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Abstract

This study evaluates, on a preliminary basis, the principal morpho-physiological effects induced
by pollution stress in four aquatic vegetation species of great ecological relevance in transitional
water ecosystems. Three macroalgae (Chaetomorpha linum, Valonia aegagrophyla, Graciliariopsis
longissima) and one phanerogams species (Ruppia cirrhosa) were exposed to different doses of
trace elements (Cu, Hg, Zn) and surfactants (dodecylbenzenesulfonic acid sodium salt) in labora-
tory controlled microcosm conditions and morpho-physiological responses (photosynthetic com-
plex alteration, percentage of died cells, morphological changes) were measured before and after
7 and 14 days of exposure. Levels of pollutants in tissues and BioConcentration Factors (BCF) for
each species were calculated after 14 days of exposure. Results suggest that photosynthetic com-
plex alteration can be a useful tool to evaluate early and sub-lethal significant changes due to ex-
posure to pollution stress in all of the considered species. A clear species-specificity was observed
concerning trace element levels in tissues after 14 days of exposure, while dose-dependent beha-
vior was observed for BCFs.
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1. Introduction

Ecotoxicological tests play a key role in the evaluation of water quality and pollution in freshwater and coastal
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ecosystems [1]. The possibility of using vegetation for the evaluation of water toxicity or hormesis effects is
well noted in the literature [2]. Nevertheless, ecotoxicological tests for ecosystem quality evaluation in marine
and brackish water are based predominantly on unicellular algal species such as Dunaliella tertiolecta, Pheo-
dactylum tricornutum, Skeletonema costatum. These tests are theoretically similar [3], notably standardized and
developed using an analogous methodological approach [4]; the endpoint measured is growth inhibition after 72
hours of exposure to toxicant. Nevertheless, in transitional water ecosystems, aquatic vegetation and, in parti-
cular, macroalgae and phanerogams, are of great ecological relevance. Phanerogam species are known to de-
velop important habitats for biodiversity conservation in aquatic ecosystems, and furthermore, macroalgae are
often freely-moving, so hydrodynamic and meteorological features such as water currents and winds could
strongly affect their distribution [5], producing important contributions to pollutant redistribution within a semi-
enclosed lagoon basin and to pollutant uptakes among herbivores along the aquatic trophic web [6]. In Europe,
the implementation of the Water Framework Directive CE 2000/60 [7] encourages the development of numer-
ous research programmes focused on the development of aquatic vegetation-based water quality assessment in-
dices. In spite of the great ecological importance of aquatic vegetation, little focus is placed on examination of
macroalgae and phanerogam species in phytotoxicity tests. Much more attention should be given to the analysis
of biological responses consequent to stress due to water pollution, particularly with regard to transitional water
ecosystems and bioconcentration studies [8]. The development of more rapid and effective methods for asses-
sing early exposure to stress that are able to highlight morphological and physiological alterations in macroalgae
and phanerogams is thus a priority objective for current research. Results obtained from ecotoxicological tests
performed on aquatic vegetation (macroalgae and phanerogams) could be useful to evaluate direct toxicity of
pollutant sources on a key component of the aquatic ecosystem. Furthermore, the development of early and
sub-lethal biomarkers in these species could provide a useful tool to improve knowledge on the health of this
component, contributing to a better understanding of the results of water quality evaluations that apply the bio-
diversity indices suggested by the Water Framework Directive [7]. The selection of the biomarker to be detected
is certainly an important aspect. In aquatic vegetation species, possible indicators of early physiological stress
are the alteration of both photosynthetic complex [9] and pheophytin ratio [10]. Although encouraging results
from application of the alteration of photosynthetic complex as biomarkers useful to detect early and sub-lethal
stress responses have been reported for unicellular algal cells [11], recent studies considered the alteration of
chlorophyll-a as toxicological endpoint for the in situ evaluation of water toxicity [12] [13] both in green ma-
croalgae as well as Ulva sp. [14] and phanerogam leaves [15]. Significant alterations of photosynthetic pigments
were observed in Posidonia australis, Amphibolis antarctica, Halophila ovalis [16], Thalassia testudinum [17]
through direct fluorimetry measurements, suggesting the presence of stress-induced responses. In spite of these
reported experiments, ecotoxicological research aimed at evaluating early and sub-lethal responses induced by
trace elements and surfactant pollution has not yet been well explored in the literature. Among the great number
of chemicals that can have significant impacts in aquatic environments, this research focuses on three trace ele-
ments of particular environmental concern (Cu, Hg, Zn) and a surfactant widely used in human activities (dode-
cylbenzenesulfonic acid sodium salt, MBAS). The decision to study these chemicals is due mainly to their re-
levance in transitional coastal ecosystems as well as harbours and lagoons. Previous research has evidenced that
some of these chemicals could severely interfere with unicellular aquatic vegetation, producing significant alte-
rations in cellular metabolic pathways, cellular biovolumes and bioluminescence [11]. Furthermore, surfactants
[18] and trace elements are highly concentrated in transitional water ecosystems [19] [20], as both accumulate in
sediments [21]. Sediment re-suspension occurring during dredging operations (i.e. harbours) and fishery exploi-
tation (i.e. lagoons) could bring about an increase in the redox-potential of sediment, inducing important trace
element releases into the water column that may severely affect aquatic vegetation [22]. The efficiency of ma-
croalgae and phanerogam uptake of trace elements from water could be evaluated and expressed as BioConcen-
tration Factors (BCFs).

