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ARTICLE INFO ABSTRACT

Keywords: Conocephalum conicum L. is a cosmopolitan liverwort species able to respond to local environmental pollution by
Conocephalum conicum changing its biological features. In the present study, we assessed the different biological responses in C. conicum
Bryophyta

to heavy metal contamination of Regi Lagni channels, a highly polluted freshwater body. As for the in field
experiment, we set up moss bags containing collected samples of the local wild growing C. conicum, from the
upstream site (non-polluted area), and we exposed them in the three selected sites characterized by different and
extreme conditions of heavy metal pollution. In addition, to better understand the contribution of heavy metals
to the alterations and response of the liverwort, we performed in vitro tests, using the same concentration of
heavy metals measured in the sites at the moment of the exposition. In both experimental settings, bio-
accumulation, ultrastructural damage, reactive oxygen species production and localization, antioxidant enzymes
activity (superoxide dismutase, catalase and glutathione S-transferases), glutathione (reduced and oxidized)
levels, localization of compounds presenting thiol groups and phenolic content were investigated. The results
showed that the samples from different sites and conditions (for in vitro tests) showed significant differences. In
particular, the ultrastructural alterations show a trend correlated to the different exposure situations; ROS
contents, glutathione, antioxidant enzyme activities, and phenolic contents were increased showing an
enhancement of the antioxidant defense both by the enzymatic way and by using the synthesis of antioxidant
phenolic compounds. This study confirms the ability of C. conicum to respond to heavy metal pollution and the
responses studied are, at least partially, correlated to the presence of heavy metals. All the responses considered
respond consistently with the pollution trend and they can be proposed as pollution biomarkers. Therefore, we
suggest the use of C. conicum to identify local hot spots of pollution in further investigation.

Heavy metal pollution

Oxidative stress and antioxidant responses
Polyphenol

Glutathione

1. Introduction

The Regi Lagni channels are a drainage and canalization work done
during the Bourbon regency in the early 1600 s in the former Kingdom of
Two Sicily. The channels were constructed to avoid the flooding of the
ancient Clanius river that affected the nearby territories. The Regi Lagni
network is constituted by mostly artificial straight channels, branching
through a highly-populated area (2796,360 inhabitants) of about 1905

* Corresponding author.

km? comprising the provinces of Caserta, Avellino, Naples, and Benev-
ento. Nowadays, Regi Lagni channels are affected by severe pollution
due to the heavy urbanization and industrialization of the surrounding
areas, collecting wastewaters and carrying them from the plain north of
Naples to the Tyrrhenian Sea (di Martino, 2014; Bove et al., 2011; Grezzi
et al., 2011). Furthermore, the network crosses areas such as “Land of
Fire” and the “Triangle of Death” which are notorious for the high de-
gree of environmental risk associated with soil and groundwaters due to
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illegal waste dumping and the soot fallout from uncontrolled garbage
burning (Basile et al., 2009; Maresca et al., 2020b; Sorbo et al., 2008).
Environmental pollution is the main health risk in Europe and is asso-
ciated with heart disease, stroke, lung disease and lung cancer in the
local population (Senior and Mazza, 2004). The need is therefore felt to
implement monitoring practices in order to obtain information on the
quality of the environment. Bryophytes are frequently used for bio-
monitoring purposes both as bioindicators and as accumulators of pol-
lutants, especially heavy metals.

For biomonitoring purposes, we choose three sites along with the
Regi Lagni Channels. The former (upstream site), representative of the
unpolluted section of the channels, is located in Avella; the other two
representatives of areas with the strong environmental pollution in
Acerra and Castel Volturno respectively. We collected samples of the
local wild growing bryophyte vegetation, being bryophytes well-knows
pollution bioindicators and/or bio accumulators, and we choose Con-
ocephalum conicum L. (Dum.) (Marchantiales, Bryophyta), which among
the bryophytes present showed the most extensive presence, as a species
to be used for our study. The C. conicum can grow both on humid soils
and along the edges of watercourses. Along the Regi Lagni freshwater,
the liverwort has been found wild-growing abundantly on the banks of
the upstream site. Previous studies reported that this species was able to
respond to local environmental pollution and /or heavy metal treatment
by changing its ultrastructure and other biological features as Heat
Shock Proteins 70 content (Basile et al., 2013).

The present study aims to investigate oxidative stress responses
induced by heavy metal pollution in the Regi Lagni watercourse on
C. conicum exposed in bags in three sites characterized by different
environmental conditions. In addition, to evaluate the exact role of
heavy metals in inducing the effects studied, a parallel in vitro study was
conducted, in which the same concentrations of heavy metals, measured
in water at the time of exposure, were tested.

