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Abstract An indoor channel system was colonised with
fluvial biofilms to study the chronic effects of high Fe and
S04~ concentrations and acidic pH, the water chemistry in the
surrounding streams of Aljustrel mining area (Alentejo, Por-
tugal), and their contribution to community (in)tolerance to
metal toxicity by short-term experiments with Cu and Zn.
Biofilms were subjected to four different treatments during
8 weeks: high Fe and SO,*~ concentrations (1 mg Fe 17! +
700 mg SO~ 17" and acidic pH, high Fe and SO,*~ at alka-
line pH; lower Fe and SO,>~ at acidic pH: and lower Fe and
SO4>~ concentrations at alkaline pH as negative control.
During chronic exposure, acidic pH affected growth nega-
tively, based on low values of algal biomass and the autotrophic
index, high values of the antioxidant enzyme activities and low
diversity diatom communities, dominated by acidophilic spe-
cies (Pinnularia aljustrelica) in acidic treatments, being the
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effects more marked with high Fe and SO,>~. Co-tolerance to
metals (Cu and Zn) was also shown in biofilms from the acidic
treatments, contrasting with the higher sensitivity observed in
the alkaline treatments. We can conclude that the Aljustrel
mining area acidic environment limits algal growth and exerts a
strong selection pressure on the community composition which
is in turn, more tolerant to metal exposure.

Keywords Biofilms - Diatoms - Artificial streams - Pyrite
mines - Metals - Acidic pH

Introduction

The streams surrounding the Aljustrel mining area (Alentejo
Region, Southern Portugal: 37°52'37.90"N, 8°10/54.64""W)
in the Iberian Pyrite Belt are characterized by acidic pH and
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high dissolved metals. They are affected by acidic mine
drainage as a result of the sulphidic minerals (mainly pyrite)
oxidation. This process, with many steps, involves iron
oxidation in the minerals. The acidophilic chemolithotrophic
microorganisms, mainly bacteria present in these environ-
ments (Gonzalez-Toril et al. 2003) have the potential to
accelerate the oxidation and dissolution reactions of the
minerals, resulting in high sulphate contents, high dissolved
metal concentrations, as arsenic (As), cadmium (Cd), copper
(Cu), iron (Fe), manganese (Mn), lead (Pb), zinc (Zn) and H*
ions released as mineral acidity (Skousen et al. 1994;
Nordstrom and Alpers1999). A number of studies have
described the algal communities of streams affected by acid
mine drainage, characterized by having lower diversity than
pristine streams (for example, Bennett 1969; Hargreaves
et al. 1976; Foster 1982; Verb and Vis 2000; Niyogi et al.
2002). In the Aljustrel streams, diatoms (Bacillariophyceae),
part of the algae composing the biofilm, have low species
diversity. Diatom communities are dominated by few diatom
taxa typical of acidic waters with high metal contents (Luis
et al. 2009, 2012).

Biofilm studies provide reliable information on bio-
chemical and physiological changes, indicating an initial
stress response of the organisms, that can be used as an early
indicator of ecosystem damage (Sabater et al. 2007), pro-
viding also an ecotoxicological approach with higher eco-
logical realism than just single species studies (Clements and
Newman 2002; Guasch et al. 2010; Bonet et al. 2013). In
addition, biofilms can also respond to chronic exposure to
toxicants (Gold et al. 2003). Several studies have highlighted
the biofilm sensitivity to both acidity and heavy metals (e.g.
Guasch et al. 2002; Sabater et al. 2002; Ivorra et al. 2002;
Pinto et al. 2003; Baker et al. 2004, Ferreira da Silva et al.
2009). Community structure in the streams surrounding the
Aljustrel mining area has been attributed to chronic exposure
to a mixture of metals (especially Fe) and acidic pH (Luis
etal. 2012), but the specific influence of each factor has never
been investigated.