The aim of this paper is to evaluate, on a preliminary basis, morphological and physiological changes induced
after 7 and 14 days of exposure to different doses of trace elements (Cu, Hg, Zn) and surfactants (MBAS) in
four different aquatic vegetation species of particular ecological concern in transitional water ecosystems (Chae-
tomorpha linum, Valonia aegagrophyla, Graciliariopsis longissima, Ruppia cirrhosa). Species-specific re-
sponses related to morphological and physiological endpoints considered are also evidenced. Furthermore, this
research aims to measure BCFs in considered species, evaluating possible dose-dependent and species-specific
levels. The absence of ecotoxicological data is largely due to the lack of standardized protocols on macroalgae
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and phanerogams. The results obtained could be useful to: 1) better understand ecotoxicological responses of
considered species; 2) develop new acute, sub-lethal and earlier endpoints with regard to aquatic vegetation; 3)
allow test standardization; 4) define species-specific differences concerning trace element accumulation in tis-
sues; 5) enhance knowledge useful for the application of water quality evaluations with biodiversity indices
based on aquatic vegetation.

2. Materials and Methods
2.1. Experimental Design

Four different aquatic vegetation species (C. linum, V. aegagrophyla, G. longissima, R. cirrhosa) were collected
in the Orbetello lagoon in spring 2013. The Orbetello lagoon was selected due to our extensive knowledge on
macroalgae and phanerogam distribution and fluctuations within this ecosystem, and the documented geo-re-
ferenced position of local human-generated pollution sources [11] [18], which made it possible to avoid the most
heavily polluted sites. Before the experiments, sampled species were stored in natural marine water collected
from a local unpolluted site (Due Pini, Argentario Mountain), physical-chemical water descriptors from which
were also monitored (Table 1).

A preliminary storage in marine water was performed for 48 hours. Macrophytes were exposed to varying
concentrations of Cu, Hg, Zn and MBAS (dodecylbenzenesulfonic acid sodium salt C;gH»NaO3S). Trace ele-
ments were selected on the basis of their environmental impact, while dodecylbenzenesulfonic acid sodium salt
is a linear alkylbenzenesulfonates (LAS) and constitutes the main component of laundry detergent. It is consi-
dered representative of methylene-blue active substances (MBAS), a family of chemicals directly related to do-
mestic uses that generate toxicity [23]. Ecotoxicological effects induced after 7 and 14 days of exposure com-
pared to controls were evaluated. Toxicants were tested at two different dilutions: 25 mg-L ™, 100 mg-L™* for Cu
and Zn; 1 mg-L ™", 50 mg-L™ for Hg; 0.5 mg-L ™, 10 mg-L™" for MBAS. Tested concentrations for Cu and Zn
were selected due to their ecotoxicological effect on cell fluorescence, evidenced by previous research involving
unicellular algal species [11]. Mercury concentrations ranged within values measured in highly polluted sites
within the Orbetello lagoon. Concerning surfactants, exposure concentrations selected in this paper are respec-
tively lower and higher than average levels measured in water of the Orbetello lagoon [18]. Prior to exposure,
the tissue integrity of collected species was verified by means of light microscopy.

