression markedly increased at
the TO. Since BsMAPK-1 shares similarity to mammalian ERK, a kinase
involved in cell differentiation and proliferation [12], we propose that
bsmapk-1 plays a key role in sustaining the generation change, reaching
its peak activity at TO, a phase characterised by intense proliferative
processes required for bud growth and replacement of old haemocytes
via the release of new circulating precursor cells [59]. The coexistence of
extensive apoptosis and intense proliferative activity during TO suggests
that MAPK pathways act as molecular switches coordinating the
degeneration of the old generation with the development of the new
one. These transcriptional patterns are consistent with the established
functions of JNK and ERK pathways in metazoans [16,18,47].

Then, we studied the effects of the microinjection of the above-
reported MAPK inhibitors in the colonial circulation. The microinjec-
tion of PD98059 and SP600125 reduced the intensity of the bands rec-
ognised by anti-pERK and anti-pJNK. PD98059 is an ERK-1/2 inhibitor
as it prevents the phosphorylation of ERK by blocking the activation of
the enzymes upstream of ERK-1/2 [70]; this mechanism is consistent
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Significant differences are indicated in bold. The degrees of freedom were 4 for all comparisons.

with the observed reduction of the intensity of the 42- and 44-kDa bands
in our experiment. Conversely, SP600125 is a competitive JNK inhibitor
preventing the downstream phosphorylation of c-Jun [71]. To explain
the decrease in the intensity of the band ascribed to BsMAPK-8, we
hypothesise that, analogously to what has been observed in mammals,
where SP600125 can inhibit JNK phosphorylation as well [72-74], the

same inhibitor also affects BsMAPK-8 activation/phosphorylation. The
reported decrease in the intensity of the electrophoretic bands is also
reflected, in colonies injected with the inhibitors, in the reduction of
phagocyte staining by the anti-MAPK antibodies, a decrease in phago-
cytic activity of circulating haemocytes and the reduction of the fraction
of circulating phagocytes immunopositive to anti-pERK and anti-pJNK
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Fig. 6. Relative transcriptional activity (fold induction, f.i.) of bsmapk-1 and
bsmapk-8 in colonies of B. schlosseri at 0 (reference control), 2, 4 or 6 h after
exposure to Cu?* (A), Zn?" (B) or Cd?" (C). Transcription levels are expressed
relative to those of control colonies at time 0 (relative value = 1, dotted line). p-
values for the comparisons are reported in the table above the graphs. Asterisks
indicate statistically significant differences relative to the controls (*: p < 0.05;
**: p < 0.01; ***: p < 0.001). Significant differences are indicated in bold. The
degrees of freedom were 4 for all comparisons.

antibodies. All these observations point towards a significant role of
bsmapk-1 and bsmapk-8 in the immune response of B. schlosseri.
Moreover, results showed a clear decrease in the transcription of
both bsmapk-1 and bsmapk-8 following SP600125 treatment, whereas
PD98059 had no significant effect. We assume that, by blocking the

10
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phosphorylation and activation of c-Jun, the activity of which is
required to promote the transcription of various inflammatory and
stress-related genes including the genes for MAPKs, SP600125 reduces
the transcription of both bsmapk-1 and bsmapk-8. The presence of such a
feedback regulatory loop within the JNK—c-Jun signalling pathway has
been reported in mammals [75,76]. In addition, although SP600125
primarily inhibits JNK activity, the observed decrease in bsmapk-1
transcription suggests the possibility of additional regulatory in-
teractions between the JNK and ERK pathways. This finding is consistent
with previous reports describing JNK-ERK crosstalk in mammalian
systems [77], suggesting that similar regulatory dynamics may also
occurred in tunicates. However, as our analysis was limited to mRNA
expression levels rather than kinase activity, additional assays will be
necessary to determine whether the observed effect reflects direct
pathway crosstalk or indirect transcriptional regulation mediated by
downstream effectors and stress-responsive networks.

LPS challenge in B. schlosseri colonies altered the transcriptional
profile of the analysed MAPK genes, in agreement with findings reported
by Arizza et al. [54] in the solitary ascidian C. robusta. In mammalian
cells, LPS triggers inflammation by activating MAPKs [78], which may
also help explain the observed responses in our system. Notably,
bsmapk-8 transcription progressively increased, reaching its highest
level at 6 h post-injection compared to control, suggesting a predomi-
nant involvement of BsMAPK-8 in the LPS-induced response and,
consequently, a role of downstream JNK-c-Jun signalling, according to
the hypothesis discussed before. In contrast, bsmapk-1 transcription was
only slightly elevated at 4 h, suggesting a more moderate or temporally
restricted involvement, potentially also linked to JNK-dependent regu-
latory mechanisms or broader stress-responsive pathways.

MAPKs play a role also in stress responses [79-81], which include
post-transcriptional regulatory mechanisms involving the formation of
two distinct types of cytoplasmic complexes: stress granules (SGs) [82],
and processing bodies (p-bodies) [83]. In SGs, selected mRNAs are
temporarily stored and their translation is repressed [84], whereas in
p-bodies, mRNAs no longer useful to the cell are degraded [85]. Among
the mRNA-binding proteins (RBPs) involved in SG formation,
TIA-1-related nucleolysin (TIAR) and tristetraprolin (TTP) can recognise
and bind adenine/uridine (A/U)-rich elements in target mRNAs (e.g.,
cytokine mRNAs), through RNA recognition motifs (for TIAR) [86,87] or
zinc-finger domains (for TTP) [88,89]. Given the known roles of
mammalian MAPKs in immune and stress responses [16-18,90], we
investigated the effects of the MAPK inhibitors on the transcription of
genes involved in the formation of SGs. We observed that bstiar was
upregulated by SP600125 injection. This is paralleled by the increase in
the protein levels detected by the anti-TIAR antibody raised in ascidians
[55]. In contrast, bsttp transcription was reduced upon PD98059 injec-
tion. We hypothesise that, like in mammals [91,92], the above-reported
RNA-binding proteins serve as targets of MAPKs that phosphorylate
them and regulate their ability to bind and stabilise target mRNAs. In
agreement with the above assumption, in mouse and human cell lines,
ERK mediates the phosphorylation of TTP thus protecting it from im-
mediate proteasomal degradation [93]. Our results suggest that, in
B. schlosseri, MAPKs may interact with genes encoding SG proteins and
modulate their activity. In particular, bstiar appears to be regulated in
association with JNK-c-Jun signalling, whereas bsttp may be function-
ally linked to MAPK-ERK signalling pathways.