Assessing contaminants impact on lotic systems is com-
plicated due to the co-occurrence of several stress factors.
Experimental investigations using artificial streams to
examine the effect of acidification on periphyton commu-
nities have been conducted by Hendrey (1976) and Hall et al.
(1980), and in natural lotic ecosystem with low pH, by
Hamilton and Duthie (1984), and Mulholland et al. (1986).
Therefore, the use of microcosms may be a pertinent alter-
native to field studies as this system allows a combination of
pH/metals contamination to be simulated under controlled
conditions (Clements and Newman 2002). In this study, we
tried to mimic the extreme chemical environment described
in the Aljustrel mining area: high contents of iron (upto
1 mgl1™"), sulphates (700 mg1™") and acidic pH
(3.5-4.0).Artificial streams were used to grow biofilms under

different chemical environments and compare them in terms
of diversity and diatoms species composition, algal biomass,
total biomass, photosynthetic parameters, antioxidant
enzyme activities (AEAs) and antioxidant non-enzymatic
mechanisms (glutathione (GSH) and phytochelatins (PCs)).
Finally, differences in sensitivity to metals were also com-
pared using short-term toxicity tests.

We hypothesize that the selection pressure exerted by
the Aljustel mining area extreme chemical environment is
mainly driven by acidity and the selected community will
also be tolerant (co-tolerant) to metals. Low pH may
effectively reduce toxicity at the cell surface via competi-
tion between metals and H' ions (Riseng et al. 1991).

This study will contribute to understand the selection
pressure exerted by acidity and/or Fe + SO,*~ and how
these extreme environmental conditions influence metal
toxicity in biofilms of AMD field waters aiding to define a
strategy to improve the conditions of streams in the Alju-
strel mining area.

Materials and methods
Experimental indoor channel system

The experiments were carried out in an indoor channel
system consisting of eight Perspex channels, each with
170 cm long and 9 cm wide, as described in Serra et al.
(2009). Each treatment was composed by two channels
named as replicates (R1 and R2). Dechlorinated tap water,
previously filtered through an active carbon filter, was
supplied from 8 L carboys located at the end of each
channel and recirculated at a rate of 1 L min~"' through
centrifuge pumps. Light was provided by LEDS
(130 pE m~2 s™") with a 12 h:12 h light : dark and the
temperature was kept between 17 and 20 °C. Two water
replacements per week were done, to maintain the good
nutrients supply to the biofilms.

Periphyton communities’ colonisation and maturation

During 8 weeks (1 March to 27 April 2010), the channels
were colonised with fluvial biofilms under different
chemical conditions. A two-way ANOVA design was
applied to test the specific effects of acidity and high dis-
solved salts (referred to as pH and Fe treatment factors,
respectively) and to identify differences among treatments
by post hoc comparisons. Four different treatments were
applied: one with low addition of iron and sulphate
(0.01 mg 17" Fe; 300 mg 1~ SO,%7) and alkaline pH (8.0),
referred to as Non-Exposed treatment (Non-Exp); the sec-
ond with the same iron and sulphate concentrations but
with the addition of sulphuric acid to reduce pH (3.5 as in
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the field), Acid treatment; the third with high iron and
sulphate (1 mg 1™' Fe; 700 mg 1™' SO,*7) and alkaline
pH, referred to as Fe treatment; and the fourth with the
same iron and sulphate concentrations as the previous but
with the addition of sulphuric acid to reduce pH at 3.5,
referred as Acid + Fe treatment. Fluvial biofilms were
obtained from an iron spring: Font SantVerdaguer (Guasch
et al. 2012) and from Agua Forte and Pero Bonito streams
(Aljustrel, Portugal, Luis et al. 2012), the natural systems
used to define the chemical conditions of Fe (iron spring),
Acid + Fe (Agua Forte) and Non-Exp (Pero Bonito)
treatments. A mixture of the three biofilm inocula was
added in each replicate.

Colonisation was carried out during 8 weeks (adding
inocula in the channels, once a week, in one of the two water
replacements) and biofilms were allowed to colonise the glass
substratum (two glass types: 7.5 x 2 cm?and 12 x 8.5 cm?),
placed at the bottom of each channel. Water from the channels
was completely replaced twice a week and macronutrients:
100 mg 17! of calcium as Ca(NOs;),, 60 mg 17! of magne-
sium as MgSO,4-7H,0 and 100 mg 1~ of sodium as NaCl and
micronutrients: 0.03 mg 17! of phosphate (nominal concen-
tration) as KH,PO, and 0.015 mg 17! of silica as Na,SiOs
were added at each water renewal to avoid nutrient depletion
and to simulate field conditions.