In particular, in this study the levels of heavy metals in the surveyed
sites were measured in order to determine their degree of pollution.
Subsequently, various analyzes were carried out on C. conicum samples
both exposed in field and cultivated in vitro. Bioaccumulation of heavy
metals in the gametophyte, the activity of antioxidant enzymes
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(superoxide dismutase, catalase and gluathione peroxidase), quantifi-
cation and localization of reactive oxygen species, ultrastructural dam-
age, localization of compounds presenting thiol groups, reduced/
oxidized glutathione ratio, synthesis of polyphenols, compounds known
to be valid antioxidants, were measured.

2. Materials and methods
2.1. Plant material

Samples of C. conicum were collected from upstream of the channel
of the Regi Lagni (non-polluted area), identified by prof. Adriana Basile.
A sample was deposited in the herbarium of the Botanical Garden of the
University Federico II Napoli. The collected samples were used for both
the in-field and in vitro experiments.

2.2. In field experiments

After collection, about 1.8 g (FW) of homogeneous samples of
C. conicum thalli were rinsed with MilliQ Water and wrapped with > 49
mm? - meshed nylon bags, as described in Kelly et al. (1987). For each
site six samples were exposed for seven days in April 2019. In order to
avoid submersion thalli were exposed at a water depth of 1 cm.

The coordinates of the 3 selected sites are reported in Maresca et al.
(2018) (Fig. 1S). Three exposure sites with different pollution degrees
were chosen: (A) Avella, as pristine site, (B) Acerra, (C) Castel Volturno,
as representative of the highly polluted areas: the “Triangle of Death”
and “Land of Fires”, respectively.

Samples from each site were merged and then splitted into three
subsamples for the subsequent analyses. Water was sampled three times
in each site on the day of the C. conicum exposure and then it was
analysed for heavy metal concentration.

2.3. Invitro experiments

The samples collected from upstream of the channel of the Regi Lagni
(non-polluted area), have been rinsed with MilliQ Water and cultured in
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Fig. 1. Enrichment Factor (EF) of heavy metals in the field and in vitro experiments. Values are presented as mean =+ st. dev; bars not accompanied by the same letter
are significantly different at P < 0.05, using the post-hoc Student-Newman-Keuls test.
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Petri dishes (10 cm diameter), 20 specimens per dish, using sterile
modified Mohr medium, pH 7.5 as reported in Esposito et al. (2012) and
in the same medium with the addition of the metal salts.

The cultures were kept for seven days in a climatic chamber and the
environmental parameters were set based on the environmental condi-
tions recorded in the field [air temperature: at 22 + 1.4 °C, and 14
+ 1.4 °C, mean =+ SD, during day and night, respectively; relative hu-
midity: 71 + 3% mean + SD, 16 h light (Photosynthetic Active Radia-
tion 400 pmol m? s 1)/8 h dark photoperiod]. In the cultures, were
added to the medium the metals as soluble salts: CdCl,, CuSO4, Pb
(CH3COO),, and ZnCl, with the relative anions as K salts in control
solutions.

The concentration of heavy metals used in the in vitro samples was
the same measured in the three surveyed sites. The samples are indi-
cated as follows:

- Ctrl, A, B, C, for both field and in vitro samples;.

The in vitro and in field samples were performed in triplicate and
repeated three times.

2.4. Analytical determination of metal in water samples and in liverwort

Heavy metals were determined in both water samples (from in-field
experiments) and liverwort (in field and in vitro experiments). The water
samples collected in the field experimental sites were analyzed by ICP-
MS (Perkin-Elmer Sciex 6100) for the concentration of selected heavy
metals: Cd, Cu, Pb, Zn as described in Maresca et al. (2018).

After both in the field and in vitro experiments, concentrations of
selected toxic metals (Cd, Cu, Pb, Zn) of the apical part of C. conicum
gametophyte were determined according to Esposito et al., 2018.

For both experiments, the Enrichment Factor (EF) was calculated as
the ratio between the metal in the plant (mg g') to the metal in the
water (Ug L’l) (Ahmad et al., 2014).

2.5. Detection of ROS

A fluorescent technique using 2'-7'-dichlorofluorescein diacetate
(DCFH-DA) has been used for quantitative measurement of ROS pro-
duction according to Maresca et al. (2018). ROS quantity was monitored
by fluorescence (excitation wavelength of 350 nm and emission wave-
length of 600 nm).

2.6. Response to oxidative stress

Enzyme extraction and the determination of superoxide dismutase
(SOD), catalase (CAT), and glutathione S-transferases (GST) activities
were performed as reported in Maresca et al. (2018). Enzymes activity
were calculated using commercial kits (SOD, CAT AND GST, Sigma-
Aldrich Co., St Louis, MO, USA).

