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ARTICLE INFO ABSTRACT

Keywords: Plants have evolved a set of mechanisms that control and respond to the uptake and accumulation of both
Cadmium essential and non-essential metals, including chelation and sequestration of these elements by thiol ligands, such
Glutathione

as glutathione and phytochelatins. Indeed, such thiol peptides can chelate some metals, quickly form thiol-metal
complexes, and segregate them in the vacuolar compartment. Reasonably, conceptually similar mechanisms can
be assumed to be responsible for the transport of metal complexes-in particular thiol-cadmium complexes-across
the plasma membrane, with the consequent release of this toxic metal in the extracellular environment. Such
hypothesis, focusing on prevention and detoxification mechanisms, was here verified in axenically-grown ga-
metophytes of the model liverwort Marchantia polymorpha, exposed to three different cadmium concentrations
over five exposure times. From the data obtained, it can be deduced that the cell wall of M. polymorpha
moderately reduced the influx of cadmium into the cells, since it was rapidly saturated by this metal. At an
intracellular level, cadmium induced the activity, but not the gene expression, of the phytochelatin synthase
enzyme, leading to synthesis of phytochelatins. Moreover, both glutathione and phytochelatins chelated cad-
mium at the cytosolic level and allowed its detoxification, possibly involving tonoplast transporters belonging to
type-C ABC subfamily (Mp7g13860 and Mp4g11930). Likewise, cadmium, glutathione and phytochelatins were
released extracellularly, thus highlighting a possible novel role in cadmium detoxification, in a pH-dependent
manner. The overall results suggest that, in M. polymorpha, glutathione and phytochelatins can accomplish
intracellular and extracellular detoxification of cadmium.

Marchantia polymorpha
Phytochelatins
Thiol-cadmium complex
Thiol extracellular release

1. Introduction 1999), and is deemed a major metal pollutant owing to its remarkable
toxicity for all biological systems (Alloway, 2013; Ismael et al., 2019;

Cadmium (Cd) is a heavy metal widely released into the environment Kubier et al., 2019). Due to their solubility, Cd and Cd-containing
from natural and anthropogenic sources (Sanita di Toppi and Gabbrielli, compounds are more mobile than other metals in environmental
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matrices, possess a good bioavailability, and consequently are easily
taken up by plants, where they interfere with crucial physiological
processes (Clemens et al., 2013; Stankovic et al., 2018).

As Cd can cause severe damage to cell structures and organelles,
plants have evolved different strategies to limit its toxic effects, collec-
tively known as “fan-shaped response” (Sanita di Toppi and Gabbrielli,
1999). This complex phenomenon includes various mechanisms that
might come into play in response to Cd, both in an additive and in a
synergistic way. The first line of defense of the “fan-shaped response” is
aimed at preventing the Cd entry into the cell, by immobilization in the
cell wall or exclusion at the plasma membrane level (Sanita di Toppi and
Gabbrielli, 1999). The second line of defense consists in activating
detoxification mechanisms, such as the neutralization of free Cd ions by
chelation and/or sequestration in the vacuolar compartment.

In this regard, it is well known that thiol peptides, such as gluta-
thione (GSH) and phytochelatins (PCn) (Sanita di Toppi and Gabbrielli,
1999; Clemens, 2006; Sterckeman and Thomine, 2020; and references
therein), play a detoxification key role, by binding Cd and other thio-
philic metals and prevent them from circulating inside the cytosol
(Sanita di Toppi and Gabbrielli, 1999). GSH is a ubiquitous tripeptide of
great importance to all organisms, as it performs many physiological
functions, including being the precursor of PCn (Grill et al., 1985; Orwar
et al., 1995; Zenk, 1996; Schroder and Collins, 2002). PCn are thiol
oligopeptides able to quickly form, in the cytosol, “low molecular
weight” (LMW) complexes with Cd (Vogeli-Lange and Wagner, 1990,
1996). These complexes may also acquire acid-labile sulphur (5%),
perhaps at the tonoplast level, and form “high molecular weight”
(HMW) complexes (Speiser et al., 1992), with higher affinity towards Cd
ions. The vacuolar import of PCn-Cd complexes is mediated by
ATP-binding cassette (ABC)-type transporters (Salt and Rauser, 1995),
transmembrane proteins that utilize ATP to translocate various sub-
strates across membranes. ABC-type proteins have a characteristic
modular structure consisting in a double set of two basic elements, a
hydrophobic transmembrane domain (TMD) usually made up of six
membrane-spanning o-helices, and a cytosolic domain containing a
nucleotide-binding domain (NBD) involved in ATP binding (Wanke and
Kolukisaoglu, 2010); the two TMDs dimerize to form the
substrate-binding cavity (Procko et al., 2009).

In Arabidopsis thaliana, the ABCC subfamily comprises 15 proteins
characterized by the presence of an additional N-terminal TMD (TMDO)
of unknown function (Klein et al., 2006), although it has been shown
that in humans and some yeasts the C-type ABC transporters TMDO can
be involved in protein targeting (Brunetti et al., 2015). ABCC are
localized in the tonoplast, and therefore they can be involved in vacuolar
compartmentalization of metals and other substances. In fact, the
constitutively expressed AtABCC1, AtABCC2 and AtABCC3 present in
the tonoplast play a primary role in higher plants’ vacuolar sequestra-
tion of PCn-Cd complexes (Park et al., 2012; Song et al., 2014).

Moreover, the A. thaliana G-type ABC transporter PDR8 has been
involved in the extrusion of Cd?* or Cd conjugates across the plasma
membrane of root epidermal cells (Kim et al., 2007).

