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ABSTRACT

• The tailings dump of Barraxiutta (Sardinia, Italy) contains considerable concentra-
tions of heavy metals and, consequently, is scarcely colonized by plants. However, wild
populations of the liverwort Lunularia cruciata (L.) Dum. form dense and
healthy-looking carpets on this tailing dump.

• L. cruciata colonizing the tailing dump was compared with a control population grow-
ing in a pristine environment in terms of: (i) pollutant content, (ii) photochemical
efficiency, and (iii) volatile secondary metabolites in thalli extracts.

• L. cruciata maintained optimal photosynthesis despite containing considerable
amounts of soil pollutants in its thalli and had higher sesquiterpene content compared
to control plants.

• Sesquiterpenes have a role in plant stress resistance and adaptation to adverse environ-
ments. In the present study, we propose enhanced sesquiterpenes featuring Contami-
nated L. cruciata as a defence strategy implemented in the post-mining environment.

INTRODUCTION

Mining activity for extraction of materials from the Earth’s
crust has accompanied human civilisations since their origin.
Past mining, however, has left a legacy of byproducts of extrac-
tive processes which are still today contaminated by inorganic
pollutants, especially heavy metals. Besides the threat these
pose to human health (Varrica et al. 2014; Beane et al. 2016;
Rodrı́guez-Eugenio et al. 2018; De Giudici et al. 2019), metal-
liferous environments (i.e., environments containing single or
multiple metallic or semi-metallic elements) are restrictive hab-
itats for plants. In fact, phytotoxic metals or supra-optimal
levels of essential metals cause abiotic stress, defined as “heavy
metal stress”, which adversely affects plant and crop productiv-
ity (Singh et al. 2015). Heavy metal stress negatively affects
photosynthesis, enzyme activity, nutrient uptake, embryo
development, seed germination, and plant biomass production.
It also generates oxidative stress through accumulation of reac-
tive oxygen species (ROS) in cells, leading to damage to mem-
branes and photosynthetic centres, as well as ion leakage, DNA
cleavage, and ultimately, programmed cell death (Vickers
et al. 2009; Rascio & Navari-Izzo 2011; Hodson 2012; Singh
et al. 2015). However, the selective pressure in metalliferous
environments may lead to the speciation of plant taxa or eco-
types that can thrive (metal-tolerant) or are only found

(metallophytes) in environments far too toxic for non-adapted
plants (Baker et al. 2010).
Among the defences and adaptive strategies that plants may

put in place in response to adverse environments, such as metal-
liferous environments, the production of specialized metabo-
lites is one of the most ancient and conserved (Loreto
et al. 2014b; Liang et al. 2018). Emission of volatile secondary
metabolites, such as isoprenoids, alkanes, alkenes, carbonyls,
alcohols, esters, ethers, and acids, known as biogenic volatile
organic compounds (BVOCs) (Kesselmeier & Staudt 1999), is
the basis of crucial ecological interactions and plays a role in
stress resistance and adaptation to extreme environments
(Peñuelas & Llusià 2004; Rinnan et al. 2014; Loreto et al. 2014a).
The present study focused on the liverwort Lunularia cru-

ciata (L.) Dum. Liverworts, mosses and hornworts are bryo-
phytes, and close relatives of the first plants that abandoned
water around 470–515 million years ago (Chen et al. 2018b; Li
et al. 2020). Bryophytes are still excellent early land colonizers
which in some cases are able to thrive on extreme and severely
polluted environments that are unavailable for most vascular
plants (Karakaya et al. 2015; De Agostini et al. 2022; Degola
et al. 2022; Campbell et al. 2023). The current investigation
centers on the presence of the liverwort L. cruciata in the Bar-
raxiutta tailings dump in Sardinia (Italy), which is character-
ized by severe soil pollution from mining activities. The
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objective of the present study was to understand how
L. cruciata can thrive in such adverse conditions. To accom-
plish this, plants were initially analysed for pollutant content to
determine whether they exclude or take up soil pollutants. Sub-
sequently, since photosynthesis is one of the first processes neg-
atively affected by heavy metal stress, the Normalized
Difference Vegetation Index (NDVI) and chlorophyll fluores-
cence parameters were calculated to evaluate plant health and
effects of phytotoxic elements on photosynthesis. Finally, to
explore potential secondary metabolites-based defence mecha-
nisms employed by L. cruciata to mitigate soil phytotoxicity, a
comprehensive analysis of volatile organic compounds in plant
extracts was conducted, identifying and characterizing individ-
ual components and relating them to soil pollution. We postu-
lated that volatile isoprenoids (VIs), especially sesquiterpenes,
might serve as crucial elements in the adaptive strategies of this
species to the harsh conditions of the study site.

