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Abstract: Bryophytes, due to their poikilohydric nature and peculiar traits, are useful and versatile
organisms for studies on metal accumulation and detoxification in plants. Among bryophytes, the
liverwort Marchantia polymorpha is an excellent candidate as a model organism, having a key role in
plant evolutionary history. In particular, M. polymorpha axenic cultivation of gametophytes offers
several advantages, such as fast growth, easy propagation and high efficiency of crossing. Thus,
the main purpose of this work was to promote and validate experimental procedures useful in the
establishment of a standardized set-up of M. polymorpha gametophytes, as well as to study cadmium
detoxification processes in terms of thiol-peptide production, detection and characterisation by HPLC-
mass spectrometry. The results show how variations in the composition of the Murashige and Skoog
medium impact the growth rate or development of this liverwort, and what levels of glutathione and
phytochelatins are produced by gametophytes to counteract cadmium stress.

Keywords: Marchantia polymorpha; vegetative propagation; abiotic stress; heavy metals; cadmium;
thiol-peptides; HPLC-ESI-MS-MS

1. Introduction

Heavy metals are ubiquitous chemical elements present in all environmental matrices
(soil, water, atmosphere), derived from both natural sources (e.g., pedogenetic processes)
and anthropogenic emissions (e.g., as a byproduct of industrial activities, vehicle traffic,
heating systems, etc.) [1,2]. Some studies have shown that, in nature, there is a correspon-
dence between heavy metal and vegetation cover [3], which could offer an interesting
reading key for future research in this field. The polluting capacity of heavy metals is
due to their intrinsic toxicity combined with their long persistence, high solubility and
ability to accumulate in organisms in higher concentrations than in the surrounding envi-
ronment [2,4]. Historically, the term “heavy metals” indicates all transition elements with a
density higher than 5 g cm−3 [2], although further methods of classification have recently
been put forward, based on their affinity with functional groups such as thiols, carboxyls
and amines [5].

The heavy metals which are toxic for plants, animals and the vast majority of organisms
are cadmium (Cd), hexavalent chromium (CrVI), mercury (Hg), lead (Pb) and thallium (Tl),
among others. However, certain heavy metals, such as iron (Fe), zinc (Zn), copper (Cu),
molybdenum (Mo) and manganese (Mn), below a specific toxicity threshold, are indeed
essential nutrients. For this reason, plants have evolved specific mechanisms for regulating
essential metal uptake while avoiding deficiencies and toxicity effects [6].
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In particular, bryophytes (including Marchantiophyta, Bryophyta and Anthoceroto-
phyta) might prove to be useful model organisms for gaining a better understanding of
metal accumulation and detoxification processes in plants [5,7]. Due to their poikilohydric
nature, bryophytes do not possess strong hydrophobic barriers. Therefore, all nutrients
and toxic elements can be absorbed by their entire body [7]. Moreover, because of their
morpho-physiological characteristics, they can often be used as environmental biomonitors,
particularly for monitoring air and precipitation quality [8,9].