Unfortunately, a high number of processes at the basis of molecular,
cellular, and functional responses of bryophytes to metal(loid)s,
including Cd, are poorly known, and frequently the lack of information
is even total. Bryophytes are early-diverging land plants, encompassing
liverworts (Marchantiophyta), mosses (Bryophyta), and hornworts
(Anthocerotophyta) (Degola et al., 2022). From a phylogenetic point of
view, there is nowadays mounting evidence that bryophytes are
monophyletic, with hornworts sister to mosses and liverworts (Morris
et al., 2018; Renzaglia et al., 2018). Bryophytes can be fundamental in
studies concerning the evolution of metal detoxification systems during
the transition from aquatic to terrestrial environment. Not least, such
plants possess a very high surface/volume ratio, have an elevated cation
exchange capacity, do not develop strong hydrophobic barriers and,
consequently, are prone to free, apparently unregulated, metal absorp-
tion (Stankovic et al., 2018; Bellini et al., 2021). Thus, due also to their
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wide geographical distribution, bryophytes have been used as an
important biological monitoring system for metal environmental
pollution (Maresca et al., 2020; Bellini et al., 2021; Fasani et al., 2022).

Among bryophytes, the thalloid liverwort Marchantia polymorpha is
an excellent model, and plays a key role in plant phylogeny (Shimamura,
2016; Bowman et al., 2017, 2022). Besides, recent advances in trans-
formation techniques (Ishizaki et al., 2008, 2013; Kubota et al., 2013;
Sugano et al., 2014) and the sequencing of the entire genome (about
280 Mb; Bowman et al., 2017) have further promoted the use of
M. polymorpha gametophytes as a fundamental model organism in
functional, molecular, and evolutionary studies of land plants. Indeed,
M. polymorpha gametophytes offer several advantages, as they are
haploid, have a short life cycle and can easily be cultivated, propagated,
and crossed in axenic conditions (Kubota et al., 2013; Giardini et al.,
2022). Finally, M. polymorpha has a high capacity for acquiring metals,
and may therefore provide a valuable tool for metal biomonitoring
(Sharma, 2007; Ares et al., 2018).

Thus, the purpose of this work was to mechanistically investigate
some functional and molecular responses to Cd in gametophytes of
M. polymorpha. In particular, we wanted to unravel: 1) the function of
the cell wall in preventing uncontrolled intracellular Cd uptake; 2) the
role of thiol peptides (GSH and PCn) as intra/extracellular Cd-
detoxifying agents; 3) the contribution of some tonoplast and plasma
membrane ABC-type transporters for intra/extracellular thiol peptide-
Cd complex trafficking.

2. Materials and methods
2.1. Plant material, growth conditions, and experimental set-up

In vitro cultures of M. polymorpha L. subsp. ruderalis Bischl. and
Boissel.-Dub. (Marchantiales, Marchantiophyta) female gametophytes
(Cam 2-Cambridge-2 wild type, University of Cambridge, UK) were
grown in Petri dishes, starting from the axenic cultivation of gemmae
(from “gemmae cups”), in half-strength Murashige and Skoog (MS ')
medium (Duchefa Biochemie, Haarlem, the Netherlands), supplemented
with 0.8% (w/v) sucrose (Duchefa Biochemie) and 0.7% (w/v) agar
(Duchefa Biochemie). The MS % pH was adjusted to 5.7 with 0.1 M KOH.
The culture conditions were set at 16:8 light/dark cycle, 19 + 1 °C, and a
photosynthetic photon flux density of 60 ymol m~2 s™!, with 60%
relative humidity. After four weeks, the derived axenic gametophytes
were transferred to Petri dishes for another two weeks. The six-week-old
gametophytes were then moved to sterile pots filled with liquid MS %
medium (as described above, without agar) for a further two weeks.
Thereafter, the eight-week-old gametophytes (about 0.8 g FW) were
individually exposed to different treatment conditions: control (MS Y
without Cd, pH 5.7) and Cd-exposed (MS Y4, pH 5.7, with 10, 20, and 36
pM Cd, provided as CdSO4 for 6, 14, 24, 72, and 120 h). After all
treatments, control and Cd-exposed gametophytes were harvested and
suitably prepared for the subsequent analysis. At the same time, the
growth media were filtered through Minisart RC4 0.45 pm filters
(Sartorius, Goettingen, Germany) and centrifuged at 20,000 x g
(Hermle, Z 300 K, Wehingen, Germany) at 4 °C for 20 min to remove
cells or cellular residues. The growth media were then aliquoted, freeze-
dried and stored at — 80 °C until the time of use. Three biological rep-
licates for each sampling time were performed for all treatments.

2.2. Intracellular, cell wall, and growth medium Cd content

To distinguish between total and extracellular contents of Cd an
elution technique was performed (Brown and Brown, 1991;
Pérez-Llamazares et al., 2010). Firstly, the gametophytes were separated
from the growth medium and abundantly rinsed with deionized water to
remove any residual metal ion non-specifically adhered to their surface.
Then, the gametophytes were soaked by shaking them in 15 ml of a 20
mM NagEDTA solution for 30 min to take up fraction of the elements
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bound to the cell wall (Branquinho and Brown, 1994; Sorrentino et al.,
2021). The analyses of Cd in these solutions served to quantify the cell
wall-bound Cd, whereas the Cd not removed from the gametophytes
after this washing cycle was taken as the intracellular fraction. The total
Cd content was calculated by summing the two amounts above deter-
mined. Finally, the Cd remaining in the growth medium following the
metal treatments was quantified, to perform a mass balance. Prior to
mineralization, the gametophytes were desiccated in oven at 60 °C for
24 h to determine their dry weight. Then, they were pulverized with a
ceramic mortar and pestle and mineralized with a mixture of 3 ml of
70% HNOg3, 0.2 ml of 60% HF and 0.5 ml of 30% H,0; in a microwave
digestion system (Milestone Ethos 900, Milestone Srl, Italy) at 280 °C
and 5.5 MPa. The concentrations of Cd were determined by ICP-MS
(Perkin Elmer — Sciex, Elan 6100, Waltham, MA) and were expressed
in ug g~! DW. Analytical quality was checked with the Standard
Reference Material IAEA GBW-07604 “poplar leaves” (IAEA, 1995). The
metal content remaining in the growth medium was expressed as pg 17}
and the analytical quality was checked by the Standard Reference Ma-
terial SLRS-6 “river water” (Yang et al., 2015). Recoveries were in the
range 111-118%. The precision of the analysis was estimated by the
relative standard deviation of 5 replicates and was < 8%. Three bio-
logical replicates were analyzed, and three technical replicates were
performed for each fraction.