MATERIALS AND METHODS

Study site

The tailing dump of “Barraxiutta” (39°2205.8200 N,
8°36028.4600 E � WGS84), Contaminated site hereafter, is in
the abandoned mining district of “Sa Duchessa” in the munici-
pality of Domusnovas (Sardinia, Italy). Mining activity in the
district ended in the second half of the twentieth century. Lead
(Pb) and zinc (Zn) were extracted from Sphalerite and Galena
through underground mining and processed in situ. Conse-
quently, the tailings dump exhibits significant contamination
with heavy metals, especially of Fe, Zn, and Pb, as previously
documented by our team (De Agostini et al. 2020a, 2020b).
An uncontaminated site, Control site hereafter, hosting the

control population of L. cruciata was chosen in the municipal-
ity of Sinnai (39°1809.3000 N, 9°23052.8500 E � WGS84), more
precisely in the regional park “Sette Fratelli”. This site was cho-
sen for the absence of any anthropic activity that could have
originated or dispersed pollutants and for its similar environ-
mental conditions as the tailing dump (i.e., shady Mediterra-
nean Quercus sp. forest).

Substratum collection and analysis

Soil features of control and contaminated sites were character-
ized following standard procedures outlined in Schoeneberger
et al. (2012) on the topsoil (0–25 cm). The collected bulk soil
samples (three replicates per study site) were air-dried and
crushed to a particle size of 2 mm. Subsequently, sand (2.00–
0.05 mm), silt (0.05–0.002 mm), and clay (<0.002 mm) frac-
tions were separated by sieving and pipetting following organic
matter removal with H2O2 and dispersion with Na-
hexametaphosphate. The organic carbon (C) content was
quantified using a C elemental analyser (Leco, USA). Total
nitrogen (N) was assessed through the Kjeldahl method, while
total phosphorus (P) was determined via spectrophotometry
subsequent to treatment with H2SO4, H2O2, and HF. Available
P was analysed using the Olsen method, total K was deter-
mined via spectrophotometry following treatment with H2SO4,
HCl, and HF, and available K was assessed through spectro-
photometry after treatment with HCl and BaCl2. Soil pH was
measured potentiometrically in soil/solution suspensions of

1.0:2.5 H2O. Sieved samples were subjected to digestion in con-
centrated HNO3 according to EPA 3050-B method for deter-
mination of total metal content (Fe, As, Cd, Cu, Cr, Pb, Zn,
Ni, Mn). The bioavailable fractions of metals were determined
utilizing the Community Bureau of Reference (BCR) extraction
method (0.11 M acetic acid). The resulting soil extracts were
analysed using Inductively Coupled Plasma (ICP-OES 5110;
Agilent, USA).

Plant material

Thalli of the liverwort L. cruciata (Marchantiophyta; Lunularia-
ceae H. Klinggr.) are 2.5-cm long, 5–10-mm wide, irregularly
and dichotomously branched. The monospecific genus Lunu-
laria is named after the distinctive semilunar gemmae cups
containing the lenticular gemmae for asexual propagation. L.
cruciata grows on damp soils, rocks, walls, and paths in natural
and manmade environments at low altitudes (Smith 1990).
Healthy-looking green thalli of L. cruciata were collected for
determination of element content and for BVOC extraction
from the Contaminated and Control sites. Plant material
(Figure S1) was sampled in the first week of May 2021 in the
Control and Contaminated sites to avoid differences in
the chemical profiles attributable to seasonality. Thalli were
collected across the study sites (on soils with uniform pedologi-
cal features), sampling portions of carpets until reaching a total
area of approximately 50 × 50 cm per growing condition, each
hosting tens of individuals. This approach was chosen to
ensure that the sampling was both spatially adequate and rep-
resentative of the population intra-variability (while paying
attention to preservation of the natural populations). Plant
material was first washed of any debris with distilled water in
an ultrasonic bath (Ultrasonic cleaner model 1210; Bransonic,
USA), and then weighed (AE260 Analytical Balance; Mettler,
USA) to obtain the fresh weight (FW).

Element content

A portion of plant material for each site was air-dried to con-
stant weight for measurement of the content of Al, Ca, Cd, Co,
Cr, Cu, Fe, K, Mg, Na, Ni, P, Pb, S, Si and Zn. Briefly, 125 mg
dry weight (DW) per growing condition, corresponding to ca 3
individuals, was ground in liquid nitrogen and digested in 65%
nitric acid (HNO3) and 50% hydrofluoric acid (HF), 2:1 ratio
(v/v). Digestion took place in a microwave oven (Ethos, Mile-
stone, Italy). The element concentrations in plant thalli were
determined using Inductively Coupled Plasma–Optical Emis-
sion Spectrometry analysis (ICP–OES) (Optima 7000DV; Per-
kinElmer, USA) and obtained data compared to standard
references to verify accuracy of the analysis (Thomas 2003).
Standard solutions were used to generate calibration curves of
emission reading vs concentration for each element. Analyses
were performed in triplicate.