2.7. Reduced (GSH) and total and glutathione contents

The GSH and total glutathione contents of C. conicum were deter-
mined according to Salbitani et al. (2015) with minor adjustments.
Specifically, 2 g of C. conicum were crushed in mortars with liquid ni-
trogen, and 4 mL of 5% sulfosalicylic acid were added to the powdered
tissue. The homogenates were centrifuged at 12000g for 30 min at 4 °C.
The extract was added to the reaction buffer containing 0.1-M
Na-phosphate, pH 7.00, 1-mM of EDTA, 40 uL of 0.4% DTNB, and
distilled water. The GSH and total glutathione contents were determined
spectrophotometrically as previously described (Salbitani et a, 2015)
and were expressed in umol g~! FW.

2.8. Total Phenolic Content (TPC) assay

The different C. conicum samples, dissolved in DMSO at 10 mg/mL
concentration, were added at a final dose of 0.0625 — 0.5 mg/mL to a
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solution consisting of Folin-Ciocalteu reagent, 75 g/L Na2CO3, and
water, in a 1:3:14 v/v/v ratio (Panzella et al., 2019). After 30 min in-
cubation at 40 °C, the absorbance at 765 nm was measured. Gallic acid
was used as a reference compound. Experiments were run in triplicate
on each sample.

2.9. HPLC analysis

HPLC analysis was performed on the in vitro samples dissolved in
methanol (5 mg/mL concentration) with an instrument equipped with a
UV-Vis detector (Agilent, G1314A); a Phenomenex Sphereclone ODS
column (250 x 4.60 mm, 5 um) was used, at a flow rate of 1.0 mL/min;
a 0.1% formic acid (solvent A)/methanol (solvent B) gradient elution
was performed as follows: 5% B, 0-10 min; from 5% to 80% B,
10-47.5 min; the detection wavelength was 254 nm.

2.10. LC-MS analysis

LC-MS analyses were run on an Agilent LC-MS ESI-TOF 1260/
6230DA instrument operating in positive ionization mode in the
following conditions: nebulizer pressure 35 psig; drying gas (nitrogen)
5 L/min, 325 °C; capillary voltage 3500 V; fragmentor voltage 175 V.
An Agilent Eclipse Plus C18 column, 150 x 4.6 mm, 5 um at a flow rate
of 0.4 mL/min was used, using the same eluant as above.

2.11. Confocal imaging

Samples treatment was done according to Maresca et al. (2020a).
ROS were localized with the fluorescent probe 2'-7’ dichlorofluorescin
diacetate (DCF-DA) solubilized in dimethyl sulphide DMSO and 10 mM
Tris-HCI (pH 7.4), then dilute in MilliQ water to obtain a 25 pM staining
solution. Thin thalli sections of C.conicum were then stained with 25 pM
DCF-DA for 30 min. Stained sections were washed in Tris HCI (pH 7.4)
for 10 min. Thalli sections were observed under a laser-scanning
confocal microscope (Leica TCS SP5, Wetzlar, Germany) with an exci-
tation wavelength of 476 nm and emission bandwidths 485/575 nm
(green light), 610/685 nm (red light) (beginning-end).

GSH and thiol-peptides were localized with monochlorobimane
(MCB) solubilized in DMSO and then in MilliQ water to obtain a 100 pM
staining solution. Thin thalli sections of fresh C. conicum were stained
with 100 pM MCB (Thermo Fisher Scientific, MA, USA) for 30 min at
21 °C in the dark, at near neutral pH conditions. After, observations
were performed under a Leica TCS SP5 confocal laser scanning micro-
scope (CLSM) with a 40X immersion objective. Excitation of MCB and
chlorophyll was set at 405 nm wavelength, and emission detected at
460-520 nm (blue light) and 630-700 nm (red light) (beginning-end).
Unstained C.conicum cross-sections were incubated into the same
amount of DMSO solution without DCF-DA and MCB, and used as a
negative control of DCF-DA and MCB. Three samples of C.conicum cross-
sections thalli for each treatment and control condition were examined.

In both ROS and GSH and thiol peptides imaging, hardware settings,
particularly detector gain and amplification offset, were adjusted to
optimize fluorescence intensity in samples C, and the same values were
kept with all samples to allow a semiquantitative comparison between
different treatments. Data collection and processing were performed
with the software LAS AF (Leica). Observations were repeated 3 times
for each treatment.

2.12. Transmission electron microscopy

Collected samples, after thoroughly cleaning, were cut to pick sub-
apical central parts of the thalli, about 3 mm below the apex, cutting
away the wings. Protocol preparation for transmission electron micro-
scopy (TEM) requires the following steps: overnight fixation at 4 °C with
glutaraldehyde 2.5% (v/v) buffered solution (Sorenson’s sodium phos-
phate buffer 0.025 M, pH 7.3), postfixation with 1% (w/v) osmium



V. Maresca et al.

tetroxide buffered solution, with the same buffer as before, added with
KFeCN 0.8%, dehydration with alcohol up to propylene oxide, embed-
ding in Spurr resin with subsequent polymerization at 70 °C in the oven.
By ultramicrotomy, we obtained ultrathin 50 nm thick sections, which
were collected on 300 mesh copper grids and stained with Uranyl Ace-
tate Replacement stain (Electron Microscopy Science, Hatfield, PA, USA)
and lead citrate. An EM208ES Philips TEM was employed for the ob-
servations. The observation was focused on photosynthetic paren-
chymata; three samples per treatment and 9 sections per sample were
examined.