2.3. Phytochelatin synthase activity assay

M. polymorpha phytochelatin synthase (MpPCS) activity was assayed
using recombinant MpPCS produced as described in Li et al. (2020).
Firstly, purity and molecular weight of the MpPCS were characterized by
10% SDS-PAGE. Briefly, the assay was performed in 100 pl reaction
buffer (200 mM HEPES-NaOH pH 8.0, 10 mM p-mercaptoethanol, 12.5
mM GSH, and 100 pM Cd provided as CdSO4) containing 50 ng of re-
combinant MpPCS at 35 °C for 60 min, then stopped by adding 25 pl of
10% (v/v) trifluoroacetic acid and immediately analyzed by
HPLC-ESI-MS-MS, set up as described in 2.4. The recombinant MpPCS
activity was determined from the calculation of the amount of PCn
synthesized and expressed as nmol mg~' MpPCS min~". Five biological
replicates were analyzed, and three technical replicates were performed
for each reaction.

2.4. Thiol peptide quantification in gametophytes and in growth media

Samples of control and Cd-treated gametophytes of M. polymorpha
(100 mg FW), stored in 2 ml Eppendorf tube at — 80 °C, were extracted
according to a previously published method (Bellini et al., 2020). The
growth media, freeze-dried and stored at — 80 °C, were resuspended in a
volume of dH»0 with 200 ng ml ! of internal standard (13C2,15N-GSH
and 13C,,'°N-PC,), to concentrate the analytes 16 times. The
HPLC-ESI-MS-MS analyses were all performed by an instrument layout
consisting in an Agilent 1290 Infinity UHPLC (Santa Clara, CA, USA),
inclusive of a thermostated autosampler, a binary pump, and column
oven coupled to an AB Sciex (Concord, ON, Canada) API 4000 triple
quadrupole mass spectrometer, equipped with a Turbo-V Ion spray
source. A ten-port switching valve (Valco Instruments Co. Inc., Houston,
TX, USA) was used as a divert valve. Chromatographic separation was
performed by a reverse-phase Phenomenex (Torrance, CA, USA) Kinetex
2.6 um XB-C18 100 A, 100 x 3 mm HPLC column, protected by a C18 3
mm ID security guard ULTRA cartridge. Three biological replicates were
analyzed, and three technical replicates were performed for each anal-
ysis. All the analyses and quantification of thiol peptides were per-
formed following the procedures detailed in Bellini et al. (2019). System
control, data acquisition and processing were carried out by an AB Sciex
Analyst® version 1.6.3 software.
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2.5. Total RNA extraction, cDNA synthesis and real-time PCR analyses

Total RNA was extracted from ground frozen tissue of M. polymorpha
gametophytes (100 mg FW) with Spectrum Plant Total RNA Kit (Sigma-
Aldrich®, Milano, Italy) following manufacturer’s instructions and
treated with DNasel (Sigma-Aldrich®) for eliminating genomic DNA
contamination. The integrity, quality and quantity of extracted RNA
were evaluated by Qubit (Thermo Fisher Scientific, Rodano, Italy) using
Qubit™ RNA IQ Assay Kit and Qubit™ RNA BR RNA Assay Kit,
respectively. cDNA was synthesized from 1 pg of total RNA by High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific)
following manufacturer’s protocol. cDNA was then diluted 10 times by
adding nuclease-free water.

Amplification experiments were carried out using Eco™ Real-Time
PCR System (Illumina, San Diego, CA, USA). Reactions were per-
formed in 10 pl volumes containing 5 ul 2X EvaGreen qPCR MasterMix
(Applied Biosystem Materials, Monza, Italy), 300 nM forward and
reverse primers, 3 ul diluted cDNA (equivalent to 15 ng of reverse
transcribed total RNA) and nuclease-free water up to 10 pl. A two-step
cycle composed of denaturation at 95 °C for 15 s followed by anneal-
ing/extension at 60 °C for 60 s, was repeated 40 times and followed by a
dissociation step. We analyzed the stability of three different reference
genes (M. polymorpha Actin, MpACT; Adenine Phosphoribosyl Transferase,
MpAPT; Elogantion Factor 1, MpEF1) under the tested conditions to
choose the most stable gene to normalize expression data. Primer se-
quences are listed in Supplementary Table S1. To determine the
amplification specificity of each primer pair prior to intensive qPCR
analysis, electrophoretic analysis on agarose gel and melting curve
assessment were carried out for each amplification; a single amplifica-
tion band with expected size and length for each primer pair was
observed on 2% agarose gels, and a single peak was detected through
melting curve analysis for all amplifications. Moreover, amplification
efficiencies were evaluated for all primer pairs, making sure that the
efficiency was more than 90%. For evaluating if the expression of the
reference genes may vary in dependence of the experimental settings, a
stability analysis was performed (Saint-Marcoux et al., 2015). For this
data analysis two different Excel-based algorithms have been applied:
geNorm v3.510 and NormFinder v0.95311. They require relative input
data, so the Cq values were converted with the formula 2-2¢¢ where ACt
is the difference of each Cq value minus the lowest Cq value (highest
expression level). geNorm calculates stability value (M) based on the
average pairwise comparison with a stepwise exclusion of the highest M
value (least stable gene). Furthermore, geNorm calculates the number of
genes needed for a reliable normalization considering the pairwise
variation (V,/Vy1) between sequential normalization factors, NF, and
NF; 1. This number is optimal when the addition of one more reference
gene does not significantly contribute to the variation of the normali-
zation factor (NFn+1) or, as suggested, the value drops below 0.15.
NormFinder uses an ANOVA-based algorithm to estimate intra- and
inter-group variation for a given set of experiments, providing a rank
where the most stable gene is the one with lowest stability (S) value.
Moreover, NormFinder provides the best gene pair combination that
minimizes the expression differences among subgroups, if subgroups are
set. Finally, when reference genes were selected, the 222t method was
applied to calculate fold changes in all qRT-PCR analyses (Livak and
Schmittgen, 2001). Three biological replicates were analyzed, and three
technical replicates were performed for each reaction.