Normalized difference vegetation index

The Normalized Difference Vegetation Index (NDVI) indicates
plant health and vigour based on plant reflective properties.
Plants absorb red light (harvested by chlorophylls and acces-
sory pigments) but reflect near infrared light. NDVI is then cal-
culated from the formula
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%reflected near infrared light�%reflected red lightð Þ
%reflected near infrared lightþ%reflected red lightð Þ

(1)

NDVI values range from �1 to +1: NDVI values from �1 to
0 indicate dead plants, while values from 0 to 1 indicate
increasingly healthy and vigorous plants. In the present study,
NDVI was measured using the Fieldscout CM 1000 NDVI
Meter (Spectrum Technologies, USA), with the instrument
held ca 50 cm above L. cruciata carpets in both Contaminated
and Control sites. NDVI values discussed here are the average
of 10 repeated measurements on different carpet portions.

Chlorophyll fluorescence parameters

In vivo chlorophyll fluorescence assays are used to investigate
the toxicity and mode of action of phytotoxic elements to
assess photosynthesis and physiological status (Mallick &
Mohn 2003; Velikova et al. 2011). Fluorescence parameters
were measured with a Mini PPM 100 fluorometer (EARS,
Netherlands) on 1 h dark-adapted plants. The instrument mea-
sured within 1s, minimum fluorescence (F0) (using non-actinic
measuring flashes) and maximum fluorescence (Fm) after a sat-
urating light pulse (8000 μmol�photon�m�2�s�1). The following
fluorescence parameters were considered as indicators of heavy
metal phytotoxicity affecting photosynthesis (Mallick &
Mohn 2003; Velikova et al. 2011): F0; Fm; variable fluorescence
Fv (Fv= Fm�F0); maximum quantum yield of photosystem II
(Fv/Fm); plastoquinone pool (Fv/2); and F0/Fv ratio as an indi-
cator of efficiency of water-splitting. Fluorescence measure-
ments were carried out on L. cruciata growing in the
Contaminated (n= 15) and Control (n= 10) sites.

Extraction of BVOC

Frozen thalli from Contaminated (18.3 g FW) and Control
(8.16 g FW) sites, corresponding, respectively, to ca. 70 and 40
individuals, were used for BVOC extraction. Octyl octanoate
(0.25 mg) was added to plant material as an internal standard,
and steam distilled for 3 h with distilled water according to
Robustelli della Cuna et al. (2019) with slight modifications.
Diethyl ether (100 ml) was used to separate the organic and
aqueous phases through three repeated liquid/liquid extrac-
tions. The obtained organic phase was completely dehydrated
using anhydrous sodium sulphate and then rotary evaporated.
The yield of the extracts is the ratio between the extract weight
(g) and the plant material FW (g). Extracts were kept at
�20 °C until GC/FID and GC/MS analyses.

Analysis with GC-FID and GC-Ms

Analyses (three replicates) of extract components were carried
out using a Hewlett Packard model 5980 GC, equipped with
Elite-5MS (5% phenyl methyl polysiloxane) capillary column
(30 m × 0.32 mm i.d.) with film thickness 0.32 μm. Helium was
carrier gas at 1 ml�min�1. Before analysis, samples were diluted
in diethyl ether (1 μg�ml�1), and 1 μl was manually injected in
split mode (30:1). The oven temperature program was initial
isotherm of 40 °C (5 min), followed by a temperature ramp to
260 °C at 4 °C�min�1, maintained as a final isotherm (10 min).

Injector and detector temperatures were set at 250 and 280 °C,
respectively. The relative amount of each component was calcu-
lated considering the corresponding FID peak area without
response factor correction. The GC-MS analyses were carried
out with a GCModel 6890 N, coupled to a benchtop MS Agilent
5973 Network, equipped with the same capillary column as
above and following the same GC/FID analyses chromato-
graphic conditions. Helium was the carrier gas at 1.0 mL�min�1.
Ion source temperature was set at 200 °C, while the transfer line
was at 300 °C. Acquisition range was 40–500 amu in
electron-impact (EI) positive ionization mode, ionization volt-
age of 70 eV (Robustelli della Cuna et al. 2022). Octyl octanoate
(98%), alkane mix (C6–C35), and anhydrous sodium sulphate
were obtained by Sigma-Aldrich (USA). Diethyl ether was pur-
chased fromMerck (Germany). Ultrapure water (LC-MS grade)
was produced using Milli Q-Milli RO system, Millipore (USA).