Endpoints sampling

During the whole experiment (8 weeks), the physico-
chemical parameters (temperature, pH, dissolved oxygen
and conductivity) were measured using a multi-parametric
probe (WTW METERS, Weilheim, Germany) before and
after each water renewal (twice a week). In weeks 3, 6 and
8, 10 mL of water was taken to determine phosphate,
anions and cations. For Fe, Cu and Zn analyses, 5 mL of
water was taken in weeks 7 and 8. All samples were
immediately filtered using 0.2 pm nylon membrane filters
(Whatman) and just the samples for metal analysis were
acidified with 1 % nitric acid (65 % suprapure, Merck).
Samples were stored at 4 °C until analysis. In weeks 6 and
8, one glass of each replicate was sampled to analyse: algal
biomass (Chlorophyll-a (Chl-a)), diatom composition,
photosynthetic performance (through chl-a fluorescence
parameters) and antioxidant enzymatic activities. The
fluorescence measurements were carried out using undis-
turbed biofilm. Maximal quantum yield (®pgyy) and effec-
tive quantum yield (®'psy) parameters were used as
photosynthesis capacity and photosynthesis efficiency
indicators, respectively. Fo was used as an alternative non-
destructive measure of algal biomass. Antioxidant enzy-
matic activities (catalase (CAT), superoxide dismutase
(SOD), ascorbate peroxidase (APX) and glutathione
reductase (GR) were taken. As well as non-enzymatic
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activities to minimize the reactive oxygen species: total
GSH, PCs, and total biomass (Ash-Free-Dry-Weight,
AFDW). These last three were taken on week 8.

Metal (M) toxicity tests

After growth under the four different treatments, their effects
in biofilm’s sensitivity to metals (Zn and Cu) were investi-
gated. A 24 h acute toxicity test was performed. Biofilms of
the four treatments were scraped and distributed in glass vials
containing four increasing Cu and Zn concentrations: controls
(no metal addition); concentration 1 (75 ng I”' Cu and
500 pg 1" Zn); concentration 2 (600 pg1~' Cu and
4000 pg 17! Zn) and concentration 3 (1200 pg 1=' Cu and
8000 pig 17" Zn). Each glass vial contained: 11.5 mL of water
from the four treatments previously tested during 8 weeks in
the artificial streams, 2 ml of a scraped biofilm mixture (bio-
film from six scrapped glasses, each2 x 7.5 cmin 20 mL of
treatment water) and 0.75 ml of the corresponding Cu and Zn
solution. Samples were incubated during 24 h under the same
conditions as in the colonisation, using a single-speed orbital
mixer (KS260 Basic, IKA®) to maintain a constant agitation
of 100 rpm. After 24 h of exposure, two replicates were
sampled for AEA, PCs and GSH analyses to determine acute
toxicity of Cu and Zn at concentration 1 (75 pg 1™' Cu and
500 Zn pg 17" and Chl-a fluorescence measurements were
made for all samples. AEA, PCs and GSH were focused on the
lowest concentration because at higher concentrations
enzymes may not respond anymore due to cell damage
(Bonnineau et al. 2011). Water samples used to analyse dis-
solved metals (Fe, Cu, Zn) were filtered and preserved as
described above.

Chemical analysis

Metal concentrations (Fe, Cu, Zn) in water were analysed
by inductively coupled plasma mass spectrometry ICP-MS
(7500c Agilent Technologies, Inc. Wilmington, DE). The
accuracy of the analytical method was checked periodically
using certified water reference (SPS-SW2 Batch 113, Oslo,
Norway).

Phosphate concentration (PO,>") was analysed using the
Murphy and Riley (1992) and dissolved major cations
(Ca**, K, Mg>", Na™) and anions (CI~, SO,*~, NO5™)
were analysed by ion-chromatography (761 Compact IC,
METROHM Ltd., Herisau, Switzerland).

Biofilm analysis
Algal biomass

Chlorophyll-a (Chl-a) concentration, was used as a mea-
sure of algal biomass. Chl-a concentration was obtained
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after extraction with 90 % acetone and measured spectro-
photometrically following Jeffrey and Humphrey (1975).

Total biofilm biomass

Total biofilm biomass was measured as AFDW. 15 cm? of
biofilm was scraped and then dried for 24 h at 105 °C in
order to calculate dry matter (DW). Afterwards, samples
were combusted for 4 h, in an oven at 450 °C (Hobersal
MOD MF12-124, Spain) and then weighted again to cal-
culate the mineral matter (AW). The AFDW was calcu-
lated subtracting the mineral matter from the total DW and
after divided by the area of the glass slide. It was expressed
in mg cm 2.