2.2. Structure of the Exposure Chamber

Exposure chambers were prepared separately for the experimental control and for each tested dilution of tox-
icants in three experimental replicates (n = 3). Exposure chambers were two-litre HDPE vessels, previously de-
contaminated. Oxygenation was ensured through continuous atmospheric air insufflation by oxygenators. Photo-
cycles were set on 12 h dark-light cycles using a lateral 10,000-lux white light emission source (Figure 1). Aci-
dified concentrated solutions of Cu (lot n. 4D750284E), Hg (lot. n. T109318G), and Zn (lot n. 3L763193N) were
purchased from Carlo Herba, and dodecylbenzenesulfonic acid sodium salt (lot n. 455609/1) was purchased
from Fluka. An opportune volume of the concentrated toxicant solution was diluted in 1 litre of pretreated natu-
ral seawater. Large volumes of seawater were filtered through cellulose fiber filter disks (0.45 um pore diameter)
to avoid possible total organic carbon interference [24] and sterilized. Before biomass exposure, mesocosm wa-
ter containing toxicants was checked for pH (Bioclass, mod. pH-meter) and eventually corrected to 8.0 £ 0.1

Table 1. Physical-chemical water descriptor from the reference unpolluted site (Due Pini, Argentario Mountain).

Descriptor Unit Average Min Max DS
pH - 8.09 8.02 8.11 0.06
Eh mvV 207 198 218 114
o, % 101 99 102 1.48

Salinity - 38.8 38.1 39.0 0.51

Turbidity TSU 0.3 <0.1 0.7 0.26
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Figure 1. Exposure chambers. An example of experimental cham-
bers used for ecotoxicological tests is represented.

with the addition of NaOH (1 M) to avoid pH-based stress. Collected and stabulated macroalgae and phanero-
gam tissues were thoroughly cleaned of sediments and ephyfites and wet weighed. A suitable amount of tissue
was sampled prior to experimental exposure to determine the natural values of selected endpoints. Another por-
tion of tissue was sampled and used to determine humidity. An equal weight of each species (100 g w.w.) was
placed inside the experimental chamber into 1 L of the toxicant dilution for the exposure test. Temperature was
tested twice a day throughout the experiment and maintained at 20°C * 0.5°C, while pH was checked daily to
avoid deviations from its starting value by more than one unit, as per [24] guidelines. On a daily basis, salinity-
corrected pre-treated natural seawater was added in order to maintain constant water volume and initial toxicant
concentrations. After said additions, salinity was also tested and was maintained between 3.80% + 0.05%.

2.3. Morphological and Physiological Endpoints

A qualitative description of morphological alterations (tissue colour, tissue structure, tissue texture, cellular os-
mosis, chloroplast alterations) of exposed macrophytes concerning tissue texture and structure as provided
through light microscopy observation (Optika). The quantitative weight variation of tissues was calculated com-
paring wet weight before and after the treatment and expressed as a percentage. Humidity (%) was determined
by double-weighing tissue before and after tissue as it dried throughout the lyophilisation procedure.

The alteration of the photosynthetic complex is considered a useful physiological endpoint to assess the oc-
currence of early effects on cells exposed to sub-lethal doses of toxicants, and was measure in macrophyte tis-
sues by means of spectroscopy [9]-[11]. Samples were treated in the dark using a weak green light to avoid
pigment deterioration. Tissues were extracted with a solution of 3 mL of dimethylsulfoxide and 3 mg of poly-
vinyl-poly-pyrrolidone. Extracts were stored in darkness for 18 hours and centrifuged (4000 RPM for 10 min.)
to collect the supernatant. Precipitates were extracted for a second time after 6 hours of incubation in darkness
with 3 mL of dimethylsulfoxide to maximize recovery. Unified extracts were analysed by means of spectropho-
tometry (Jenway, mod. 6505 UV/Vis) at A = 415, 435, 480, 649 and 665 nm, after checking for turbidity interfe-
rence (A =750 nm). Equations used for the determination of chlorophyll-a (Chl-a), chlorophyll-b (Chl-b) and its
allomers (B-carotene and xanthophyll, Chl-cx) concentrations were those reported by the literature [11] [25].
Chl-a degradation is expressed, in accordance with [10], as Phe = ABS,35/ABS,;5 normalized to the control.

Cell viability was determined as according to the literature [26] [27] using Trypan blue dye. After 30 minutes
of exposure to the dye solution at the concentration of 4% (w/v), dead cells show as a distinctive blue colour
under a microscope, while living ones are not pigmented. In fact, since cells are very selective in the compounds
that pass through the membrane, in a viable cell, Trypan blue is not absorbed, but it passes through the mem-
brane in a dead cell. Quantification of the average dead cell percentage for each toxicant dose was based on a
count of coloured cells among 200 randomly selected ones.