Identification of BVOC

Volatile components in the extracts were identified by their
retention indices (RI) and mass spectra and by comparison
with a NIST database mass spectral library, as well as with liter-
ature data (Stein 2000; Adams 2017). The relative amount of
each component was expressed as percentage peak area relative
to total peak area from GC/MS analyses of whole extracts using
the following equation:

Relative content %ð Þ= Area under peak

Total peak area

� �
� 100 (2)

Retention indices were calculated by Elite-5MS capillary col-
umns using an n-alkane series (C6–C35) under the same GC
conditions as for the samples. The retention indices (RI) were
calculated as shown in equation:

RI= 100� nþ 100� tx�tnð Þ½ �
tnþ 1�tnð Þ (3)

where RI is retention index of the unknown compound x, n is
number of C atoms of the n-alkane eluted before x, n+ 1
is number of C atoms of the n-alkane eluted after x, tx is reten-
tion time of x, tn is retention time of the n-alkane eluted before
x, and tn+ 1 is retention time of the n-alkane eluted after x.
The relative abundance of chemical classes was obtained by
adding the relative abundance of the compounds forming part
of each chemical class.

Statistical analysis

The statistical significance of differences in the content of ele-
ments in soil samples and L. cruciata thalli, as well as of fluores-
cence parameters was assessed by t-test. The assumptions
necessary for its implementation were met, and corrections
were applied in cases of non-homogeneous variance. When
reported, effect size of observed differences was calculated with
Cohen’s d effect size Hedge’s Corrected for small samples
(n< 50). Boxplots were drawn to represent L. cruciata Fv/Fm in
Control and Contaminated populations. To provide immediate
insight to chemical composition of the extracts from the two
populations of L. cruciata, stacked bar plots are provided. A
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principal component analysis (PCA) was carried out, consider-
ing plant element content and BVOCs profiles in the two
populations. PCA results are represented by a biplot, reporting
both individuals and variables in the PCA space. In the biplot,
variables are represented as arrows originating from the inter-
section between the two principal axes. Variables should be
considered directly or inversely proportional whether they
point the same or the opposite direction, respectively. Variables
pointing towards clusters of individuals are highly representa-
tive of the features of that cluster. For the relationship between
sesquiterpenes and heavy metals content in L. cruciata thalli,
correlations between heavy metals (Cd, Cu, Fe, Pb and Zn) and
sesquiterpenes (either considered together or individually) in
L. cruciata extracts were tested with Pearson, Spearman or Ken-
dall method (depending on data features). Correlations were
considered significant at p-values less than the 0.05 threshold.
All statistical analyses were carried out using R-software, ver-
sion 4.1.3 (10 March 2022) (R Core Team 2022) implemented
with the following packages: “ggpubr”, “dplyr” for barplot and
boxplots; “dplyr”, “FactoMineR”, “factoextra” for PCA; “lares”
for the representation of correlations.

RESULTS

Pedological and physicochemical soil features

In the Contaminated site, the analysed topsoil (˄A horizon)
contained 89.1% sand, 8.7% silt, and 2.2% clay, was weak and
very fine, had a fine subangular blocky structure with a ten-
dency to single grains, was soft, nonsticky, nonplastic, with
strong effervescence after 1 N HCl application. Organic C con-
tent of 50%, and pH (H2O) of 8.0. Total N was <0.1 g�kg�1,
total P 388 mg�kg�1, available P 3.48 mg�kg�1, total K
500 mg�kg�1, and available K 10 mg�kg�1. Since the analysed
topsoil was formed on material created by humans as part of a
mining process (mine spoil), soil is classified as Spolic Techno-
sols (IUSS Working Group WRB 2022).
In the Control site, the analysed topsoil (A horizon) had

loam texture (51% sand, 31% silt, and 18% clay), moderate
fine subangular blocky structure, soft, slightly sticky and
non-plastic wet consistence and organic C 1.77% and pH
(H2O) 7.5. Total N is 1.69 g�kg�1, total P 137 mg�kg�1, avail-
able P 4.49 mg�kg�1, total K 1,768 mg�kg�1, and available K
102 mg�kg�1. Soils in the area are classified as Eutric Cambisols
(IUSS Working Group WRB 2022).
The total and bioavailable concentration of heavy metals in

the Control and Contaminated sites are reported in Table 1.

Heavy metal content in plant samples

Element content in L. cruciata samples varied markedly
between the two populations. Contaminated L. cruciata had a
significantly higher content of Ca, Cd, Cu, Fe, Pb and Zn with
respect to controls. Ca should be attributed to the carbonate
lithology of the Contaminated site, while Cd, Cu, Fe, Pb and
Zn reflect the composition of the mining waste on which L.
cruciata grows. Control individuals, on the contrary, presented
significantly higher Al, K, Na and Si with respect to Contami-
nated plants, reflecting the granitoid lithology of the Control
site. Element content in Contaminated and Control individuals
is reported in Table 2.

Normalized difference vegetation index

The NDVI of Control and Contaminated L. cruciata was 0.43
and 0.42, respectively. This indicates that both Control and
Contaminated plants can absorb adequate and comparable
amounts of photosynthetically active light. The difference
between Control and Contaminated NDVI is in fact not signifi-
cant (t-test=�0.23, df: 16, p= 0.81) and the effect size is –
0.11 (Cohen’s d effect size Hedge’s Corrected for small samples,
n< 50). NDVI data are reported in Table S1.