2.13. Statistical analysis

ROS production, SOD, CAT, GST activities, and glutathione contents
were examined by one-way analysis of variance (ANOVA), followed by
Tukey’s multiple comparison post-hoc test. The student’s t-test was
performed on the results of the TPC assay. In all figures, values are
presented as mean = st. err; numbers not accompanied by the same
letter are significantly different at P < 0.05. Data were analyzed using
the software Statistica, version 7.0 (StatSoft, Tulsa, OK, USA). For the in-
field and in vitro experiments, the relationships between bio-
accumulation of heavy metals and biological responses were assessed
using Pearson correlation analysis. Data from all sites (A, B, C) were
analyzed together.

3. Results

3.1. Analytical determination of metal and EF in water samples and in
liverwort

The concentrations of the heavy metals analyzed in the water
(Table 1S) samples are very high and exceed the limits defined by Leg-
islative Decree 172/2015 (“Implementation of Directive 2013/39 / EU,
which amends Directives 2000/60 / EC about priority substances in the
field of water policy”), especially for Cd and Pb (ref. 1 / A - Environ-
mental quality standards in the water column and biota for substances
on the priority list). Site C is affected by pressures due to the presence of
ASI (Industrial Development Areas) zones, with industries subject to AIA
(Integrated Environmental Authorization) (Fig. 1S).

As regards the bioaccumulation of heavy metals in the gametophyte
of C. conicum, the detected concentrations reflect the concentrations of
heavy metals measured in the selected sites (Table 1). Furthermore, for
all the metals measured, a greater bioaccumulation capacity is noted in
the in vitro samples compared to those in the field, probably due to a
greater bioavailability of the metals in solution (Table 1).

Fig. 1 shows the EF for the considered heavy metals in the two ex-
periments. In the field experiment, the EF of Cu (Fig. 1a) reached the
highest value in C, whereas the lower EF occurred in B. In the in vitro
conditions, EF increased when metals concentration increased
(A>B>C). Looking at the differences between in-field and in vitro ex-
periments, the in field experiment had the higher EF values (A in-
field>A in vitro; B in field>>B in vitro; C in field>C in vitro). For both Zn
(Fig. 1b) and Cd (Fig. 1c), EF showed the same general pattern: as the
metals concentration increase, EF increased in both field and in vitro
experiments (A> B> C in field; A> B> C in vitro). For each level of
metals concentration, the in vitro EF was higher relative to the field. In

Ecotoxicology and Environmental Safety 234 (2022) 113365

the field experiment, the EF of Pb (Fig. 1d) decreased from A to B,
whereas the C presented an intermediate EF. On the other hand, in vitro
experiment, the EF increased as metals concentration increased (A> B>
C). Looking at the differences between in-field and in vitro, we high-
lighted that in the latter conditions the EF was tendentiously lower in
respect to what was found in the field experiment. It is interesting to
notice that EF values between in-field and in vitro are approximately
equivalent, except for Cu and Pb in vitro.

3.2. ROS and oxidative stress response

Invitro experiments, the production of ROS in the samples follows an
increasing trend, in fact in the samples of C. conicum exposed to the
highest concentrations (samples C) of heavy metals a higher production
of ROS is observed, also samples A and B have higher ROS values than
the control if there is no statistically significant difference between the
two. Regarding the enzymatic activity of CAT and SOD, an increase in
the enzymatic activity is observed in samples B and C compared to the
control even if there are no statistically significant differences between
the two, in samples A the activity of both enzymes is greater than control
but lower than samples B and C. The activity of the GST enzyme is higher
in samples C, in samples A and B no significant differences are observed
but the enzymatic activity is still higher than in the control (Fig. 2).

In field experiments, ROS production increases with increasing
pollution of the three sites. As far as the enzymatic activity of SOD is
concerned, an increase in the enzymatic activity is observed in samples B
and C compared to the control even if there are no statistically signifi-
cant differences between the two, in samples A the activity of SOD is
greater than the control but lower than samples B and C. The activity of
CAT and GST enzymes is greater in samples C, no significant differences
are observed in samples A and B but the enzymatic activity is even
greater than in the control (Fig. 2).