2.6. Photochemical efficiency

Maximum quantum yield of PSII (Fv/Fm) was measured by a chlo-
rophyll fluorometer (Handy PEA, Hansatech Instruments, Ltd., UK) at 20
=+ 1.3 °C. Gametophytes were covered with a leaf clip to adapt them to
darkness for 30 min and then exposed for 1 s to 3500 pmol photons m 2
s71 (650 nm peak wavelength) and chlorophyll a fluorescence was
recorded. Nine measurements were taken for each treatment and the
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fluorescence data were processed by PEA plus software (Hansatech In-
struments, Pentney, King’s Lynn, UK). Three biological replicates were
analyzed, and three technical replicates were performed up to nine
measurements for each sample.

2.7. Electrolyte leakage assay

Membrane injury was estimated by electrolyte leakage as in Balestri
et al. (2014) with minor modifications. After a thorough washing,
squared submarginal portions of gametophyte (1 cm?) were incubated in
deionized water, evacuated for 30 min, and allowed gently stirring for
22 h at 4 °C. The conductivity of the aqueous solution was measured at
25 °C with a Jenway 4310 Conductivity Meter (Cole-Parmer, Stone, UK).
After boiling the test tubes in a water bath for 30 min, conductivity was
detected at 25 °C. The percentage of membrane damage was calculated
by the formula:

(C1—Cw)/(C2— Cw) x 100
where C1 is the electro-conductance value of samples at the first mea-

surement, C2 is the electro-conductance value after boiling, and Cw is
the electro-conductance value of deionized water. Data were normalized
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by setting the values of the control samples equal to 1. Five biological
replicates were analyzed for each condition.

2.8. NMR measurements of GSH-Cd binding

NMR analyses were performed with 600 MHz Bruker Avance spec-
trometer (Bruker, Ettlingen, Germany), equipped with a Sensitive
Enhancement Improvement (SEI) probe. NMR spectra were processed
and analyzed by using the TopSpin 3.6.4 software. Suppression of re-
sidual water signal was obtained by excitation sculpting pulse program,
applying a selective 2 msec long square pulse on water (Hwang and
Shaka, 1998). All the experiments were collected at 298 K. Pure GSH
samples (Sigma-Aldrich®) were dissolved in water with 10% of D50,
and the pH was adjusted at 3.5 and 6.0 by adding small volumes of HCl
or NaOH. Two different GSH concentrations were used: 1.0 and
10.0 mM, for 'H and '3C NMR, respectively. Proton and carbon reso-
nance assignment was achieved by the combined analysis of 'H-'H
TOCSY and 'H-'3C HMBC 2D spectra. The additions of cd?** to GSH
samples were obtained by using CdCl, stock solutions. The pH of all
samples was checked before and after each Cd addition. Chemical shifts
were referred to TMSP-d4 (3-(trimethylsilyl)propionic-2,2,3,3-d4 acid
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Fig. 1. Percentage of total Cd detected in symplasm (blue bars), cell wall (brown bars) and growth medium (pale brown bars) of M. polymorpha gametophytes treated
with (A) 10 pM cd?*, (B) 20 pM Ccd?*, and (C) 36 puM Cd?* for 6, 14, 24, 72, and 120 h. Values are mean + SE, n = 3 (one-way ANOVA, followed by Tukey’s post-hoc
test). Different letters indicate significant differences at P < 0.05 within the same compartment(s) at different exposure times. P; = P for ntracellular Cd; P,,, = P for

cell wall-bound Cd; Pgn,, = P for Cd detected in the growth medium.
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sodium salt), used as NMR internal standard.

2.9. Statistical analyses

Data were analyzed by means of the Graph-Pad Prism 8.2.1 statistical
program (GraphPad Software Inc., San Diego, CA, USA). Data were re-
ported as the mean + SE (standard error). The threshold of statistical
significance was set at P < 0.05, unless otherwise specified. One-way
and two-way analysis of variance (ANOVA), followed by Tukey’s mul-
tiple comparison post-hoc test, was performed. The details of each test
applied to the results are given in the figure captions.