Chlorophyll fluorescence parameters

In the present study the fluorescence parameters considered
were F0, Fm, Fv/Fm, Fv/2 and F0/Fv (Table S2). These parameters
are considered as indicating photosynthetic efficiency and diag-
nostic of heavy metal stress acting on photosynthetic machinery
(Mallick & Mohn 2003; Bibbiani et al. 2018). In the present
study F0, Fm, Fv/Fm and Fv/2, significantly increased in Contam-
inated individuals with respect to Controls (Table 3), while
F0/Fv decreased in Contaminated L. cruciata (Table 3). In the
case of Fv/Fm (Fig. 1), both Control and Contaminated values
are largely within the range of values indicating optimal photo-
synthesis in bryophytes (López-Pozo et al. 2019) despite soil
pollution, however physiological relevance of the measured dif-
ference (4% higher in Contaminated L. cruciata), should be
considered negligible and unrelated to the growing conditions.
This was confirmed by the absence of any significant correlation
between increasing heavy metals in L. cruciata thalli and Fv/Fm

Table 1. Soil metal concentrations and bioavailability at the control and

contaminated sites.

control

(mg g�1)

contaminated

(mg g�1)

test statistics

test

statistic df p-value

Element (total)

[Cr] 0.13� 0.07 0.06� 0.05 �1.41 4 0.23

[Mn] 0.37� 0.22 1.19� 0.81 1.7 4 0.16

[Fe] 19.96� 1.67 63.8� 1.79 31.03 4 <0.001

[Ni] 0.83� 0.61 0.22� 0.10 �1.71 4 0.16

[Cu] 0.01� 0.01 0.87� 0.52 2.87 4 0.04

[Zn] 0.64� 0.42 14.3� 0.91 23.62 4 <0.001

[Cd] 0.005� 0.005 0.16� 0.08 3.18 4 0.03

[Pb] 0.21� 0.001 5.9� 1.39 7.06 4 0.002

[As] l.o.d. 0.23� 0.12 NA NA NA

Element (bioavailable)

[Cr] 0.01� 0.01 l.o.d. NA NA NA

[Mn] 0.25� 0.24 2.37� 1.08 3.33 4 0.03

[Fe] 0.83� 0.86 0.08� 0.08 � 1.50 4 0.21

[Ni] 0.03� 0.02 l.o.d. NA NA NA

[Cu] l.o.d. 0.07� 0.03 NA NA NA

[Zn] 0.20� 0.08 4.9� 0.98 8.25 4 0.001

[Cd] 0.002� 0.001 1.01� 0.56 3.14 4 0.03

[Pb] 0.27� 0.02 3.48� 0.75 7.37 4 0.002

[As] l.o.d. l.o.d. NA NA NA

Data are expressed as mean (mg�g�1)� SD of three replicates; l.o.d= Limit

of Detection. The last three columns report statistical test results: bold letters

indicate statistical significance of differences between the element content

of Control and Contaminated soils.
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values: Cu (R= 0.63, df= 3, p= 0.26), Fe (R= 0.73, df= 4,
p= 0.09), Pb (R= 0.72, df= 4, p= 0.11) and Zn (R= 0.72,
df= 4, p= 0.11). As for Cd, the inability to find a significant
correlation with total sesquiterpenes should be explained
by Control L. cruciata thalli being completely devoid of Cd.

Extract composition

A total of 98 and 84 compounds was detected in extracts from
Control and Contaminated individuals, respectively (Table S3).
Control and Contaminated L. cruciata shared 84 compounds,

Control L. cruciata had 14 exclusive compounds, while Con-
taminated L. cruciata had no exclusive compounds (Table 4).
In general, the chemical composition of Contaminated and
Control L. cruciata extracts resembles in the percentage pres-
ence of each chemical class, except for sesquiterpenes (Fig. 2).
Sesquiterpenes constituted 24.9% of Contaminated L. cruciata
extract, which is more than twice that found in Control L. cru-
ciata extract (11.98%), this difference is statistically significant
(t-test= 152.91, df= 4, p< 0.001).
To delve into the differences in extracts’ composition, a PCA