3.3. Glutathione contents in C. conicum in field and in vitro experiments

The total glutathione concentration increased in C. conicum exposed
and collected in the three sites as previously described. Particularly, in
samples B and C the values were significantly higher with respect to Ctrl
and sample A. In the samples analyzed, both in the field and in vitro
experiments, GSH contents were similar in Ctrl and A samples, while
increased more significantly in C samples collected for in field experi-
ments (Fig. 2). In the samples treated with a solution containing the
same heavy metals concentration found in the three field sites (in vitro
experiments), the same trend was observed: in B and C total glutathione
was higher with respect to Ctrl and A samples (Fig. 2).

3.4. Phenolic content

To obtain information on the effects of exposure to heavy metals on
the amounts of phenolic compounds in C. conicum, the Folin-Ciocalteu
assay was performed on both the in-field and in vitro samples
(Table 2). Notably, the highest TPC values were determined for
C. conicum samples exposed to the highest concentrations of heavy
metals (samples C). Moreover, an increasing trend in TPC was observed,
with samples B showing a significantly higher value compared to sam-
ples A, although for these latter no significant differences with the in

Table 1
The concentration of metals (ug g~*) in C. conicum exposed in field and in vitro experiments.
Field In vitro
A B C A B C
Cu 22.582 +1.3117 1340.643 + 72.402° 1098.201 + 27.136° 70.133 + 2.019? 1890.212 + 10.727° 2738.202 + 70.198°¢
Zn 156.763 + 14.264 691.523 + 4.013" 1023.437 + 71.465¢ 90.434 + 43.622% 1562.329 + 76.983° 1965.441 + 60.521°¢
Cd 13.415 + 1.053% 161.223 + 13.227° 293.925 + 23.812°¢ 19.112 + 7.128% 532.453 + 32.112° 982.812 + 11.484¢
Pb 7.337 + 0.999? 70.422 + 12.609° 1064.113 + 38.794¢ 10.912 + 1.6217 47.894 + 9.934" 171.013 + 4.544°¢
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Fig. 2. ROS production (fluorescence intensity), antioxidant responses (SOD activity inhibition %, CAT, U/mg of protein, GST, pmol/mL/min), reduced glutathione
(GSH, nmol g’1 FW) and total glutathione levels (nmol g’1 FW) in the samples A, B, C and control exposed in the field and in vitro experiments.

Table 2
TPC of C. conicum samples exposed to heavy metals in the field and in vitro
experiments.

Sample TPC (mg of gallic acid/mg of the sample)

Field in vitro
A 0.039 + 0.002a 0.0273 + 0.0001a
B 0.065 + 0.002b 0.0533 + 0.0004b
C 0.085 + 0.001c 0.0676 + 0.0003c

vitro control (0.0288 + 0.0005 mg of gallic acid/mg of the sample) were
detected.

As shown in Fig. 2S, a very good linear correlation was found be-
tween the total concentration of metals determined by ICP-MS experi-
ments and the TPC for both the in field and in vitro samples (R2 = 0.99
and 1.00, respectively), indicating that phenolic compound biosynthesis
is closely related to the heavy metal exposure.

To gain information on the phenolic composition, the C. conicum
samples exposed to the different heavy metals concentrations in vitro
were dissolved in methanol and analyzed by HPLC. The elutographic
profiles (Fig. 3) showed for all the samples the main compound eluted at
ca. 41 min, whose concentration was found to increase moving from
sample A to sample C, i.e. further to exposure to increasing concentra-
tion of heavy metals. Based on LC-MS analysis, showing pseudomo-
lecular ion peaks [M+H]+, [M+Na]+, and [M+K]+ at m/z 259, 281,
and 297, in that order, this compound was tentatively identified as

250 —
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Fig. 3. HPLC profiles of in vitro A, B, and C. conicum samples.

lunularic acid, which has previously been reported as one of the main
phenolic components of liverworts, including C. conicum (Abe and Ohta,
1984; Gorham, 1977; Pryce, 1971).

3.5. Confocal imaging

Under the chosen settings, confocal micrographs showed no DFC
signal in both the field non-exposed control and in the in vitro-non-
treated ones, where only red autofluorescence from chloroplasts was
detected (Fig. 4). Green fluorescence related to ROS was detectable in all
the field-exposed and in vitro-treated samples, with an increasing signal
from samples A to C (Fig. 4). The red signal from chloroplasts was
present in all the samples. ROS signal appeared patchy, marking un-
evenly the cell protoplast. In samples C, the peripheral cytoplasm and
plasma membrane emit strong DFC signal (Fig. 4).

Under the steady settings, confocal micrographs showed faint MCB
fluorescence from the field-non-exposed and in vitro-non-treated sam-
ples (controls), where red autofluorescence from chloroplasts was al-
ways detectable (Fig. 5). The signal from MCB increases from samples A
to C, in both the field and in vitro experiment, and most of the blue
signals seem to localize in vacuoles (Fig. 5).