2.4. Physical-Chemical Analyses

Trace elements were measured both in water (test media and seawater) and tissue samples. Water samples were
analysed to determine levels of the trace element of interest by means of acidification of the water sample and

direct ICP-OES quantification.
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Concerning trace elements in tissues, about 0.5 g of homogenized tissues collected after 14 days of exposure
were weighed into PTFE tubes and mineralized with a mixture of HNO3-H,0,-HF (3:1:0.2 v/v) in a microwave
oven (Milestone, mod. ETHOS D Microwave Lab station) according to [28] for the determination of Cu, Hg and
Zn. Extracts were opportunely diluted with ultrapure water and filtered using pre-cleaned cellulose fibre filter
disks (Millipore). Quantifications were performed by inductively coupled plasma-atomic emission spectrometry
(ICP-OES) using an Optima 2000 Dual View, Perkin-Elmer instrument [29] for Cu and Zn while Hg was deter-
mined by atomic absorption via cold vapour generation (CV-AAS) according to the US-EPA [30] method.

Quality assurance and quality control were performed using GBW 07604 (poplar leaves) certified standard
material. Chemicals and reagents were analytical grade and glassware was carefully washed to avoid sample
cross-over contamination. Precision was evaluated by extracting five replicates with a CV% inferior to 7.0%.
Accuracy was determined by comparing measured values (mean + standard deviation) with certified ones, which
were: 9.558 + 0.139 vs 9.3 + 0.5 mg-kg * for Cu; 0.025 + 0.007 mg-kg* vs 0.026 + 0.003 mg-kg* for Hg;
36.232 + 0.496 mg-kg ' vs 37 + 1 mg-kg™* for Zn. Analytical blanks were prepared using the same procedure.
Due to high percentages of recovery (<90%), analytical concentrations were not recovery corrected to avoid
mathematical errors. A solvent/matrices blank was checked every 15 samples to evaluate instrument detection
response. Limit of detection (LOD) was defined as the average blank (n = 10) plus three standard deviations
(SD). Limit of Quantification was 0.001 mg-kg * for Cu, Hg, and Zn.

2.5. BioConcentration Factors

BioConcentration Factors (BCF) were determined at the steady state after 14 days of exposure for each tested
dose as the ratio of the chemical concentration in tissue and the toxicant concentration measured in test media
[24] [31]. Results are expressed as L-kg ™.

2.6. Statistical Analysis

GraphPad Prism (GraphPad Software, San Diego California USA, www.graphpad.com) software was used for
data analyses. Graphics and statistics (ANOVA with a Dunnett’s test) were generated with the aim of evaluating
significant differences among treatments and controls. Hy hypothesis was rejected with p < 0.01 level of signi-
ficance, but p < 0.05 were also indicated.

3. Results
3.1. Morphological Changes

Macroalgae tissues exposed to trace elements show significant effects in terms of water content changes, tissue
structure and colour alterations, reduction of chloroplast volume (C. linum) and osmoregulation deficiency with
cytolysis (V. aegagrophyla, G. longissima). Principal morphological alterations of tissue structure due to tox-
icant exposure observed by means of light microscopy compared to controls are reported in Figure 2. Cellular
damage observed by means of light microscopy in species exposed to toxicants are reported in Figure 3. In Ta-
ble 2, morphological and physiological qualitative effects observed after the exposure are reported, while Table
3 reports morphological and physiological quantitative data (percentages of weight variation and dead cells) ob-
served in tissues exposed to lowest and highest toxicant doses. Macroalgae tissues prior to exposure to toxicants
are characterized by similar water content: 63.32% (C. linum), 65.60% (V. aegagrophyla), and 64.25% (G. lon-
gissima). After toxicant exposure, the water content in treated tissues changes significantly, evidencing an in-
crease of humidity in some species (C. linum, G. longissima) and a decrease in others (V. aegagrophyla, G. lon-
gissima). The occurrence of cell lysis determines the formation of a less-defined tissue structure in macroalgae,
with an increase in water content and viscosity of tissues (C. linum). Exposure to MBAS determines tissue de-
pigmentation in treated algae species. A clear osmotic alteration is observed in exposed tissues of the V. aega-
grophyla species, which determines reduced cell turgor, decreased water content and the wilting of the entire
algal biomass. In this species, colour changes in treated tissues from dark green to dark brown or light green.
The same behaviour is observed for G. longissima when exposed to 50 mg-L™* of Hg and 100 mg-L* of Zn.
Concentrations of 25 mg-L * and 100 mg-L™* of Cu induce changes in tissue colour from red to a dark brown
pigmentation, while MBAS exposure induces depigmentation. R. cirrhosa has a lower natural water content
(4.43%) than macroalgae. In this species, any water content alterations observed are due to toxicant exposure. A
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Figure 2. Principal morphologic alterations of tissue structure due to the toxicant exposure observable by
light microscopy. Natural tissue structure observed in controls are reported in figures A-D, whereas alte-
rations observed are reported in figure E-N. Natural structure, tissue details: A = C. linum; B = V. aega-
grophyla; C = G. longissima; D = R. cirrhosa. Alterations: E = Lack of tissue and cellular consistence,
water content increase and colour alteration (dark brown) in C. linum; F = Lack of cell turgor, natural os-
motic alteration, water content loss, change of natural colour (light green) in V. aegagrophyla, G = Lack
of tissue and cellular consistence, water content increase, colour change (dark-brown) in G. longissima; H
= Leaves structure and consistence alteration in R. cirrhosa; | = Cellular turgor and tissue consistence al-
teration with conservation of natural tissue colour in C. linum; L = Cell natural structure, alteration in V.
aegagrophyla; M = Change of colour in G. longissima; N = Tissue colour alteration in R. cirrhosa.