Focusing on antioxidant proteins, the literature suggests a link be-
tween these proteins and MAPK signalling pathways. For instance, Mn-
SOD is inhibited via JNK-dependent ubiquitination in human aortic
endothelial cells [94]. Regarding GPXs, recent findings indicate that
GPX-3 may be regulated by the JNK pathway, thereby affecting prolif-
eration and migration of pancreatic cancer cells [95]. In our study,
treatment with both MAPK inhibitors effectively suppressed the tran-
scription of bssod and bsgpx-5, suggesting that both BsMAPK-1 and
BsMAPK-8 may be involved in the regulation of genes associated with
protection against oxidative stress. Consistently, both bssod and bsgpx-5
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Fig. 7. (A) Mean area of adult zooids in B. schlosseri colonies microinjected with PD98059 (solid line) or FSW containing 0.1% DMSO (control, dashed line) over a
one-week experimental period. TO (indicated by arrows) occurred on day 5 in PD98059-treated colonies and on day 6 in control colonies. The final microinjection
was administered on day 7. Asterisks indicate statistically significant differences between PD98059-treated and control colonies at the corresponding time points (*:
p < 0.05; **: p < 0.01; ***: p < 0.001). (B) Representative colony treated with PD98059 and monitored throughout the experiment. Different colors identify
successive zooid generations: orange (first generation), purple (second generation), and green (third generation). Scale bars = 0.5 mm. (C) Summary table of the
statistical comparisons between control and PD98059-treated colonies. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)
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Fig. 8. (A) Mean area of adult zooids in B. schlosseri colonies microinjected with SP600125 (solid line) or FSW containing 0.1% DMSO (control, dashed line) over a
one-week experimental period. TO (indicated by arrows) occurred on day 5 in both SP600125-treated and control colonies. The final microinjection was admin-
istered on day 7. Asterisks indicate statistically significant differences between SP600125-treated and control colonies at the corresponding time points (*: p < 0.05;

**%: p < 0.001). (B) Representative colony treated with SP600125 and monitored throughout the experiment. Different colors identify successive zooid generations:
orange (first generation), purple (second generation), and green (third generation). Scale bars = 0.5 mm. (C) Summary table of the statistical comparisons between
control and SP600125-treated colonies. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

were downregulated following PD98059 and SP600125 treatments.

To investigate whether oxidative stress can modulate Botryllus MAPK
transcription, colonies were exposed to Cu®*, Zn?*, and Cd?*, all known
inducers of oxidative stress in ascidians [50,67,68], and the expression
of bsmapk-1 and bsmapk-8 was analysed. All three metals affected MAPK
transcription, though with distinct patterns. These differential responses

likely reflect the higher toxicity of cadmium compared with Cu?* and
Zn?". As a non-essential metal, Cd>* requires specific detoxification
mechanisms, including haemocyte-mediated scavenging, as previously
described in C. robusta [96]. Although we did not directly assess
apoptosis or cell proliferation in this study, the temporal expression
pattern suggests possible differential and time-dependent involvement
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of bsmapk-8 and bsmapk-1, which warrants further investigation. In
mammalian cells, Cd?* induces the activation of both ERK and JNK [97,
98], in agreement with our observations. Similar activations of MAPK
pathways have been reported also for copper [99] and zinc [100].
Notably, the early rise in bsmapk-8 transcription relative to bsmapk-1
during exposure to Cu?" and Cd%" suggests a differential temporal
regulation of these kinases, potentially reflecting distinct roles in stress
response dynamics rather than a strictly sequential functional cascade.
This may indicate that bsmapk-8 is preferentially associated with early
stress signalling, whereas bsmapk-1 may be involved in later recovery or
homeostatic processes, although functional validation will be required
to support this interpretation.

Since phagocytosis is essential for the removal of effete cells during
TO and for the normal progression of the colonial blastogenetic cycle
[57], and phagocytes are negatively affected by MAPK inhibitors, we
next examined the effects of microinjecting the two inhibitors on the
blastogenetic cycle. The results show that prolonged treatment with the
inhibitors reduced both the size and number of zooids, induced mal-
formations in zooids and buds, and prevented budlet formation. In the
case of PD98059, the TO occurred earlier than in control colonies. Our
results are consistent with those of Rosner et al. [101], who suggested a
role for ERK in bud development.

Taken together, our results indicate that MAPK-driven signalling
pathways may play a key role in sustaining the progression of the
colonial blastogenetic cycle. In addition, the potential regulatory roles of
MAPKs on SG proteins and antioxidant enzymes, require further vali-
dation, as these interactions may coordinate stress responses and pro-
liferative processes during the blastogenetic cycle, thereby contributing
to colony renewal. Furthermore, our findings suggest that MAPK path-
ways may act as integrative signalling modules, linking environmental
and cellular stress signals to coordinate appropriate physiological re-
sponses. These insights lay the groundwork for exploring the evolu-
tionary conservation of MAPK-mediated regulation of immune and
stress responses in chordates.
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