Among bryophytes, the thalloid liverwort Marchantia polymorpha L. subsp. ruderalis
Bischl. and Boisselier-Dubayle is currently recognized as an excellent model organism in
studies of land plant evolution and phylogeny [10,11]. This liverwort is a dioecious species,
having male and female gametophytes that can reproduce in a sexual or asexual manner.
Clonal reproduction of M. polymorpha involves the formation of multicellular gemmae
within gemmae “cups,” which are present on the dorsal part of the mature gametophyte,
generally at each bifurcation [10]. Transplanted gemmae are able to develop, and, under
axenic conditions, give rise to new clonal organisms [12,13]. Progress in transformation
techniques [14–17] and the sequencing of the entire genome (about 280 Mb; [11]) have
further promoted the use of M. polymorpha as a fundamental model organism in functional,
molecular and evolutionary studies on land plants. Indeed, M. polymorpha gametophytes
offer several advantages, such as a short life cycle, a relatively small genome size and
a haploid number of chromosome sets. In addition, they can be easily cultivated and
propagated axenically, avoiding genetic and metabolic variability from sexual processes
or interaction with other organisms [16]. M. polymorpha could thus prove an excellent
model organism for investigating the molecular and cellular process linked to heavy metal
detoxification. Among these mechanisms, a key role is played by phytochelatins (PCn),
small thiol-peptides whose general structure is (γ-Glu-Cys)n-Gly (n = 2–5) [18,19]. PCn
mediate free metal chelation in cytosol and subsequent transport into the vacuole to avoid
the free circulation of metal ions, thereby reducing their toxic effect. PCn synthesis is cat-
alyzed by the phytochelatin synthase (PCS) enzyme, a gamma-glutamylcysteine-dipeptidyl-
(trans)peptidase, belonging to the “Clan CA” of papain-like cysteine proteases [20–23].
It has been demonstrated that this enzyme’s activity is linked to the presence of heavy
metals such as cadmium (Cd), mercury (Hg) and lead (Pb), as well as the metalloid ar-
senic (As) [19,24,25]. Recently, PCS activation has not only been detected in tracheophytes
(chiefly in angiosperms), but also in bryophytes and charophytes, in response to metallic
micronutrients such as Fe, Zn, Cu and the toxic metal Cd [26–28]. Moreover, as proposed by
Maresca et al. (2020) [29], their role as metal detoxifier could make PCn indicators of metal
stress, and biomarkers for monitoring such stress in plants. This demands the validation of
PCn analytic methods which could be reliably employed with various plant systems.

Accordingly, the principal aims of this work are to clarify how M. polymorpha could be
grown in axenic conditions, and to examine aspects of its ability to detoxify heavy metals
using a validated mass spectrometry method.

2. Results and Discussion
2.1. The In Vitro Propagation Protocol Employed Enables Rapid Synchronization of
Gametophyte Growth

In this work, we tested two alternative methods of vegetative propagation of M. poly-
morpha gametophytes, both using a Murashige and Skoog half-strength (MS 1/2) medium,
pH 5.7 (Figure 1).

In the first case, propagation commenced with gemmae taken from gemmae cups.
The gemmae were produced in large quantities in cups, and were clones of the organism
from which they were generated [12,13]. The gemmae, which were placed in a solid MS 1/2

medium and exposed to a light source, promptly developed and yielded a genetically
identical clone. The results clearly showed that sucrose was fundamental for the gem-
mae to grow and develop into a new gametophyte (Figure 1). Indeed, as reported by
Ishizaki et al. (2016) [30], sucrose is also essential for gemmae cup formation, which in
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turn depends on environmental factors and nutrients in the medium. Sucrose appears to
contribute to cell cycle progression [31,32] and plays an important role in maintaining the
gametophyte culture.
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Figure 1. Two alternative vegetative propagation methods of M. polymorpha gametophytes: (1) from
gemmae cultivated in solid MS 1/2 medium, with or without sucrose; (2) from portions of the
gametophyte, propagated with and without sucrose in solid MS 1/2 medium, or supplied with
sucrose in liquid MS 1/2 medium.

The second propagation method was based on cutting off the part of the gametophyte
whose lobes contained the meristem [30]. One considerable advantage of M. polymorpha
as a model organism is that a small part of the gametophyte suffices for regenerating
the entire one, without the need for any growth regulator [16,33]. However, regenerated
gametophytes grown in the absence of sucrose showed a significantly lower growth rate
than those grown with sucrose (Figure 1). Once gametophytes of an appropriate size were
obtained, particularly with sucrose addition, they could either be grown in a liquid medium
using pots, or in a solid medium using Petri dishes, as shown in Figure 1.

After 2 weeks of cultivation, the differences between the growth rates of gametophytes
grown in liquid and solid mediums were observed (Figure 2). In fact, the gametophytes
grew faster in a liquid medium than in solid MS 1/2, becoming larger in size (Figure 2a).

This increased growth rate could likely be attributed to the greater facilitation of
nutrient acquisition in the liquid medium than in the solid one. It is important to note that
a liquid medium is suitable for metal treatment as it enables the homogeneous, enhanced
absorption of the elements contained in the medium.
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Figure 2. M. polymorpha growth after 2 weeks in liquid (a) and solid (b) MS 1/2 medium, supplied
with sucrose.