was carried out considering plants’ elements content and
BVOCs profiles in the two studied populations. PCA first two
dimensions explained 71.9% of total data variability: 54.8% and
17.1% by PC1 and PC2, respectively (Fig. 3, Figure S2). PCA
biplot clearly separates Control and Contaminated individuals
into two clusters following PC1, indicating marked diversity
between Control and Contaminated L. cruciata volatile second-
ary metabolites profiles (Figure S3 shows contribution of each
element to PC1). Sesquiterpenes were strongly associated with
Contaminated L. cruciata (10-epi-α-eudesmol, germacrene-D,
sesquisabinene hydrate, γ-cadinene, germacrene-B, nerolidol,
T-muurolol). The correlation between total sesquiterpenes and
heavy metals (Cd, Cu, Fe, Pb, Zn) were consequently tested and
were significant and positive for Cu (R= 0.98, df= 3,
p= 0.003), Fe (R= 0.96, df= 4, p= 0.002), Pb (R= 0.98,
df= 4, p= 0.001) and Zn (R= 0.98, df= 4, p= 0.001). As for
Cd, as stated above Control L. cruciata was completely devoid
of Cd in its thalli. Increasing heavy metals in L. cruciata thalli,
however, are not correlated with significant variations in Fv/Fm
(R= 0.66, df= 4, p= 0.16). This means that photosynthetic
efficiency of PSII is maintained at levels within the range of
optimal photosynthesis, despite the presence of phytotoxic
heavy metals within Contaminated L. cruciata thalli.
To explore at compound level resolution the correlations

between BVOCs and heavy metals content in L. cruciata, we
tested the correlations between Cd, Cu, Fe, Pb, and Zn levels in
L. cruciata thalli and BVOCs produced by the liverwort to
identify secondary metabolites with positive or negative
responses to increasing concentrations of heavy metals in plant

Table 2. Element concentration in Lunularia cruciata from control and

contaminated populations.

element control contaminated

significance of differences

test

statistic df p-value

[Al] 201.42� 37.03 59.14� 9.76 5.17 4 0.007

[Ca] 28.41� 3.13 109.87� 25.84 �4.59 2.06 0.042

[Cd] l.o.d. 0.16� 0.06 �4.33 2 0.049

[Co] 0.12� 0.00 0.10� 0.03 1.73 2 0.225

[Cr] 0.25� 0.04 0.11� 0.04 1.63 4 0.178

[Cu] 0.01� 0.01 1.39� 0.16 �11.49 2 0.007

[Fe] 43.48� 3.45 287.71� 46.43 �7.22 2.02 0.018

[K] 108.26� 1.10 55.37� 10.76 5.21 2.04 0.033

[Mg] 19.39� 3.27 26.11� 4.29 �1.69 4 0.166

[Na] 39.35� 3.04 1.28� 1.02 15.09 4 >0.001

[Ni] 0.12� 0.00 0.07� 0.04 0.58 2 0.622

[P] 5.88� 0.12 5.92� 1.00 �0.07 2.06 0.9513

[Pb] 0.55� 0.01 27.86� 3.99 �9.26 2 0.011

[S] 17.45� 1.17 14.37� 2.39 0.26 4 0.809

[Si] 840.30� 6.08 408.16� 86.66 5.29 2.02 0.033

[Zn] 0.26� 0.03 45.62� 6.25 �9.75 2 0.010

Data are mean (mg�g�1)� SD of three replicates; l.o.d= Limit of Detection.

The last three columns report statistical results: bold letters indicate signifi-

cance of differences between element content of control and contaminated

L. cruciata.

Table 3. Variations in fluorescence parameters of Lunularia cruciata from control and contaminated populations.

measurement population mean variation %a

test statistics

test statistic df p-value ESb

F0 Control 245.00 25.39% t= 2.85 23 0.01 1.12 large

Contaminated 307.20

Fm Control 862.10 39.88% t= 4.05 23 >0.001 1.60 large

Contaminated 1205.93

Fv/Fm Control 0.71 4.22% t= 3.46 23 0.002 1.36 large

Contaminated 0.74

Fv/2 Control 305.55 47.07% t= 4.26 23 >0.001 1.68 large

Contaminated 449.37

F0/Fv Control 0.40 �15.00% t=� 3.28 23 0.003 �1.30 large

Contaminated 0.34

F0=Minimum Fluorescence of 1 h Dark-Adapted Plants; Fm=Maximum Fluorescence After Application of a Saturating Light Pulse; Fv= Variable Fluorescence:

Difference Between Fm and F0; Fv/Fm= Photosystem II Maximum Quantum Yield, Calculated as Fv/Fm= (Fm�F0)/Fm; Fv/2= Plastoquinone Pool; F0/Fv= Efficiency

of Photosynthesis Water-Splitting Apparatus.
a% variation with respect to values measured on controls.
bCohen’s d effect size Hedge’s Corrected for small samples (n< 50), ES values should be interpreted as: 0.2 or less suggests a small effect, ca. 0.5 indicates

moderate effect, 0.8 or more signifies a large effect.
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tissues (Fig. 4). Additional information on correlation
methods, correlation coefficient, test statistics, DF and p-values
can be found in Table S4.