Treated [eult®

Species in figures
A-D C.linum
E-I  R.cirrhosa
L-M  Vaegagrophyla
N-O G.longissima

Figure 3. Cellular damages observed by light microscopy in species exposed to toxicant. Natural tissue
structure observed in controls are reported in figures A, E, L, N. Alterations observed: Osmotic alterations
(B, M), chloroplasts alterations (C, D), cellular death (F, G, I, P), colour alteration (absence of pigments,
change to dark brown, M, O, P), proliferations on leaves (H).
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Table 2. Morphological and physiological qualitative effects related to different toxicant doses after 14 days of exposure.

C. linum V. aegagrophyla G. longissima R. cirrhosa

LD HD LD HD LD HD LD HD

ek ok o ok o ek - ek

Tissue colour

Tissue structure = o * sk o . o o
Cu Tissue consistence

o ok o wox - ek

Cellular osmosis
Chloroplast Allt. - . - i * -
Tissue colour
Tissue structure
Hg Tissue consistence
Cellular osmosis - * o - -
Chloroplast Alt.
Tissue colour . : - - - -
Tissue structure
Zn Tissue consistence
Cellular osmosis
Chloroplast Alt.
Tissue colour ™
Tissue structure
MBAS Tissue consistence
Cellular osmosis

ek ok - N - - - ek

Chloroplast Alt.

Notes LD = Lowest exposure dose; HD = Highest exposure dose. Exposure doses were: 25 mg-L ™ (LD) and 100 mg-L™* (HD) for Cu, Zn; 1.0
mg- L™ (LD) and 50 mg-L™ (HD) for Hg; 0.5 mg-L™* (LD) and 10 mg-L™* (HD) for MBAS Qualitative scale of traits of con5|dered morphological
and physiological descrlptors “means that considered treat do not evidenced changes; ‘means that some changes are observed; ““means that evident
changes are observed;  means that very marked changes are observed.

Table 3. Morphological and physiological quantitative data related to different toxicant doses after 14 days of exposure.

Cu Hg Zn MBAS

Species Dose wv DC wv DC wv DC wv DC

LD 57.9 ND NS ND 20.0 ND NS ND
C. linum

HD 78.5 ND 48.4 ND 54.0 ND NS ND

LD -54.3 ND NS ND -35.3 ND NS ND

V. aegagrophyla
HD -67.2 ND NS ND —65.1 ND -56.3 ND
LD NS ND NS ND NS ND NS ND
G. longissima
HD —78.6 ND 67.5 ND -12.7 ND -45.1 ND
LD NS 235 NS 65.9 NS 43.7 NS 7.3
R. cirrhosa
HD NS 34.9 NS 75.2 NS 52.1 NS 13.6

Notes: LD = Lowest exposure dose; HD = Highest exposure dose; WV = Weight variation percentage; DC = Dead cells percentage; ND = Not De-
tected; NS = Not Significant differences (p > 0.05). Exposure doses were: 25 mgL™* (LD) and 100 mg-L™* (HD) for Cu, Zn; 1.0 mg-L™* (LD) and 50
mg-L™ (HD) for Hg; 0.5 mg:L™ (LD) and 10 mg-L™* (HD) for MBAS. Before treatments, average (SD) water content in macroalgae were: 63.32 +
3.94% (C. linum), 65.60 + 7.20% (V. aegagrophyla), and 64.25 + 3.74% (G. longissima) while in phanerogam was: 4.43 + 1.56% (R. cirrhosa).
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clear and significant depigmentation of tissues, which change from light green to dark brown after exposure to
the highest doses of Cu, Hg and Zn, is observed. In R. cirrhosa species, exposure to MBAS does not produce
any significant effects on tissue morphological traits.