3.6. Transmission electron microscopy

TEM observations showed that field-non-exposed and in vitro-non-
treated control samples had the same ultrastructural appearance as
samples A from both the field and in vitro experiments. Cells had a
typical ultrastructure with a large central vacuole and, beneath the cell
wall, typical oblong chloroplasts with well-developed thylakoids, ar-
ranged in grana and intergrana membranes, in a quite dense stroma.
Inside chloroplasts starch grains and a few small dense plastoglobules
are visible (Fig. 6a, f). The other organelles had also a typical appear-
ance. Mitochondria had clear cristae in a dense stroma (Fig. 6b, g). The
samples B from both the field and in vitro experiments had also a com-
parable appearance. Chloroplasts still maintained a well-developed
thylakoid system, arranged in grana and intergra, and starch grains
too. Large plastoglobules and thylakoid light swellings were developed.
Mitochondria still had clear cristae and a dense stroma. (Fig. 6¢, h).
Samples C from both the field and in vitro experiments developed com-
parable ultrastructural changes compared to control samples.
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Fig. 4. Confocal laser scanning microscopy (CLSM) micrographs of the photosynthetic layer from the field-exposed (I) and in vitro-treated (II), DCF-DA-stained
C. conicum samples A, B, C, and the non-exposed and non-treated one (control). The first column shows DCF signal, the second displays chloroplast auto-
fluorescence and the third is the overlay. In the non-exposed and non-treated control sample, no DFC signal was detectable, while red chloroplast autofluorescence
was well evident. In samples A, B, and C (in field and in vitro), DCF-signal, increasing from A to C, is visible from the cytoplasm and chloroplasts of the cells along with
red autofluorescence from chloroplasts. (En) The micrograph is an enlargement of a detail from the C panel where a strong ROS signal from peripheral cytoplasm and

plasma membrane is shown. Scale bars: Ctrl, A, B, C: 50 y; En: 20 p.

Chloroplasts appeared swollen and bulged, thylakoids developed
swellings, stroma became electron clear (Fig. 6d, i). At some points, the
outer membrane of the chloroplasts detached from the inner one, and
multilamellar bodies were developed (Fig. 6e, j). Mitochondria showed
crista remnants in a clear stroma (Fig. 6d).

3.7. Pearson’s correlation

Table 2S shows the Pearson correlation; data collected for in the field
and in vitro experiment were pooled together and the correlation be-
tween the bioaccumulation of heavy metals and biological responses
were derived. All biological responses resulted directly correlated with
the concentration of all metals measured, and all metals were directly
intercorrelated.

4. Discussion

In this work, the biological responses of the liverwort C. conicum to
heavy metal pollution of freshwater was reported. The ability of the
liverwort C. conicum to bioaccumulate heavy metals in both in field and
in vitro experiments was tested. Furthermore, its tolerance was assessed
through several functional and structural indicators. Heavy metal bio-
accumulations in C. conicum varied notably among the three in field
sites, linearly with the concentrations found in water samples. This re-
sults are consistent with those from Maresca et al. (2018).

For the first time, a study is conducted that takes into consideration a
wide range of antioxidant responses, from the activation of enzymes to
the response via glutathione to the synthesis of molecules to counteract
the increase of ROS. Furthermore, for the first time, ROS and thiol
compounds cellular localization is identified. Furthermore, antioxidant

responses of C. conicum are compared both in environmental conditions
and in vitro in order to reduce confounding variables and to have re-
sponses that can only be compared with the concentrations of the metals
detected at the 3 exposure sites in the field. As evidenced by the present
results, heavy metals exposure implies ROS generation that trigger
several antioxidant responses in C. conicum. In fact, ROS content is
strongly correlated with the antioxidant activities of SOD, CAT and GST.
As regards the production of ROS, they are also present at low concen-
trations of heavy metals, that is, both in the control and in the treated
samples. These results are consistent with the idea that ROS are not only
produced as a response to abiotic and biotic stresses, but they support
biological processes such as cellular proliferation, physiological func-
tions, and viability, thus being essential for plants (Mittler, 2017).
Moreover, it is well known that heavy metals cause unbalances in redox
homeostasis in plants, inducing the accumulations of ROS such as su-
peroxide anion, hydroxyl radicals, and hydrogen peroxide.

These results agree with those obtained on another bryophyte: in the
liverwort Lunularia cruciata collected in different urban and country sites
and in vitro tests, the activity of antioxidant enzymes was related to the
presence of heavy metals and production and localization of reactive
oxygen species (Maresca et al., 2020a); The moss L. riparium exposed in
the same Regi Lagni sites showed the biological responses to ROS acti-
vating the antioxidant enzymes (Maresca et al., 2018). All these re-
sponses were consistent with the degree of pollution of sites.