3. Results

3.1. Fast cell wall saturation partly overcomes its ability to delay Cd
intracellular absorption

ICP-MS analyses of Cd distribution in M. polymorpha gametophytes
showed that the cell wall acted as a barrier towards the metal intracel-
lular absorption, but it was saturated within the first few hs of treatment,
for all the three concentrations of Cd employed (10, 20, and 36 uM). The
Cd immobilized by the cell wall remained constant in all treatments at
values of around 20% of the total amount supplied (Fig. 1). On the other
hand, Cd entered the symplasm in all treatments, with a significant in-
crease over time for all concentrations supplied (Fig. 1). Accordingly,
within each Cd concentration provided, the metal quantified in the
growth medium decreased over time (Fig. 1), in some cases at least as a
trend. Indeed, at the highest concentration of 36 uM Cd, the metal found
in the growth medium was more abundant compared to the other two
metal concentrations supplied, apparently at the expense of the intra-
cellular and cell wall-bound Cd (Fig. 1).

3.2. The presence of intracellular Cd stimulates PCS activity but not its
gene expression

To assess the responsiveness of gametophytes’ MpPCS to Cd expo-
sure, qPCR analyses were performed over time under the highest Cd
concentration tested, using both MpACT and MpEF1 as reference
housekeeping genes. The best combination of the two genes was selected
after stability analysis (results in Table S2). The expression analysis
showed that MpPCS was constitutively transcribed, also in untreated
gametophytes (Fig. S1). A slight but non-significant increase in tran-
script levels was observed after 6 h of treatment, showing a substantial
absence of modulation at the transcriptional level (Fig. S1).

Furthermore, the in vitro activity assay of MpPCS recombinant pro-
tein (57 kDa; Fig. 2A) was performed, to confirm the Cd-promoted
activation of the enzyme (Fig. 2B, right column) in comparison with
Cd-untreated samples (Fig. 2B, left column). The results confirmed that
the enzyme was markedly activated by Cd (Fig. 2B, right column).

3.3. Cd stimulates thiol peptide production without affecting the gene
expression of two putative vacuolar transporters

With regard to thiol peptide production in vivo, low and constant
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levels of GSH were detected over time in control gametophytes (Fig. 3A),
whereas significantly higher GSH concentrations than controls were
detected in Cd-exposed samples (Fig. 3A). Likewise, under Cd treat-
ments, a significant increase in the production of PCn (PCs, PC3, PCy)
was recorded, reaching approx. constant levels after the different
exposure times, with slight differences depending on Cd concentrations
(Fig. 3B, C, D). As in the in vitro assay (Fig. 2B, left column), also in vivo
PC, resulted to be the most abundant PCn produced in response to Cd;
PC; was detected in Cd-untreated gametophytes, as well (Fig. 3B). By
contrast, PC3 and PC4 were synthesized only in response to Cd-
treatments, and their levels increased over time, reaching a plateau
after 24 h (PC3) and 72 h (PC4) (Fig. 3C, D).

Moreover, the results obtained from the alignment of the cDNA se-
quences of the two A. thaliana tonoplast transporters (AtABCC1 and
AtABCC2) showed that both provide the same sequence in
M. polymorpha as the best alignment (accession number: OAE21808.1,
corresponding to Mp7g13860), with very similar identity, around 60%.
The amino acid sequence alignment between AtABCC1, AtABCC2 and
the putative protein encoded by Mp7g13860 are shown in Fig. S2. In
addition, the sequence with the highest identity percentage and the best
query coverage (accession number: BBN08481.1, corresponding to
Mp4g11930) was selected based on the alignment with the sequence of
AtABCC3 of A. thaliana. The amino acid sequence alignment between
AtABCC3 and the putative protein encoded by Mp4g11930 are shown in
Fig. S3.

The relative expression levels of the two genes identified in
M. polymorpha genome were evaluated by real-time PCR. The results
showed an overall quite similar response of the two transporters to Cd
supply at the highest concentrations (Fig. S4). In the case of Mp7g13860,
a significant decrease in the expression level was observed only after
14 h of treatments with highest Cd concentration, whereas at the other
exposure times no differences were found between controls and Cd-
treated samples (Fig. S4A). Likewise, Mp4g11930 expression levels did
not vary significantly compared to the controls (Fig. S4B).

3.4. GSH and PCn can be released extracellularly

The quali-quantitative analysis of thiol peptides by HPLC-ESI-MS-MS
was carried out also in growth media, and revealed the extracellular
presence of both GSH and PCn, up to PC4 (Fig. 4). In general, the highest
concentrations of such thiol peptides were recorded at the highest Cd
concentration and at longer times (Fig. 4), although their detection was
possible, on the whole, already after the first hs of treatment at low Cd
concentrations (Fig. 4C, D). Moreover, as found in the intracellular
analysis, GSH and PC; were detected also in the growth medium of Cd-
untreated samples (Fig. 4A, B) (see 3.3).

A comparison of the HPLC-ESI-MS-MS results between the growth
media and the gametophytes showed a considerable difference in the
intracellular and extracellular concentrations of GSH and PCn (Fig. 5).
The extracellular GSH content was about an order of magnitude lower
than the intracellular one (Fig. 5A, C), whereas the extracellular PCn
content was nearly two orders of magnitude lower (Fig. 5B, D). Indeed,
the extracellular thiol peptide concentrations gradually increased with
rises in Cd concentrations and exposure times, albeit with a different