2.2. Gametophytes of M. polymorpha Lead to Rapid Medium Acidification

It has been widely demonstrated that the growth of plants may result in the acidifica-
tion of the environment where they live [34]. In fact, acidification of the medium seems
to increase the availability and acquisition of nutrients used for the organism’s growth.
The pH value of the liquid MS 1/2 medium (initially set to a pH value equal to 5.7) was
accordingly measured while growing our cultures, to understand the mechanisms behind
the faster growth of M. polymorpha in the liquid medium. These data were monitored
for 20 days in the liquid medium where M. polymorpha gametophytes were growing. The
results are shown in Figure 3.
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Figure 3. pH values detected over 20 days in pots used for growing M. polymorpha in liquid MS 1/2

medium, containing sucrose. Values are mean ± SE.

Interestingly, a rapid lowering of pH was already detected after the first 24 h of growth,
reaching values of around 4.4. After additional few days, the pH progressively dropped
to a value of 3.5–3.2, and remained constant around this value over the following days
(Figure 3). The strong acidification observed in M. polymorpha cultures was also recorded
by Rico-Resendiz and colleagues [35] under phosphate starvation conditions, highlighting
that acidification can be a mechanism for increasing nutrient availability. Acidification
of the medium could be due to the extrusion of metabolites such as organic acids by
M. polymorpha gametophytes. It is well known that bryophytes produce large amounts
of secondary metabolites [36]. The functions of many of these metabolites are not clearly
understood, and many processes still need to be clarified. As a result, in the future, we
aim to investigate which molecules extruded by M. polymorpha gametophytes might be
responsible for the strong acidification of the medium.
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2.3. The Extraction Procedure and the Analytical Method Used Allow an Effective Quali-
Quantitative Analysis of Thiol-Peptides in M. polymorpha Gametophytes

Liverworts are known for their ability to accumulate heavy metals in high concen-
trations through chelation and passive ion exchange mechanisms [5,7]. Their large sur-
face/volume ratio allows them to efficiently absorb water and dissolved elements from the
entire surface of the gametophyte [37]. As a result, liverworts such as M. polymorpha appear
optimal for studying the mechanisms leading to metal detoxification. One such mecha-
nism is the induction of the ubiquitous PCS enzyme, which is known to be constitutively
expressed and fully activated in the presence of metal(loid)s, even in bryophytes and other
early diverging streptophytes [26–28,38]. However, it should be noted that the extraction,
characterization and quantification of analytes in plant extracts are often challenging due
to the considerable variability in biological and instrumental terms. This is particularly
the case of bryophytes, which produce large amounts of secondary metabolites [39,40].
The analysis of thiol-peptides is particularly critical due to their sensitivity to oxidation
reactions, which frequently involve the formation of inter- and intra-molecular disulphide
bonds during sample preparation or storage [41,42].

In this work, we tested the method used for thiol-peptide extraction and analysis in
HPLC-ESI-MS-MS, as previously validated with Arabidopsis thaliana [42], in M. polymorpha
gametophytes. Although slight alterations were made to the extraction procedure, such as
adding a semi-purification step to reduce secondary metabolite interference, the method
enabled the accurate characterization and quantification of GSH and PCn in M. polymorpha
samples using HPLC-ESI-MS-MS analyses, as shown in Figure 4.
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Figure 4. Representative mass spectrometry chromatograms of a partially purified extract from
M. polymorpha in the time range of 0–14 min.