AFDW values were used with Chl-a values as a measure
of the trophic status in streams, expressed as Autotrophic
Index (AI). According to USEPA-RBP (Barbour et al.
1999), the formula to calculate the AI, is: Al = Chl-
a (mg cm_z)/AFDW (mg cm_z).

Metals (Fe, Cu, Zn) quantification in biofilms

Biofilms were harvested by centrifugation at 4000xg for
10 min, washed in distilled H,O, and centrifuged again. In
order to obtain the Fe, Cu and Zn bounded to the frustule,
the method described by Purchase et al. (1997), with some
modifications, was used; the cell pellet obtained was sus-
pended in 2 ml of 0.1 M HNOs;, sonicated in an ultrasonic
bath for 5 min, centrifuged at 14.000xg for 10 min and
collected into a microtube. The pellet was re-suspended in
1 ml of distilled H,O and transferred to Teflon bombs.
Cells were digested overnight, at 115 °C, with 2 ml of an
equivolume mixture of concentrated H,SO,4 and concen-
trated HNOj3. The cooled digested was filled up to 5 ml,
using 1 M HNOs;, and the concentration of Fe, Cu and Zn
(equivalent to that taken up by cells) was determined by
ICP-AES (inductively coupled plasma-atomic emission
spectroscopy) model JobinYvonly Plus.

Diatom treatment and identification

Biofilm samples were fist fixed with 4 % formaldehyde in
order to preserve the sample for diatom study. Then after
removing the formaldehyde, the samples were treated with
HNOj (65 %) and potassium dichromate (K,Cr,O7), at
room temperature/24 h in order to eliminate the organic
matter and to obtain clean diatom suspensions, followed by
three centrifugations (1500 rpm) to rinse the samples.
Permanent slides were mounted using the high refractive
index (1.74) medium Naphrax® (Brunel Microscopes Ltd,
UK). Light microscopy identifications were taken with a
Leitz Biomed 20 EB microscope using a 100 x objective
(A.N. 1.32); 400 valves were counted for each sample.

Morphological terminology followed Krammer and Lange-
Bertalot (1986, 1988, 1991a, b).

Chlorophyll-a fluorescence parameters

The chlorophyll fluorescence measurements were carried
out by PhytoPAM (Pulse Amplitude Modulated) fluorom-
eter (Heinz Walz GmbH) according to the procedure
described in Corcoll et al. (2011) used to measure maximal
quantum yield (®psy), effective quantum yield (®'pgyp) and
Fo of dark-adapted cells (at 665 nm). The Fo of dark-
adapted cells at 665 nm, is proportional to Chl-a concen-
tration (Rysgaard et al. 2001); thus, Fo was used to follow
the growth of the biofilm during the colonisation. All
fluorescence parameters were calculated from the fluores-
cence signal recorded at 665 nm and given as relative units
of fluorescence (Genty et al. 1989).

Antioxidant enzymes activities (AEA)

Three glass substrata (15 cm? each) of biofilm were
scrapped from each channel (considered as pseudo-repli-
cates). Sampling, extraction and quantification of protein
and AEA measurements were performed as described
Bonnineau et al. (2011) and Bonet et al. (2013). For all
AEA assays protein concentration used was 4 mg. For each
AEA assay the optimal concentration of substrate or
cofactor was optimised, thus the concentrations used here
were 40 mM of H,O, for CAT assay, 4 mM of H,O, for
the APX assay, 0.30 mM of NADPH for the GR assay and
0.075 mM of WST-1 SOD assay. AEA were calculated as
specific activities (i.e. per microgram of proteins), thus
catalase (CAT) is express in pmol H,O, pg protein”'
min~'; APX express in pmol ascorbate pg protein”'
min~'; GR express in pmol NADPH pg protein™" min™",
and SOD express in U pg protein™ .