A B Fig. 2. (A) Recombinant MpPCS protein purified from
MpPCS activity MpPCS activity E. coli and electrophoresed in 12.5% SDS-PAGE. The left-
MpPCS  Marker without Cd* with 100 pM Cd** hand lane is the recombinant MpPCS and the right-hand
B 75 LD, (nmol mg! MpPCS min™) (nmol mg! MpPCS min™) . . . . .
a PC 19035 £ 9.41 8599.59 £ 217.87" one is the protein size marker (Precision Plus Protein™
~57kDa ] S0kDa Pcz 0.40 £ 0.03 462.62 + 5.49" Dual color Standards, BioRad, Italy); two different sizes (75
PC, 0.00 + 0.00 4536+ 1.81"" and 50 kDa) are shown for the corresponding bands in the
Total PCn 190.55 £9.48 9107.58 +215.74™"

marker. (B) In vitro activity of recombinant protein MpPCS

upon activation with 100 uM Cd?* (right column) or
0 uM cd? (Cd-unexposed samples (left column) for 60 min

at 35 °C in the proper reaction mixture. PCS activity is expressed in nmol PCn mg ' MpPCS min~'. Values are mean =+ SE, n = 5 (unpaired ¢ test between PCn
production without Cd** and with 100 uM Cd>*; * P < 0.05; ** P < 0.01; *** P < 0.001).
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Fig. 3. (A) Glutathione (GSH), (B) phytochelatin 2 (PCy), (C) phytochelatin 3 (PC3), and (D) phytochelatin 4 (PC4) concentrations (nmol g’1 FW) in M. polymorpha
gametophytes, following exposure for 6, 14, 24, 72, and 120 h to 0 (control), 10, 20, and 36 pM Cd?*. Values are mean =+ SE, n = 3 (two -way ANOVA, followed by
Tukey’s post-hoc test). Different letters indicate significant differences at P < 0.05 between different concentrations and exposure times. Py, = P for exposure time
effects; P, = P for treatment effects; Ppsy = P for the interaction time x treatment effects.

trend from that observed intracellularly (Figs. 3-5).

3.5. Cd does not compromise photosynthetic efficiency and membrane
status

To evaluate the induction of stress by Cd treatments, whole-plant
photochemical efficiency and electrolyte leakage were measured. The
results of fluorescence analysis showed no significant Cd-induced dif-
ferences in maximum PSII quantum yield (Fv/Fm), confirming that the
chosen treatments did not compromise photosynthetic efficiency
(Fig. S5A). Likewise, the membrane status assessed by the electrolyte
leakage conductivity showed no Cd-induced damage in gametophytes
other than a slight increase in membrane permeability at a 120 h-
treatment (Fig. S5B).

3.6. GSH ability to form complexes with Cd is pH-dependent

NMR analysis was carried out to investigate in which way thiol-Cd
complexes were formed, in order to understand whether or not they
can be potentially assembled in the extracellular environment. In
particular, we focused our attention on assessing Cd-GSH binding and
conformation at two different pH values, 6.0 and 3.5, which were chosen
according to the internal and external pH values experienced by the
gametophytes upon exposure to Cd2* (Giardini et al., 2022).

At pH 6.0, Cd%* addition caused selective and significant 'H and *>C
chemical shift variations on GSH nuclei. As shown in Fig. 6, the most
affected protons are Hy of Cys and Gly, H, of Gly and Hy of Cys, being the

latter the most shifted one.

As previously detected on 'H nuclei, the '*C resonances of GSH were
largely perturbed upon metal addition. The Cd-induced variations were
in fact mainly detected as strong line broadening of the NMR signals
rather than changes on the chemical shifts (Fig. S6). The obtained results
showed that the largest effects were still observed on Cys resonances
(CO, Cy and Cp). Moreover, Cd-GSH interaction at pH 6.0 resulted in the
disappearance of CO signal of yGlu, as indicated in Fig. S6A.

The metal induced changes of NMR signals strongly support the Cd*
binding to GSH. Indeed, the formed metal complex leads to a substantial
electron density change in the area around the metal center, explaining
the effects recorded on 'H and 3C nuclei (Fig. 6, Fig. S6). Such varia-
tions are graphically represented as colored circles in the GSH molecular
structure, in order to identify the Cd binding region (Fig. 7A). By
considering that the larger the NMR effects are, the closer the nuclei to
the metal coordination sphere are, the two Cys thiol groups were iden-
tified as the metal donor atoms (Fig. 7B). Such findings are consistent
with the formation of Cd(GSH), bis-complex with the metal ion, coor-
dinated to two Cys sulfur atoms, in agreement with previous data
(Delalande et al., 2010).

Since metal binding is markedly dependent on pH values, a similar
NMR analysis was performed also at pH 3.5, for evaluating the Cd
binding abilities and characterizing the formed metal complexes at this
pH value. Upon Cd?" addition, no effects were observed on 'H NMR
signals (data not shown). On the other hand, slight chemical shift vari-
ations were detected on '3C nuclei of the carboxylate groups of yGlu and
Gly (Fig. S7). These two signals, overlapping in a unique NMR resonance
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Fig. 4. (A) Glutathione (GSH), (B) phytochelatin 2 (PCy), (C) phytochelatin 3 (PC3), and (D) phytochelatin 4 (PC4) concentrations (nmol g’1 FW) determined in the
growth medium, following exposure for 6, 14, 24, 72, and 120 h to 0 (control), 10, 20, and 36 M Cd>*. Values are mean + SE, n = 3 (two -way ANOVA, followed by
Tukey’s post-hoc test). Different letters indicate significant differences at P < 0.05 between different concentrations and exposure times. Pp; = P for exposure time
effects; P, = P for treatment effects; Py, = P for the interaction time x treatment effects.

in the free ligand, exhibited two clear and separated resonances in the
metal GSH complex. The effects are represented in Fig. 7C, D, and
support Cd?* binding to the acidic carboxylate groups at pH 3.5.

The obtained findings indicate that GSH is able to interact with Cd*
both at pH 6.0 and at pH 3.5, by forming two different metal complexes,
being the Cd%" coordination sphere and binding affinity strongly
dependent on pH. The chemical shift variations are more evident at pH
6.0 than at pH 3.5, suggesting a tighter binding affinity at higher pH. In
addition, the two Cys thiolate groups coordinated to Cd?* at pH 6.0 are
substituted by carboxylate groups at lower pH values (Fig. 7C, D).