It is known that the tripeptide glutathione (y-Glu-Cys-Gly) is
involved in the response of plants to environmental stress such as heavy
metal exposure (Carfagna et al.,, 2011, 2021; Asgher et al., 2017).
Furthermore, the balance between reduced and oxidized forms of
glutathione (GSH and GSSG) may be implied in the regulation of
stress-related marker genes at the transcriptional level. The total
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Fig. 5. Confocal laser scanning microscopy (CLSM) micrographs of the photosynthetic layer of thalli from the field-exposed and the in vitro-treated, MCB-stained
C. conicum samples A, B, C, and the non-exposed and non-treated one (control). The first column shows the MCB signal, the second displays chlorophyll auto-
fluorescence and the third is the overlay. MBC signal, increasing from the non-exposed and non-treated control to samples C, is detectable in the cytoplasm of the cells
along with autofluorescence from chloroplasts. Scale bars: CTRL, A, B, C: 30 p.

Fig. 6. Fig. shows TEM micrographs of C. conicum samples after field (Figs. a-e) and in vitro (Figs. f-j) treatments. Figs. a-b. Field sample A. Fig a shows, beneath the
cell wall, a typical lenticular chloroplast with well-developed thylakoids, arranged in grana and intergrana membranes, in a quite dense stroma, where a central
starch grain and a few small dense plastoglobules are present. Fig. b. Two mitochondria with clear cristae in a dense stroma and peroxisome next to a chloroplast.
Fig. c. Field sample B. An oblong chloroplast with a well-developed thylakoid system, starch grains, and a few thylakoids. Some of the thylakoids developed swellings.
Next to the chloroplast is a mitochondrion with clear cristae in a quite dense stroma (asterisk). Figs. d-e. Field sample C. Fig. d. An altered swollen chloroplast where
thylakoids developed large swellings and the stroma appears rather clear. A mitochondrion with crista remnants and clear stroma (asterisk). Fig. e. Beneath the cell
wall, next to a chloroplast, is a multilamellar body. Fig f-g. In vitro sample, A. Fig. f shows an oblong chloroplast with a typical appearance, where a well-developed
thylakoid system, arranged in grana and intergrana, is in a dense stroma. Two starch grains and a few plastoglobules are present. Fig. g. A mitochondrion with clear
cristae in a dense stroma. Fig. h. An oblong chloroplast with grana and intergrana arrangement of thylakoids is well visible. Large dense plastoglobules are also
visible. Fig. i. An altered swollen and bulged chloroplast where the well-developed thylakoids system is in a clear abundant stroma. Fig. j. Detail of fig. i. Severe
swelling of the chloroplast outer membrane, which detached from the inner one at some points, leaving large spaces. Scale bars: 1 u (a, ¢, d, f, h, i), 300 nm (b, e, g, j).
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glutathione content increase in C. conicum in field and in vitro experi-
ments suggesting a major stressful environmental impact in samples
from the sites of Acerra and Castel Volturno (B and C). The total and
reduced form of glutathione, GSH, significantly increased in C. conicum
samples collected in Castelvolturno (C) may have protected the liver-
wort from heavy metal pollution and not only, since the concentration of
glutathione increased but to a minor extent in samples from in vitro
experiments, where the only abiotic stress considered was relative to the
exposition to high heavy metals concentrations. Notably, an increase in
phenolic compound biosynthesis was also observed further exposure of
C. conicum to heavy metals both in field and in vitro experiments, with a
very good correlation between TPC values and heavy metal concentra-
tions. This is well in line with what was previously reported in several
plants in the case of heavy metal-induced toxicity (Keziah et al., 2016;
Manjunath and Reddy, 2019; Rohani et al., 2019; Kapoor et al., 2016).

As for the localization of ROS, under the fixed imaging settings of our
confocal microscopy, both the field non-exposed samples and in vitro
non-treated samples did not show any green DCF signal but only red
autofluorescence from chloroplasts referrable to chlorophyll. That sug-
gests that the ROS amount was under detection at least. In both the field-
exposed and in vitro-treated samples, the green DFC signal increased
from A to C, showing an increasing presence of ROS. The finding is
consistent with our chemical data, demonstrating ROS amount being
lowest in the field non-exposed and in vitro non-treated control samples
and highest in C ones from both the experiments. DCF-DA enters the
cells where it undergoes cleavage by cytoplasm esterases. The de-
esterificated derivative stays inside the cytoplasm compartments and
is not able to cross membranes due to negatively charging. The ester-
ificated DFC-DA is not able to give significant fluorescence to effectively
detect ROS; conversely, only the de-esterificated forms give fluorescence
after oxidation. So, the DCF signal marks ROS inside cell compartments
and allows their localization inside the cell. (Sandalio et al., 2008;
Kristiansen et al., 2009). In our exposed and treated samples, ROS dis-
tribution appears patchy, according to other studies on plants demon-
strating a ROS localization inside specific organelles, such as nuclei,
mitochondria, peroxisomes, chloroplasts, and plasma membranes rather
than an even distribution inside the protoplast (Kristiansen et al., 2009).
In samples C, enlargement of external protoplast and cell wall images
reveals that peripheral cytoplasm and cell membrane emit a strong
uneven signal, giving the appearance of emitting cell walls at low
magnification. On the whole, our findings are comparable to another
study on the same species exposed to Cd stress, where, in the untreated
samples, no DFC signal was detected and ROS fluorescence of the treated
ones was patchy in the protoplast and related to the amount of Cd
supplied to the plants (Maresca et al., 2020b).