Non-enzymatic activities

Phytochelatins, the fresh weight determination for each
sample (two glass slides per replicate) was done and then
samples were preserved at —80 °C prior to analysis. Pep-
tide extraction was performed as described by Klapheck
et al. (1994). Samples were sonicated for 20 s with 400 pl
of 0.1 M HCI. The homogenates were centrifuged at
40000x g for 10 min, at 4 °C and the resulting supernatant
was immediately used. The method for derivatisation of
thiol compounds was performed as described earlier (Lima
et al. 2006). Extracts (100 pl) were neutralised with 0.1 M
NaOH, after the addition of 200 ul of 0.1 M Tris—HCI
buffer (pH 8.0), | mM EDTA and 25 pl of 2 mM DTE.
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After incubation for 1 h at room temperature, 50 pl of 20
mMmBBr were added. Derivatisation was performed in the
dark, for 40 min at a temperature of 35 °C. The reaction
was stopped by the addition of 5 % (v/v) acetic acid up to a
total volume of 1.5 ml. Samples were stored at 4 °C before
HPLC-RP analysis.

The highly fluorescent derivatives were separated by
RP-HPLC (Gilson liquid chromatograph, model 306), as
described earlier (Lima et al. 2006). Samples were centri-
fuged at 40000x g, for 5 min, at 4 °C, filtered, and 20 pl
aliquots were injected on a RP CI8 column
(250 x 4.6 mm? id, 5 pl, Gilson). The column was
equilibrated with previously degassed eluant A (0.01 %
aqueous TFA (v/v)) and developed by a linear gradient of
0-20 % eluant B (90 % acetonitrile, in 0.01 % aqueous
TFA) during the first 20 min, followed by an isocratic
elution of 20 % eluant B for the next 30 min and finally a
linear gradient of 20-90 % of eluant B during the last
10 min. The complete analysis was performed in 60 min.
After each run, the column was washed by raising the
concentration of eluant B to 100 % and re-equilibrated
with eluant A. Thiols were resolved and eluted at a flow
rate of 1 ml min~' and detected by fluorescence (Jasco
821- FP Intelligent Spectrofluorometer) with excitation at
380 nm and emission at 480 nm (Lima et al. 2006). In
order to overcome the problem of the decrease in derivat-
isation with chain length increase, adverted by other
authors (Sneller et al. 2000), thiol identification was based
on Cys and GSH standards (Sigma) and synthesised PCs
standards (kindly offered by Dr. M.H. Zenk), with n rang-
ing from 2 to 5.

Total Glutathione (GSH) was determined by HPLC as
described above for PCs (Lima et al. 2006). GSH quanti-
fication was based on reduced GSH standards (Sigma).

Data treatment

In the acute exposure, data are presented in % of their
relative controls to compare the response to chronic
exposure. Potential differences between controls and
treatments for physico-chemical variables (S0,2~, PO,
Fe in water, Fe in biofilm, conductivity and pH), Chl-
a fluorescence parameters (Fy, ®@psp and @'pgyp), Al, Chl-
aenzymatic activities (APX, CAT and GR) and non-enzy-
matic protection mechanisms (GSH) were tested using two-
way analysis of variance (ANOVA); effects were post hoc
analysed by a Tukey’s test if significant differences were
found. This analysis was performed using Sigma Plot 12.0
software. For all the analyses, statistical significance was
set at p < 0.05. Primer 6 software was used to do PER-
MANOVA, Cluster and dbRDA analyses of diatom
abundances.
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Results and discussion
Chronic exposure
Experimental conditions and biofilm growth

The experimental setting allowed the reproduction of the
chemical environment prevailing in acidic zones, such Al-
justrel mining area: low pH with high dissolved salts (Fe and
SO427) with a characteristic biofilm in the Acid + Fe
treatment. Treatment’s effect on pH was clearly achieved
(Table 1). Fe + SO,>~ addition caused a marked increase in
Fe concentration in water under acidic condition, but not
under alkaline pH (Table 1). This result was expected since
Fe solubility is very low at neutral/alkaline pH, and is sup-
ported by Fe contents in biofilms, much higher in all Fe
treatments at alkaline pH due to retention and/or precipita-
tion of Fe in biofilms (Table 1). On the other hand, sulphate
concentration was affected by the two treatment factors, Fe
and pH, since acidity was achieved by adding sulphuric acid.
In addition, phosphate, while being equally added to all
treatments, was also affected by the two treatment factors,
leading to differences in P-availability that might influence
biofilms growth. The influence of Fe on P-availability has
already been described as one of the causes of algal growth
reduction in Fe-rich environments due to an effective co-
precipitation of Fe and P (e.g. Das et al. 2009; Guasch et al.
2012) in order to maintain the intracellular neutral conditions
and diurnal shift of oxygen concentration in the biofilm layer
(Das et al. 2009). Consequently, differences in algal growth
and biofilm characteristics between treatments should be
regarded as a result of the set of chemical alterations each
treatment has created.