3.7. Expression analysis of a M. polymorpha homolog of the AtPDR8
transporter indicates a marked decrease of transcription levels

A. thaliana PDRS8, a G-type ABC transporter, has been implicated in
the extrusion of Cd?* or Cd conjugates across the plasma membrane
(Kim et al., 2007). The M. polymorpha closest homolog of AtPDRS, ac-
cording to blastx searches, is encoded by Mp2g21800 (Genbank acces-
sion number: BBN03227.1). The amino acid sequence alignment
between the putative protein encoded by Mp2g21800 and AtPDRS is
shown in Fig. S8.

To test whether the transcription levels of Mp2g21800 are responsive
to Cd2™, expression of the gene in presence of 36 uM Cd>* was evaluated
by real-time PCR. Results showed a marked decrease of gene tran-
scription levels from 14 h onwards (Fig. S9).

4. Discussion

The “fan-shaped response” is a general model that well describes the
complex network of mechanisms involved in the response to Cd in
higher plants (Sanita di Toppi and Gabbrielli, 1999). However, such
mechanisms are largely unknown for bryophytes, despite many species
of mosses, liverworts, etc., can represent fundamental tools in bio-
monitoring techniques, due to their elevated capacity to absorb metal
(loid)s (Gonzalez and Pokrovsky, 2014; Ares et al., 2018; Bellini et al.,
2021; and references therein). It has been known, for example, that the
high metal accumulation capacity in mosses is largely due to the sorp-
tion and retention given by their cell walls (Ross, 1990), which are
particularly rich in metal-binding homogalacturonans and other poly-
saccharides (Stankovic et al., 2018; Tyler, 1990; Pfeifer et al., 2022). The
binding of metal ions to the cell wall reduces the amounts of metals
entering the symplasm, and thus constitutes an important avoidance
mechanism, at least for mosses (Basile et al., 2009; Spagnuolo et al.,
2011; Basile et al., 2012; Lazo et al., 2013; Stankovi¢ et al., 2018).

Also in the liverwort M. polymorpha, subject of this study, the cell
wall plays a role in slowing down the Cd entry into the cytosol, but such
an avoidance mechanism is effective only in the very early phases of
exposure to this toxic metal, since already after 6 hs the binding capacity
of the cell wall reaches an apparent saturation. Thus, a limited avail-
ability of metal binding sites in M. polymorpha cell walls can be evi-
denced, at least in the experimental conditions tested. According to
Parrotta et al. (2015) and Pfeifer et al. (2022), the chemical composition
of the cell wall amongst bryophytes can vary significantly, and this can
obviously affect the ability of this structure to retain heavy metals. For
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example, the liverwort Dumortiera hirsuta — a different species from
Marchantia polymorpha, but not too phylogenetically distant from the
latter — showed that the ratio between the overall extracellular and
intracellular Cd varied in the range of 10-20 times (Mautsoe and
Beckett, 1996), while in our case the same ratio varied between about 5
and 10 times, but in the presence of much lower concentrations of Cd,

employment of another chelating agent and different species/exper-
imental systems. Moreover, Mautsoe and Beckett (1996) did not
distinguish between cell wall Cd values and those found in the growth
medium, since their cultures were not in vitro and axenic-grown, like
ours. All this stated, we believe that the Cd retained by the cell wall
should be conceptually discerned from that found in the growth
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medium, as the latter could be specifically released by the symplasm, as
hypothesized in our work. We can therefore get evidence that, under the
experimental conditions described here, the amount of Cd retained by
the cell wall of M. polymorpha gametophytes is comparable to that found
intracellularly, and that in this liverwort the cell wall does not seem to
play a fundamental role in the defence against Cd toxicity.

Passed the cell wall barrier, the entry of bivalent metal cations into
the symplasm of higher plants is controlled by common regulators and
transporters, such as IRT1 (ZIP gene family) and Nramp, which can
transport several metals including Cd (Pence et al., 2000; Sterckeman
and Thomine, 2020). Thus, it is likely that similar mechanisms may
operate also in M. polymorpha, where the intracellular translocation of
Cu, Zn, and Cd has already been reported (Ares et al., 2018). In parallel
to the symplasmic increase of Cd, several lines of evidence indicate that
the activation of detoxifying pathways is related to metal chelation and
vacuolar sequestration. In this respect, intracellular thiol peptides seem
to play a crucial role in M. polymorpha gametophytes. The present results
broaden our previous observations (Bellini et al., 2020; Li et al., 2020;
2022): Cd exposure not only activates the constitutively expressed
enzyme MpPCS, leading to a significant increase in total PCn produced,
but also enhances the GSH levels. Thus, overall, the synthesis of GSH
exceeds its consumption for PCn production, confirming its involvement
in other detoxifying metabolic pathways (Foyer and Noctor, 2001;
Schafer and Buettner, 2001). Among the PCn, PC; was produced in the
shortest time and at highest levels, but also PC3 and PC4 were synthe-
sized, especially at the highest Cd concentration. The latter were pro-
duced mainly after 24 h of Cd treatment, since PCn with higher degrees
of polymerization are more efficient chelators when the Cd stress is more
intense, due to the greater number of thiol groups in their structure
(Kneer and Zenk, 1997). In a previous work regarding M. polymorpha,
with GUS reporter lines driven by the MpPCS promoter,
semi-quantitative RT-PCR analyses evidenced the constitutive tran-
scription of the gene in the absence of Cd, as well as minor variations in
its transcription in the first hs of metal treatment (Li et al., 2020). In the
present study, a more detailed gene expression analysis confirmed the
constitutive transcription of MpPCS, as also observed in other plants
(Meyer et al., 2011).