3.2. Quantification of Cell Death

Trypan blue dye is used as a cell vitality indicator [32]; the average percentage of dead cells is reported in Table
3 for the species R. cirrhosa after 14 days of exposure to toxicants. C. linum and G. longissima species were ex-
cluded from this analysis due to the high tissue decomposition observed in these species after 14 days of expo-
sure, and V. aegagrophyla was excluded due to its siphono-cladal organization (presence of great cells contain-
ing numerous nucleus), which does not allow for this type of analysis. Tissues exposed to trace elements appear
less coloured by the dye compared to MBAS-exposed ones, which appear coloured. In fact, trace element expo-
sure damages both the cell wall and the photosynthetic complex, inducing either cell death and tissue colour
change from green to dark brown, which covers the blue pigmentation due to the dye.

3.3. Physiological Endpoints

Figure 4 shows results related to the alteration of the photosynthetic complex which is expressed for each spe-

Exposure time: 7 days

W R cirrhosa Cu25
m G. longissima
V. aegagrophyla Cul00
C. linum
Zn25
Zn100
Hgl
Hg50
MBASO0.5
% MBASI0

T

-0.60 -0.40 -0'.20 0.00 0.20 0.40 0.60
Exposure time: 14 days

Cu2s

Cul00

Zn25

Zn100

Hgl

Hg50

MBASO0.5

MBAS10

X

0.00 0.50 1.00 1.50 2.00

Figure 4. Alteration of the photosynthetic complex. Alteration of the
photosynthetic complex is expressed for each species on a logarithmic
scale as percentage ratio between Chlorophyll-a and its allomers in
treated tissue sampled normalized for the controls (Chl-a/(Chl-a + al-
lomers)). Toxicants are indicated with their exposure dose (mgL ™). Sig-
nificance of differences between treatments and controls are evidenced
in figure ("= p <0.05; " =p <0.01).
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cies on a logarithmic scale as percentage ratio between Chlorophyll-a and its allomers in treated tissue sampled,
normalized for the controls. Positive values indicate a lower ratio in treated tissues compared to controls due to
stress induced by toxicant exposure, which reduces Chl-a levels amount and increases, in proportion, the con-
centration of allomers. On the contrary, negative values indicate an increase in Chl-a production in treated tis-
sues compared to controls due to the occurrence of a biostimulating effect. After 7 days of exposure, responses
of the photosynthetic complex are different in considered species depending on the typology of toxicant. In par-
ticular, Cu exposure induces significant effects (p < 0.01) on photosynthesis for every considered species and at
every toxicant dilution. Hg and Zn show significant effects (p < 0.01) only concerning the species G. longissima
for 50 mg-L ' and 100 mg-L * exposure doses. Exposure to MBAS induces significant effects in G. longissima
and C. linum at the concentration of 0.5 mg-L ™, while, 10 mg-L ™! of MBAS determines effects on every tested
species, with particular significance for G. longissima. After 14 days of exposure, every tested species shows
significant (p < 0.01) stress with regard to the photosynthetic complex, with the exception of R. cirrhosa, which
evidences a significant (p < 0.01) but lower alteration of the photosynthetic complex for each tested dose.

In Figure 5, Phe index is reported as a ratio between the pheophitin concentrations in treated tissues and con-
trols. In this case, in accordance to the literature, the occurrence of stress is evidenced by Phe levels higher than
1.1 (0.1 is three times the standard deviation of controls). Phe levels measured show a significant alteration only
in the case of Zn and MBAS after 14 days of exposure with none relation with the toxicant doses.

3.4. BioConcentration Factors

Average levels of trace elements (Cu, Hg, Zn) accumulated in macroalgae and phanerogam tissues after 14 days
of exposure are reported in Table 4 for each toxicant dose. For each species, results consistently show lower le-

Cu Zn

1 5 0.2
0.9 1 .
0.8 1 17 = . -
0.7 1 08 4
0.6 1 T
0.5 1 0.6 1
04 1
03 1 041
02 1 02 4
0.1 1
0 0

Ch(25) V(25) G(25) R(25) Ch(100) V(100) G(100) R(100)  Ch(0.5) V(0.5) G(0.5) R(0.5) Ch(10) V(10) G(10) R(10)
17 MBAS 0.2 Hg
09 | 2 Ir =
0.8 ! L
0.7 | 0.8 1
0.6
0.5 1 0.6 1
0.4 |
03 1 0.4
02 | 02 1
0.1

) 0

Ch(0.5) V(0.5) G(0.5) R(0.5)Ch(10) V(10) G(10) R(10) Ch(l) V(1) G(1) R(1) Ch(50) V(50) G(50) R(50)