The results of the in vivo quantification of the thiol-peptides were consistent with
those obtained by Bellini et al. (2020) (Figure 5) [43]. Indeed, the constitutive levels of GSH
in the liverwort were somewhat lower than those normally found in higher plants, but
wholly comparable with those quantified in other liverworts [26,27]. The sole exception
is Pellia epiphylla, which is the only species with GSH levels 6–60 times higher than those
of other liverworts [27], M. polymorpha included. In our experiments, the GSH levels
increased under Cd treatments, possibly reflecting re-synthesis by the glutathione synthase
enzyme and/or the reduction of oxidized glutathione (GSSG) by the NADPH-dependent
glutathione reductase. Indeed, this thiol-tripeptide is a ubiquitous molecule in all organisms
and is involved in a plethora of cellular responses, mainly functioning as an antioxidant and
regulator of redox homeostatic processes [44,45]. With regard to PCn, the data confirmed
the constitutive basal activity of M. polymorpha PCS [43], with control plants producing
only PC2 (Figure 5). At all concentrations, the presence of Cd resulted in M. polymorpha
PCS being promptly activated, with PC2, PC3 and PC4 synthesis (Figure 5). For total PCn,
the observations seem to support an increasing trend in the production of PCn as the Cd
concentrations grow. It is also important to note that the degree of polymerization of PCn
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is directly proportional to their chelating power, which depends on the number of thiol
groups in the molecular structure [46]. Interestingly, as far as we know, PCn up to PC4
have only been detected in Conocephalum conicum and Lunularia cruciata liverworts [26,27],
whereas in all the other species assayed so far, PCn production has been limited to only PC2
(and to PC2 and PC3 in just one case) [27]. This may be due to the actual non-production of
PCn with high polymerization levels in other liverwort species, or to the fact that a non-
optimized analytical method was adopted. As mentioned above, high levels of secondary
metabolites in the extracts may actually generate a strong matrix effect, resulting in the
masking of the analytes and causing a considerable reduction in the sensitivity of the
method used [42].
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Figure 5. Thiol-peptide content detected in M. polymorpha gametophytes (control and treated plants
with 10, 20 and 36 µM Cd2+ for 72 h). Values are mean ± SE. Differences between levels of thiol-
peptides were detected by one-way analysis of variance (ANOVA), followed by Tukey’s multiple
comparison post hoc test. Within each group of thiol-peptides, bars not accompanied by the same
letter are significantly different at p < 0.05.

3. Materials and Methods
3.1. Set-Up of the In Vitro Cultures, Growth Conditions and Vegetative Propagation of
M. polymorpha Gametophytes

Axenic cultures of Marchantia polymorpha L. subsp. ruderalis Bischl. and Boisselier-Dubayle
(Marchantiales, Marchantiophyta) female gametophytes (Cam2–Cambridge-2 wild type, Uni-
versity of Cambridge, UK) were grown both in a liquid medium using pots and in a solid
medium using Petri dishes (Ø 100 mm). In both cases, sterile half-strength (1/2) Murashige
& Skoog (MS) medium was used, pH 5.7, supplemented with 0.8 % (w/v) sucrose (Duchefa
Biochemie). In the pots, 200 mL of liquid medium was employed, whereas in each Petri
dish the volume used totalled 20 mL, supplemented with 0.7 % (w/v) Plant Agar (Duchefa
Biochemie). Gametophytes in dishes and pots were placed in a growth chamber with a
light/dark cycle of 16:8 h with a photosynthetic photon flux density of 60 µmol m−2 s−1, a
temperature of 19 ± 1 ◦C and 60% relative humidity. The gametophytes were propagated
from gemmae (collected from gemmae cups) in a solid MS 1/2 medium, or from pieces cut
from the gametophyte and propagated using a solid or liquid medium. The axenic cultures
of gametophytes were set up and propagated using sterile forceps and scalpel under a
vertical laminar flow. Sterilization of the scalpel blade and forceps was performed using a
glass bead sterilizer at 300 ◦C. The scalpel and forceps were then cooled using sterilized
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filter paper soaked with sterile deionized water. After that, the instruments were used
immediately for handling the plant material.