DISCUSSION

Colonizing polluted post-mining environments is challenging
for bryophytes. Bryophytes rely on diffusion from the sur-
rounding environment for water and nutrients and, conse-
quenly have poor control over the entry of pollutants into their
tissues (Chakrabortty & Paratkar 2006; Basile et al. 2017; De
Agostini et al. 2020b). In the present study, as expected, ele-
ment profiles of L. cruciata clearly reflected soil geochemistry
of the growing sites; Contaminated L. cruciata contains consid-
erable amounts of soil pollutants in its thalli. Despite this, the
presence of L. cruciata in this post-mining environment is sta-
ble and permanent as it produces dense and healthy carpets
each year (is an annual species). In both Control and Contami-
nated sites, L. cruciata is present with comparable densities,
with no stress symptoms of heavy metal exposure (Figure S1),
such as leaf chlorosis, necrosis or abnormalities, or reduced

biomass (Ghuge et al. 2023). Beside morphological uniformity,
NDVI of L. cruciata highlighted how both Control and
Contaminated plants can absorb adequate amounts of PAR for
photosynthesis, resulting in healthy and vigorous populations
(Chiocchio et al. 2022). To better understand if and how heavy
metals affected L. cruciata use of light when growing on mining
wastes, chlorophyll fluorescence was analysed. Photosynthesis
is in fact immediately affected in presence of stresses, particu-
larly in presence of heavy metals stress (Mallick & Mohn 2003).
Chlorophyll fluorescence measurements also help to locate
the primary mode of action of xenobiotics on photosystems
(Mallick & Mohn 2003; Boisvert et al. 2007; Velikova
et al. 2011) which, in both algae and vascular plants is
generally photosystem II (PSII) (Mallick & Mohn 2003; Bois-
vert et al. 2007; Velikova et al. 2011; Bibbiani et al. 2018). In

Fig. 1. Boxplots showing Fv/Fm in control and contaminated Lunularia cruciata thalli. Green and red boxes represent, respectively, control and contaminated

values. Each boxplot reports 50% of measured values (inside the box), comprised between the first quartile value (lower side of the box) and third quartile

value (upper side of the box); median is indicated by a black line inside the box, whiskers join the first and third quartiles with the lower and higher measured

value, respectively (outliers are reported by black dots). t-test result is reported in the top left portion of the plot (asterisks indicate *p< 0.05; **p< 0.01;

***p< 0.001).

Table 4. Relative abundance and number of compounds in each chemical

class in extracts from control and contaminated populations of Lunularia

cruciata.

classes

control contaminated

%a nb %a nb

Acids 2.53 1 1.93 1

Alcohols 0.29 2 0.14 1

Aldehydes 1.60 10 2.68 8

Ketones 6.15 3 5.59 2

Monoterpenes 1.54 14 0.99 8

Saturated Hydrocarbons 62.65 21 53.69 19

Sesquiterpenes 11.98 19 24.90 17

Unsaturated hydrocarbons 13.25 28 10.08 28

aRelative abundance of each chemical class in extracts.
bNumber of compounds belonging to each chemical class.

Fig. 2. Relative abundance of chemical classes. Stacked bar plots report rel-

ative abundance of each chemical class in control and contaminated individ-

uals of Lunularia cruciata in different colours. Asterisks indicate *P< 0.05;

**P< 0.01; ***P< 0.001.
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the present study F0, Fm, Fv/Fm, Fv/2 and F0/Fv were considered
as indicative of the state and efficiency of PSII. The results
show that, beside a negative effect on PSII antenna complex,
electron flux from PSII to PSI and maximum quantum yield of
PSII are conserved in Contaminated L. cruciata, indicating
intact and efficient photosynthetic membranes of chloroplasts.
Although increasing F0 indicates that the transfer of excitation
energy from PSII antenna complex to its reaction centre in
Contaminated L. cruciata is negatively affected (Mallick &
Mohn 2003), the plant is still able to maintain maximum quan-
tum yield of PSII (Fv/Fm) at comparable levels to that of the
Controls and unrelated to increasing heavy metals in thalli.
Hence, both Control and Contaminated L. cruciata largely
maintain photosynthesis levels considered optimal for bryo-
phytes (López-Pozo et al. 2019). This is in stark contrast with
the effects generally associated with heavy metal toxicity in
plants and might be attributed to a well-preserved electron flux
from PSII to photosystem I (PSI), as also witnessed by
increased maximal fluorescence yield, enhanced plastoquinone
pool and increased activity of the water-splitting apparatus
(higher Fm, Fv/2 and F0/Fv in Contaminated L. cruciata).