. 7 days

M 14 days

Figure 5. Pheophytin index. Pheophytin index normalized for the control reported for each species both after 7 (black) and
14 (grey) days of exposure. Ch = C. linum, V = V. aegagrophyla, G = G. longissima, R = R. cirrhosa. Numbers reported in

brackets indicate toxicant exposure doses (mg-L?).
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vels in controls than in treated tissues. Recorded differences among trace element levels in controls and treated
tissues are significant in every case (Dunnett’s test, p < 0.01). In controls, average concentrations are lower than
4.0 mg-kg ™ (Cu), 0.11 mg-kg * (Hg), 25 mg-kg* (Zn), while the highest values of trace elements are recorded in
R. cirrhosa (Cu, Zn) and C. linum (Hg) tissues. In spite of these initial differences, exposed species show dif-
ferent bioaccumulation trends, which are clearly dose-dependent, toxicant-dependent and specie-dependent.
Absolute highest levels are recorded in G. longissima tissues (Cu = 2030.2 mg-kg *; Hg = 928.5 mg-kg ) and C.
linum (Zn = 933.08 mg-kg %), observed in correspondence with maximum exposure doses.

BioConcentration Factors (BCF) calculated for each species after 14 days of exposure and associated with
toxicant doses are reported in Figure 6. On a general basis, BCF consistently above 1.0 is observed, suggesting
enrichments in treated tissues. Concerning Cu, measured BCFs increase in proportion to the dose in the case of
green macroalgae (C. linum, and V. aegagrophyla), whereas in G. longissima and R. cirrhosa BCFs are inverse-
ly proportional to the exposure dose. The inverse behaviour is observed in the case of Hg, for which green ma-
croalgae show inverse proportions of BCFs to toxicant dose. Zn evidence, for all of considered species, is also

Table 4. Average trace elements levels in controls and exposed species.

Cu Hg Zn
Species C LD HD C LD HD C LD HD
C. linum 2.8 140.8 868.1 0.104 11.237 200.447 14.35 405.17 933.08
V. aegagr. 17 65.8 2774 0.055 2.237 103.875 7.67 137.59 230.99
G. long. 2.0 556.9 2030.2 0.102 9.551 928.488 8.72 707.40 875.83
R. cirr. 4.0 3715 1114.6 0.079 4.301 284.536 24.27 246.93 246.35

Notes: Average data (n = 3) are expressed as mg-kg™* w.w. C = control; LD = Lowest exposure dose; HD = Highest exposure dose. Exposure doses
were: 25 mg-L™* (LD) and 100 mg-L™* (HD) for Cu, Zn; 1.0 mg-L™* (LD) and 50 mg-L™* (HD) for Hg.

C. linum G. longissima
18 4 30
16 1 25
14
12 1 20 -
10 15
8
6 10 4
4 5 |
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Hg Zn Cu Hg Zn Cu
6 V. aegagrophyla 16 R. cirrhosa
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Hg Zn Cu Hg Zn Cu
D Lowest exposure dose - Higher exposure dose

Figure 6. BCFs in exposed species. Bioconcentration factors (BCFs) are reported for exposed species. Exposure doses were:
1 mg-L™ (LD) and 50 mg:L* (HD) for Hg and 25 mg-L™* (LD) and 100 mg-L* (HD) for Zn and Cu.
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inversely proportional to dose.

4. Discussion

Ecotoxicological tests are recognized as important tools in environmental studies [33] as they allow for the rela-
tion of a certain toxicological endpoint to the exposure dose of a given environmental toxicant on qualitative or
quantitative bases. Any physiological, morphological or biological (growth rate, reproductive efficiency, surviv-
al responses) change induced by the exposure could be an endpoint of interest in ecotoxicological research and
applications [34]. Effects induced by exposure are more easily and precociously manifested in structurally
simpler species such as unicellular organisms and macroalgae than more complex ones like, for example, pha-
nerogams [35]. Even though tests performed on the latter are less standardized and more replicable [36]-[38],
the ecological value of responses obtained is notably higher. Species considered in the present research are three
macroalgae (C. linum, G. longissima, V. aegagrophyla) and one phanerogam (R. cirrhosa). Compared to ma-
croalgae, phanerogams and R. cirrhosa have much more complex structures. Phanerogams are important species
in aquatic environments; they are biocenosis of great ecological and economical relevance in the Mediterranean
sea [39] because they have several biological functions: they are involved in managing fish stocks in the coastal
environment, constitute a place for nurseries, shelter and food for a large number of animal species [40], and
play a role in regulating hydrodynamism as they help maintain the coastal balance [41]. In spite of this, little re-
search has been carried out to understand ecotoxicological responses of phanerogams to water pollutants and, to
the best of our knowledge, this study is the first to be performed on R. cirrhosa, the climax species in transition-
al water ecosystems.