Biofilms characteristics

Fo showed the lowest values in Acid and Acid + Fe bio-
films (Fig. 1), in accordance with Chl-a results (up to two
orders of magnitude lower, Table 2).

While Chl-a was much lower at acidic pH than at
alkaline pH, total biomass (AFDW) was similar among
biofilms exposed to different treatments, illustrating the
shift from autotrophic to heterotrophic biofilms, dominated
by bacteria, fungi and cyanobacteria (microscopic obser-
vations) and leading to marked differences in the Auto-
trophic Index (Al), Fig. 2. These results are in agreement
with field investigations showing that acidophilic chemo-
lithotrophic bacteria are the most adapted groups of
microorganisms to these extreme conditions (Gonzalez-
Toril et al. 2003). Diatoms, while being also affected by the
pH treatment factor, were present in all biofilms. From the
initial three inocula mixture, each specific condition
selected, during colonisation, the typical and dominant
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Fig. 1 Fo variation during colonisation measured twice a week from
week 5 until week 8 for each treatment (n = 2). Two-way ANOVA:
Fe ns, pH p < 0.01, Fe*pH ns

diatom species with ecological preferences closer to the
physico-chemical characteristics of the water of the
respective treatment. The inoculum from AMD affected
streams (e.g. RibeiraAgua Forte, Aljustrel, Portugal), con-
taining a well-adapted community to chronic exposure of
acidic conditions and metal contamination (mostly Fe) and
dominated by few taxa. A similar community was found in
the Acid and Acid + Fe biofilms (H = 0.50 and
H = 0.99). In these biofilms, Pinnularia aljustrelica
dominated with abundance always above 54 %, contrasting
with diatom communities in Non-Exp and Fe biofilms
dominated by Craticula halophila and Achnanthes ther-
malis (respectively), with higher diversity values
(H =2.28 and H” = 1.50).

Table 2 Biofilm metrics measured at the end of the colonisation

0,007

0,006 -

0,005

0,004 -

0,003 ~

Autotropic index: Al

0,002

0,001

T .

Non-Exp Fe Acid
Treatments

0,000 7
Acid + Fe

Fig. 2 Average values of the Autotrophic Index (AI) of each
treatment (n = 2) at the end of colonisation

Cluster analysis and dbRDA show that pH was the main
treatment factor driving the communities (Fig. 3). PER-
MANOVA reinforced pH as more significant than Fe
(» = 0.001). This result is in concordance with other
studies which concluded that the pH factor reduced diatom
diversity (Mulholland et al. 1986; Planas 1996; Verb and
Vis 2000) and caused a change in the assemblage structure
through shifts from sensitive to tolerant taxa. In highly
acidic environments, cells must overcome the high H'
concentration that may lead to rapid acidification of the
cytosol (Gross and Robbins 2000), as well as develop
strategies to protect themselves from adverse effects
commonly associated with acidity, such as decreasing in
nutrients, increasing in dissolved metal concentrations

Non-Exp Fe Acid Acid + Fe Two-way ANOVA

Fe pH Fe*pH
Chl-a 4.849 6.285 0.117 0.049 Ns <0.01 Ns
AFDW 0.77 0.95 0.93 0.40 Ns Ns Ns
O'psn 0.414 0.518 0.569 0.488 <0.001 <0.05 Ns
Dpgyy 0.174 0.243 0.141 0.324 Ns Ns Ns
PCs 0 0 1.77 0 Ns Ns Ns
GSH 42 32 37 43 Ns Ns Ns
CAT*10~° 57a 52a 130a 150b Ns <0.05 Ns
APX*107* 5 4 10 20 Ns 0.052 Ns
GR*107° 108a 68a 922¢ 225b <0.001 <0.001 <0.001
SOD 45 45 42 47 Ns Ns Ns