3.2. Metal Treatments and pH Measurements

Axenic gametophytes started from gemmae were grown in a solid MS 1/2 medium
for 6 weeks and transferred into fresh dishes every 2 weeks. The resulting gametophytes
were moved into sterile pots filled with 200 mL of liquid MS 1/2 medium and left to
grow for a further week to acclimatize to the new conditions. After 1 week in the liquid
medium, 7-week-old gametophytes (about 0.8 g FW) were independently moved to Petri
dishes (Ø 60 mm) with 5 mL of liquid MS 1/2 medium, pH 5.7, and placed in different
treatment conditions. Control samples with homeostatic concentrations of micronutrients
corresponding to the same concentrations in the MS 1/2 medium were set up. Samples
treated with Cd had the following concentrations: 10, 20 and 36 µM Cd2+ (provided as
3 CdSO4·8 H2O) for 72 h. Five biological replicates were performed for both the control
samples and treated ones. At the end of the exposure time, the gametophytes were collected,
dried with filter paper, divided into samples with a fresh weight of 100 mg, frozen in liquid
nitrogen and stored at −80 ◦C for further analyses. The pH values of the liquid MS 1/2

medium were measured to gauge whether they had been influenced by Cd or not. The pH
of the liquid half-strength MS medium was measured in the dishes and in the pots during
growth of gametophytes, and at the end of each treatment.

3.3. Extraction, Characterization and Quantification of Thiol-Peptides

Gametophyte samples of 100 mg FW, previously stored at −80 ◦C, were extracted
mainly following Bellini et al. (2019) [42], with slight modifications. Briefly, each sample
was ground into a powder using liquid nitrogen, a mixer mill (MM200, Retsch, Haan,
Germany) and two agate grinding balls (Ø 5 mm) to facilitate mechanical cell breakage
using a frequency of 30 Hz for 1 min. Then, 300 µL of a previously prepared and ice-cool
extraction buffer (5% w/v of salicylsulfonic acid, 6.3 mM of diethylenetetraminopentaacetic
acid (DTPA) and 2 mM of tris (2-carboxyethyl) phosphine acid (TCEP)) were added to
each sample, together with 200 ng mL−1 of internal standards (GSH and PC2), which had
glycine marked with stable isotopes (15N, 13C): 13C2,15N-GSH and 13C2,15N-PC2 (AnaSpec
Inc., Fremont, CA, USA) The suspension obtained was vortexed for 30 s, kept in an ice
bath for 15 min and vortexed every 5 min. The extract was then centrifuged at 20,000× g
(Hermle, Z 300 K, Wehingen, Germany) for 20 min at 4 ◦C. Unlike the results published by
Bellini et al. (2019) [42], in this work, each supernatant was semi-purified using Amicon
Ultracentrifuge filters (10 kDa) as an alternative to Minisart RC4 0.45 µm filters (Sarto-
rius, Goettingen, Germany) to reduce any matrix effect. The samples were centrifuged
at 14,000× g (Hermle, Z 300 K, Wehingen, Germany) for 30 min at 4 ◦C using Amicon
Ultracentrifuge filters (10 kDa). The flow-through was then saved. Samples were stored
at −80 ◦C until analyzed in HPLC-ESI-MS-MS, which was conducted using the analytical
method validated by Bellini et al. (2019) [42].

4. Conclusions

The in vitro growth and cultivation in axenic conditions of model plants such as the
liverwort M. polymorpha can represent an important basis for the development of effective
protocols useful for investigating the functional and molecular responses of early diverging
streptophytes to toxic heavy metals, such as Cd. In this work, we developed a reliable
in vitro cultivation protocol of M. polymorpha gametophytes. Moreover, we characterized
this liverwort with respect to medium acidification, as well as its thiol-peptide production
(GSH, PCn) following Cd supply for 72 h. The data collected may prove to be a reference
point for any future study involving the model organism M. polymorpha. It may be of interest
to evaluate the nature of molecules extruded by this liverwort that result in acidification of
the growth medium, in order to deepen the causes of this process. In addition, M. polymorpha
can be used to define the molecular and cellular pathways of heavy metal detoxification
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and the repair of damage caused by the induced stress. Therefore, it could be interesting to
investigate the role of tonoplast and plasmalemma transporters involved in heavy metal
movement across membranes, either as free ions or complexed to thiol-peptides. Overall,
M. polymorpha represents an excellent model system for evolutionary, functional, molecular
and biomonitoring studies of heavy metals present in the environment.
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