In water ecosystems, environmental quality evaluation is based on the application of biotic indices [42]. Ma-
rine benthic phanerogams and macroalgae are key structural and functional components of some of the most
productive ecosystems of the world, including coastal water and lagoons; biotic indices based on macroalgae are
widely used to define aquatic ecosystem health [43]. Species considered in this study are primary producers
commonly found in transitional water ecosystems and widely used in calculations of numerous biotic indices for
the evaluation of the water quality. Due to the importance of these species in ecological evaluations and to the
lack of knowledge on ecotoxicological responses of aquatic vegetation when exposed to pollutants, results ob-
tained in this study could provide a useful tool for the implementation of biotic indices in chemically polluted
waters. In fact, in aquatic ecosystems, observed biotic responses have not to date been easily relatable to the oc-
currence of chemical pollution due to the lack of knowledge of the effects induced by the exposure to trace ele-
ments and surfactants. This research highlights the fact that different macrophytes species have significantly
different responses to pollution, and their behaviour is toxicant-dependent. In fact, while macroalgae are severe-
ly morphologically damaged by trace elements, phanerogams are not evidently threatened by such exposure,
even though physiological endpoints (alteration of the photosynthetic complex) clearly indicate stress.

The results shown in this paper, applied to the detection of effects related to pollution-induced stress, indicate
that alteration of morphological traits observed in exposed tissues is associated with significant alterations of
physiological endpoints. Furthermore, photosynthetic complexes show clear stress, even when no morphological
changes are detected, as in the case of the species R. cirrhosa, and in the cases of all tested species at the lower
dose of MBAS. Phe levels in exposed tissues are lower than in controls, indicating a generally lower production
of Phe in exposed macroalgae and phanerogam tissues. Photosynthetic complex alteration [9] and pheophitin ra-
tio [10] prove to be useful early stress indicators in unicellular algal species [9] [11] [44] [45]. Results obtained
in this study suggest that the alteration of the photosynthetic complex could be a useful endpoint capable of hig-
hlighting early stress conditions in macroalgae and phanerogam species as well, even when tissues are exposed
at sub-lethal doses.

Tested chemicals from different class of pollutants are characterized by different mechanisms of action. Sur-
factants determine a significant alteration of cellular membranes inducing cytosolic lysis, with low doses asso-
ciated with biostimulation and increased Chl-a production [46]-[48]. Trace elements act directly on photosyn-
thetic processes. A sizeable accumulation of trace elements is reported in plants [49], but data on toxicity ob-
served in macrophytes due to exposure to trace elements and surfactants are scarce and conflicting. ExcessZn
could inhibit key metabolic processes such as growth [50] and photosynthesis [51] inducing oxidative stress [52]
[53]. Cu brings about a significant alteration of cell membrane permeability, inducing the loss of organic sub-
stances [54], potassium [55] and manganese [56]. Experiments carried out in this field most often concern P.
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oceanica, and often conclude that the plant’s vitality is diminished, whether by trace metals [49 and citations
therein] or detergents [57]. R. cirrhosa presents a herbaceous rhizome with an extremely large number of bran-
ches, with very narrow, single-veined leaves with pointed tips [49], and could adsorb and bioconcentrate pollu-
tants both from leaves and roots [58]. In spite of this, leaves are the plant’s most significant part from an eco-
logical point of view. In fact, it is an annual species [49], and leaves are completely changed each year, and are
therefore a source of pollutants for primary consumers [59] [60] spreading pollution throughout the trophic web
[61]. Results obtained in this study indicate that R. cirrhosa is able to accumulate high concentrations of trace
elements in leaves without evident morphological alteration of tissues, which could be consumed by herbivores,
carrying pollution out into the trophic web.

Concerning BCFs, little data is available on autotroph species, and approximately 90% of BCFs are derived in
fresh water, while only 10% are in salt water [62]. BCFs results calculated in this research are, to the best of our
knowledge, the first results reported on these chemicals for C. linum, G. longissima, V. aegagrophyla and R.
cirrhosa.

5. Conclusion

This paper shows how the alteration of the photosynthetic complex and pheophytin production could be useful
toxicological endpoints in macrophytes to evaluate early effects of trace elements and surfactant pollution on
exposed tissues even at sub-lethal doses (Cu, Hg, Zn). To the best of our knowledge, this research is the first to
measure BCFs in C. linum, G. longissima, V. aegagrophyla, R. cirrhosa, highlighting a clear specie-specificity
and dose-dependency of the bioconcentration behaviour of the trace elements studied.
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