As for localization of SH groups, under the chosen imaging settings,
confocal micrographs of MCB-labeled samples showed faint signal from
the field non-exposed and in vitro non-treated samples, whereas the
fluorescence from thiol peptides was well visible in all the exposed and
treated samples, with an increasing trend from A- to C specimens. That
suggests the thiol peptide amount was lower in the control samples and
their amount was related to the induced stress in the other specimens,
accordingly with the chemical data. Most of the signal seems to localize
in vacuoles. Those findings are in agreement with another study on
C. conicum exposed to Cd stress, where comparable results were ob-
tained with 2 different Cd concentrations (Maresca et al., 2020Db).

TEM observations showed that samples A from both the field and in
vitro experiments have a typical ultrastructure, which demonstrates that
both exposures in site A and in vitro treatment with solution A did not
impair cell ultrastructure. Samples B from both the experiments devel-
oped comparable light alterations, the ultrastructure being mostly pre-
served. Differently, samples C from both the experiments developed
severe alterations with swelling of the whole chloroplasts and the thy-
lakoids inside, with the outer membrane sometimes detaching from the
inner one. Swelling and shrinkage of the whole cell or single organelles
and membrane compartments, in general, is supposed to be caused by
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the loss of selective permeability control of membranes. That, in turn,
depends either on direct damage to the membrane or on an energy
depletion (Schwartzman and Cidlowski, 1993). If selective permeability
is impaired, ions move across the membrane downstream concentration
gradients, and the shifted water cause swelling or shrinkage of mem-
brane compartments (Schwartzman and Cidlowski, 1993). In addition,
ROS are a well-known cause of damage to membranes due to lipid
peroxidation (Su et al., 2019). Furthermore, our finding of severe
swelling phenomena in chloroplasts and thylakoids associated with
mitochondria showing only crista remnants and clear stroma, evident
signs of severe ultrastructure damage, suggests that energy depletion
could also play a role in the development of those ultrastructure
features.

Samples C from both experiments developed multilamellar bodies
(MLBs). Those are membrane-bound cellular structures, composed of
concentric membrane layers, related to autophagic phenomena.
Degradative autophagic vacuoles arise after acquiring lysosomal fea-
tures from nascent, immature autophagic vacuoles, which feature mul-
tiple limiting membranes and are regarded to form by the sequestration
of cytoplasm by smooth endoplasmic reticulum membranes (Hariri
et al.,, 2000). Multilamellar bodies (MLBs) are formed by the parallel
apposition of lipid membranes from the endoplasmic reticulum encir-
cling portions of cytoplasm; the lysosomal nature of the MLB has been
demonstrated by the localization of various lysosomal enzymes to this
organelle (Hariri et al., 2000). Furthermore, stress stimulates auto-
phagy, which is useful to recycle and degrade damaged cell components
(Bassham, 2009; Hayward et al., 2009) and ROS have also been
demonstrated to enhance autophagocytosis phenomena through lipid
peroxidation (Su et al., 2019).

In particular, from our data, it is clear that all the stress alterations
caused by heavy metal pollution are strongly correlated with the con-
centrations of pollutants detected in the environment or supplied in
vitro. This leads us to hypothesize their possible use as pollution bio-
markers as all the biological responses considered show a trend consis-
tent with the degree of pollution of the sites. Furthermore, this study
confirms the ability of the liverwort C. conicum to respond to heavy
metal pollution in a manner consistent with the degree of pollution and
therefore with the possibility of considering it a good bioindicator of
environmental pollution both in urban sites (Basile et al., 2013) and
aquatic environments.

5. Conclusions

The present study showed the ability of C. conicum as bioaccumulator
of heavy metals, combining field and in vitro experiments, verifying its
tolerance through several structural and functional indicators; the bio-
logical responses considered, ROS production and localization, antiox-
idant enzymes, glutathione (reduced and oxidized) levels, phenolic
content, ultrastructural damage and localization of compounds pre-
senting thiol groups responded consistently with the expected environ-
mental stress and were related to the concentrations of the most toxic
metals found in the soil and bioaccumulated in liverwort. Based on the
present results, we can conclude that not only higher but also lower
plants (bryophytes) can be used as an alternative first-tier assay system
for the detection of environmental pollution.

The combination of field and in vitro experiments has shown that
C. conicum can be used as an excellent bioindicator and bioaccumulator
in sites highly polluted by human activity, given its reactivity and
resistance to heavy metals.
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