Average values of Chl-a (g cmfz), AFDW (mg cmfz), @'psy; and Dpgyy (a.u., arbitrary units), PCs and GSH (pumol gfl), CAT (pumol H,.
0, pg protein~' min~"), APX (umolAscorbate pg protein~' min~"), GR ( pmol NADPH min~' pug™" of protein) and SOD (U pug protein™")
(n = 2). Two-way ANOVA (p values) and results of posthoc comparisons (different letters used to indicate treatments which are significantly

different)

@ Springer



Contribution of acidic pH and Fe concentration

1277

Fig. 3 a Dendrogram
performed on a Bray-Curtis
similarity matrix of diatom
abundances in two sampling
moments: 07/04/2012 and

Group average
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21/04/2010; two replicates per il

sampling: 1, 2 from 07/04/2012;
3, 4 from 21/04/2010;

b dbRDA: distance based
redundancy analysis for the
diatom resemblance matrix
evidencing the samples
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environmental variables which
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(Olaueson and Stokes 1989), and limited supply of CO, for
photosynthesis due to bicarbonate pool absence (Olaueson
and Stokes 1989; Gross and Robbins 2000). The effective
quantum yield, {’pg;;, was affected by both treatment
factors (Table 2) indicating that selection pressure had also
affected the photosynthetic efficiency of the community.
On the other hand, there were no significant effects in
(Dpsp. Probably it could also be linked with community
adaptation. Adapted species to each treatment can have
similar photosynthetic capacity.

Chronic exposure to acidic pH (pH treatment factor)
caused also an increase in several AEAs (CAT, GR and
APX) (Table 2) of these communities (Acid and Acid + Fe
biofilms), which can be due to amelioration in oxidative
stress to overcome the negative effects of acidic pH.

The effects of the Fe treatment factor were less clear and
of lower magnitude than those caused by the pH factor.
However, biofilm responses were more marked in
Acid + Fe than in Acid biofilms. While Non-Exp and Fe
biofilms had similar algal biomass (measured as Fo), it was
higher in Acid than in Acid + Fe biofilms (Fig. 1), sug-
gesting that elevated concentrations of Fe 4+ SO4* con-
strained their ability to grow under acidic conditions.
Differences in phosphate availability may partially explain
this result. In agreement with these results, GR while being
stimulated due to pH factor (acid treatment), it was less
stimulated by the Fe factor, mainly at acidic treatments,
leading to a significant interaction between treatment fac-
tors (Table 2). These results support the hypothesis of
additive negative effects of elevated concentrations of
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Table 3 Concentrations of Fe, Cu and Zn in water of each treatment in the short-term tests at the end of exposure (24 h)

Non-Exp Fe Acid Acid + Fe
pg 17! Nominal R1 R1 R1 R1
Control Fe 10/1000* 236 270 335 2405
Cu 0 3.10 3.66 3.48 4.82
Zn 0 6.84 445 16.8 16.2
Cl Fe 10/1000 257.60 252.11 328.35 2210.00
Cu 75 71.74 60.45 73.95 78.90
Zn 500 392.41 358.36 597.57 484.71
C2 Fe 10/1000 253.99 85.29 1262.80 2514.02
Cu 600 557.54 305.19 790.73 666.77
Zn 4000 3811.49 1813.06 5624.78 4562.23
C3 Fe 10/1000 120.59 278.22 334.51 2157.22
Cu 1200 808.62 974.48 1325.87 1204.87
Zn 8000 5101.58 7420.79 8251.73 7325.99

Tested nominal concentrations: controls; C1: 75 pg 17! Cu and 500 pg 17! Zn; C2: 600 pg 17! Cu and 4000 pg 17" Zn and C3: 1200 pg 17! Cu

and 8000 pg 17! Zn

* Respective nominal Fe concentrations added to channel water (Non-Exp and Acid; and to Fe and Acid + Fe); R1—Replicate 1