Volatile secondary metabolites of Contaminated and Control
L. cruciata were largely similar, except for the sesquiterpene
fraction, which doubled in Contaminated L. cruciata compared
to controls. This difference suggests that the synthesis of spe-
cific protective secondary metabolites, particularly sesquiter-
penes, is pivotal in preserving photosynthetic machinery in
contaminated L. cruciata. Sesquiterpenes are volatile secondary
metabolites belonging to the chemical class of VIs. VIs are
known to be important in stress resistance, towards high light,
extreme temperature, drought, oxidizing atmosphere, and

heavy metals (Peñuelas & Munné-Bosch 2005; Vickers
et al. 2009; Loreto et al. 2014b). VIs (both constitutive and
induced) might counteract heavy metal stress by: (i) stabilizing
hydrophobic interactions in membranes through their lipo-
philic nature, preserving their integrity and structure; and (ii)
preventing oxidative damage by scavenging excess ROS thanks
the presence of conjugated double bonds in VIs (Vickers
et al. 2009; Velikova et al. 2011; Bibbiani et al. 2018).
In the present study, we framed enhanced sesquiterpenes in

Contaminated L. cruciata within a VIs-based defence strategy
allowing the plants to withstand heavy metals. The efficiency of
the electron transport chain from PSII to PSI indicates healthy
and efficient thylakoidal membranes in contaminated individ-
uals (comparable to controls) attributable to the stabilizing
and antioxidant properties of sesquiterpenes. To avoid ineffi-
cient light use and impaired photosynthesis is in fact crucial to
cope with adverse environmental conditions and to prevent
accumulation of ROS and exacerbate oxidative stress within
the cell (Vickers et al. 2009). The literature on the role of VIs
and sesquiterpenes in resistance to biotic (herbivory, patho-
gens) and abiotic (drought, heat, oxidative atmosphere) stres-
ses and in adaptation to extreme environments in vascular
plants is growing fast and the environmental role of these sec-
ondary metabolites is more and more sound (Kesselmeier &
Staudt 1999; Rasmann et al. 2005; Vickers et al. 2009; Dicke
& Baldwin 2010; Loreto & Schnitzler 2010; Rinnan et al. 2014).
The present study provides an ecological study case in which
sesquiterpenes are clearly associated with the presence of a liv-
erwort in an extreme metalliferous environment. There was a
significant positive correlation between increasing heavy metals
(Cu, Fe, Pb and Zn) in L. cruciata thalli and total

Fig. 3. PCA biplot. Green dots and red triangles indicate, respectively, control and contaminated individuals. 95% confidence ellipses are drawn around con-

trol and contaminated individuals. Variables are represented as arrows where length and opacity are proportional to their contribution to the PCA. Variables

pointing in the same direction are directly proportional, while variables pointing in opposite directions are inversely proportional. Variables pointing towards

clusters of individuals are highly representative of the features of that cluster. To improve readability of the plot, the 20 most contributing variables to PCA prin-

cipal dimensions have been plotted.
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sesquiterpenes fraction of its BVOCs. The VIs positively corre-
lated with increasing heavy metals are 10-epi-α-eudesmol,
germacrenes (B and D), sesquisabinene hydrate, γ-cadinene,
nerolidol, T-muurolol, β-caryophyllene, and β-eudesmol, while
non-isoprenic BVOCs also positively correlated with increasing
heavy metals are nonanal, longifolenaldehyde, and pyran-5-
one-2,2-dimethyl-7-isobutyl-2H-5H-pyrano. These com-
pounds have been identified in liverworts and vascular plants
in response to abiotic stresses such as salinity, cold, drought,
and water deficit (more details and references in Table S5).
Notably, this is the first study in which these compounds were
associated to a wild liverwort population withstanding extreme
heavy metal soil pollution.

Liverworts as L. cruciata can synthesize and store numerous
and diverse isoprenoid secondary metabolites, unlike many
bryophytes and land plants, because of the presence of both
plant-typical and microbial-like genes for terpenoid biosynthe-
sis and because of the presence of oil bodies (Chen
et al. 2018a). This ability to synthesize and store a wide variety
of VIs may have equipped the studied species with a readily
available defensive strategy that may had resulted crucial in its
ability to adapt to the metalliferous niche. The absence of
exclusive compounds in Contaminated L. cruciata volatile pro-
file suggests that de novo synthesis of specific compounds in
response to the metalliferous environment is unlikely but the
defensive BVOCs normally synthesized by L. cruciata also in

Fig. 4. Correlations between heavy metals in Lunularia cruciata thalli and chemical compounds in extracts. In the four panels are reported only the statistically

significant correlations (correlation p< 0.05) between the concentration of each heavy metal measured in L. cruciata thalli and the compounds identified in L.

cruciata extracts. Blue and red bars indicate positive and negative correlations, respectively.
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non-stressful conditions are enhanced when environmental
heavy metals posed a threat to its survival.

We here propose a role of VIs, particularly sesquiterpenes, in
mitigation of heavy metals adverse effects, by protecting
L. cruciata photosynthetic membranes and so guaranteeing
optimal photosynthesis and avoidance of oxidative stress from
impaired photosynthesis, when inhabiting an extreme environ-
ment. Such an adaptive strategy might be related to the inher-
ent ability of liverworts to synthesize and store a great variety
of protective VIs. In conclusion, within this study new knowl-
edge was gained on the role of VIs in non-vascular plants cop-
ing with adverse environmental conditions and environmental
heavy metals.
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