It is known that PCn, once having complexed Cd, can be compart-
mentalized in the vacuole through the action of tonoplast C-type ABC
transporters (Song et al., 2010; Brunetti et al., 2015). In the present
work, the two closest M. polymorpha homologs of A. thaliana AtABC-
C1/AtABCC2 and AtABCC3, Mp7g13860 and Mp4g11930, respectively,
were shown to be constitutively expressed. Indeed, under Cd stress, no
Cd-mediated modulation of the expression of these transporters was
evidenced - except for a decrease in Mp7g13860 expression level only
after 14 h of treatment with highest Cd concentration -, unlike what was
observed in A. thaliana (Park et al., 2012; Brunetti et al., 2015). Thus, it
may be postulated that the constitutive level of expression of
Mp7g13860 and Mp4g11930 might be sufficient for playing their role(s).
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Fig. 7. (A) Molecular structure of GSH. Circled
atoms correspond to nuclei exhibiting the
largest NMR changes at pH 6.0. (B) Model of Cd
° (GSH), complex at pH 6.0, showing the metal
binding to thiol groups of two GSH molecules
(the represented metal coordination sphere
does not take into account the metal geometry).
(C) Molecular structure of GSH. Circled atoms
correspond to nuclei exhibiting the largest NMR
changes at pH 3.5. (D) Model of Cd(GSH).
complex at pH 3.5, showing the metal binding
to carboxylate groups of two GSH molecules
(the represented metal coordination sphere
does not take into account the metal geometry).

Indeed, not all genes that have important functional role(s) in response
to stressful conditions should necessarily undergo transcriptional
changes to play such role(s). In fact, the presence of multiple paralogs
with analogous function(s), or higher constitutive levels of expression
and/or enzyme activity, may render the transcriptional changes of
transporters unnecessary.

Furthermore, since the plasma membrane transporters involved in
the extrusion of free Cd ions or Cd conjugates have not yet been iden-
tified in bryophytes, we also chose to analyze the Mp2g21800 gene,
which is the closest homologue to the A. thaliana AtPDR8. This protein is
part of the G-type ABC transporters family; in other plants, such as
A. thaliana and Oryza sativa, is known to be localized in the plasma
membrane and to be involved in translocation of Cd across the mem-
brane (Kim et al., 2007; Fu et al., 2019). Our results showed that
Mp2g21800 was constitutively expressed, but its expression levels
decreased in the presence Cd, contrary to what has been reported in the
literature for PDR genes in higher plants (Kim et al., 2007; Fu et al.,
2019). Indeed, the Mp2g21800 protein may be stabilized by Cd and,
consequently, a higher expression might be unnecessary. Moreover, at
least in bryophytes — and particularly in the liverwort M. polymorpha —
different transporter(s) can be involved in metal trafficking through the
plasma membrane. Because plant transporters are often promiscuous in
terms of substrates, and a few amino acid substitutions can be sufficient
to change their specificity towards metal(loid) ions, the exact role of
each transporter has to be experimentally determined specifically in
planta (Martinoia, 2018). According to Kobae et al. (2006), the actual
substrate is unknown for most plant PDRs, with the exceptions of
SpTUR2 and NpPDRI1. In other words, many publications on metal
transporters reveal that, in different plants, their homologs often exhibit
different specificities (Martinoia, 2018; Zeng et al., 2020).

Finally, in the present work a new hypothesis on the possible role of
thiol peptides - not only as intracellular but also as extracellular
detoxifying agents - has been explored. Our evidence is that thiol pep-
tides (GSH and PCn) are released by M. polymorpha gametophytes as
thiol-Cd complexes, and not only as free thiols: this is supported by the
NMR analyses on the pH-dependent ability to form complexes with Cd.
The GSH was chosen as the model thiol peptide for NMR, as it resulted to
be the most abundant in the growth medium. Extensive investigations of
GSH-Cd%" complexes were previously carried out by some research
groups, and showed that the coordination chemistry of both GSH and
PCn is highly dynamic (Potec-Pawlak et al., 2007; Delalande et al., 2010;
Uraguchi et al., 2021). Our data evidenced that a pH of 6.0 (approxi-
mately corresponding to that of the cytosol) was suitable for the for-
mation of stable thiol-Cd complexes, whereas a pH of about 3.5, such as
that measured in the growth media (Giardini et al., 2022), did not
promote the formation of stable complexes. Therefore, a possible novel
mechanistic model, depicted in Fig. 8, is proposed.
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Fig. 8. Mechanistic model proposed about the pH-dependent formation and
movement of GSH-Cd complexes in M. polymorpha, based on NMR results (NB: a
conceptually similar model might also be extended to PCn): Cd enters the
cytosol where the GSH-Cd complexes are formed via the thiol groups of two
GSH molecules. The complexes are in part transported into the vacuole and in
part released outside the cells, where the metal is bound to the carboxylate
groups of two GSH molecules, due to the extracellular acidic pH. After that, the
complexes are quickly broken down and the free Cd ions and thiols are released.
This coordinated response appears to be efficient in contributing to prevent Cd
damages, as suggested by the unaffected Fv/Fm ratio and by the overall levels
of membrane leakage.

5. Conclusions

From the set of data presented in this work, it appears that the
liverwort M. polymorpha possesses a cell wall only partially able to
counteract Cd intracellular penetration, due to its early saturation.
Indeed, the presence of intracellular Cd stimulates PCS activity, and the
subsequent metal-induced production of PCn allows the intracellular Cd
detoxification. However, GSH and PCn can also be released extracellu-
larly, and this might be considered a new concurrent system of Cd
detoxification, too. Indeed, GSH ability to form complexes with Cd ap-
pears to be pH-dependent.
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