180
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0 L .
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Fig. 4 Metal (Cu and Zn) effects on chl-a fluorescence parameters
after short-term exposure. Average Effective quantum yield (®'pgy),
maximum quantum yield (®psy) and minimum fluorescence (Fo)
values (% of controls) for each treatment (n = 2), after 24 h of
exposure to concentrations 2 (600 pg 17" Cu and 4000 pg 17! Zn;
bars with lines) and 3 (1200 pg 17" Cu and 8000 pg 1=' Zn; bars with
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no pattern), C2 and C3 respectively. Significant differences based on
two-way ANOVA results are also indicated: A C3: Fe p < 0.01;
B C2: pH p <0.05, C3: pH p <0.01; C C2, C3: pH p <0.05.
Different letters (a, b, c) indicate different treatments based on post
hoc comparisons. @'pgyy results after exposure to concentration 2 are
not presented due to the lack of effects
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Fig. 5 Metal (Cu and Zn) effects on AEAs after short-term exposure.
CAT, GR activities and GSH values (% of controls) for each
treatment after 24 h of exposure to concentration 1 (75 pg 17! Cu and
500 pg 17! Zn). Significant differences based on two-way ANOVA

GR (% controls)
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results are also indicated: A pH p < 0.05, Fe*pH p < 0.05; B Fe
p = 0.077; C Fe p < 0.05, Fe*pH p = 0.061. Different letters (a,
b) indicate different treatments based on post hoc comparisons

Table 4 Concentrations of Fe, Cu and Zn in biofilm of each treatment in the short-term tests at the end of exposure (24 h) for tested
concentration C1 (75 pg 17! Cu and 500 e 17" Zn nominal concentrations)

Non-Exp Fe Acid Acid + Fe
pg g R1 R2 R1 R2 R1 R2 R1 R2
Fe (10% 2.79 123 509 77 2300 1180 4370 970
Cu (10% 2.14 10.7 7.32 5.83 27.3 61.9 4717 154
Zn (10%) 421 577 73.8 59 285 90.6 77.4 227

RI replica 1; R2 replica 2

Fe + SO,*~ and acidic pH reducing, in this case, the
capacity of biofilms to cope with oxidative stress.

Influence of chronic exposure on metal toxicity

Acute exposure to metals may lead to transitory physio-
logical effects if the community is not adapted because
metal exposure is expected to cause oxidative stress,
increased activity of the enzymes that may cope with this
stress, photosynthesis inhibition and finally toxicity which
may damage cell defense capacities. On the other hand, low

pH may reduce toxicity due competition in acute exposure
between metals and H" ions at the cell surface (Riseng et al.
1991). Both aspects: co-tolerance and the prevailing chem-
ical environment may explain the increase in tolerance
found in our investigation. Biofilms from acidic treatments
(Acid + Fe and Acid), were not inhibited after acute expo-
sure to high Cu and Zn concentrations (Table 3), having
values of Fo and ®pgy similar to controls (80-150 %)
whereas those from high pH treatments (Non-Exp and Fe)
were clearly inhibited (Fig. 4), thus we can conclude that
adaptation to acidity led to higher tolerance to acute metal
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exposure. Furthermore, communities of acidic treatments
(Acid, Acid + Fe) did not increase enzyme activities after
exposure to lower metal concentration, indicating that met-
als were not causing oxidative stress (Fig. 5). Other mech-
anisms, such as the production of PCs might help cells to
cope with metal toxicity, reducing the reactive oxygen
species (ROS) (Gaur and Rai 2001; Le Faucheur et al.
2005). PCs were just found in Acid treatment (Table 2),
probably supported by higher contents of Cu and Zn
(Table 4) together with low toxicity in biofilms in this
treatment (Fig. 4). Metal toxicity was very clear but slightly
different in Non-Exp biofilms compared to Fe biofilms.
While effects of high metal concentrations on the photo-
synthetic capacity (@pgyy) were slightly higher in Fe than in
Non-Exp biofilms (Fig. 4), CAT, GR and GSH response to
metal exposure was higher in Fe biofilms, indicating a better
ability to cope with oxidative stress leading finally to lower
toxicity (Fig. 5). CAT is mainly involved in the removal of
H,0, excess, converting it into water and molecular oxygen
(Noctor and Foyer 1998). In agreement with our results, Li
et al. (2006), showed the increase in AEA (e.g. CAT, GPX
and SOD) levels in cultures of Paviova viridis (Prymnesi-
ophyceae) after Cu—Zn treatment indicating the protective
role of these enzymes against Cu—Zn induction of oxidative
stress. In addition, metal exposure caused a marked increase
of total glutathione (GSH), a non-enzymatic antioxidant
protective mechanisms in the same biofilms (Fig. 5). This
increase indicates that metal exposure (Cu and Zn) induced
the cells to activate non-enzymatic antioxidant protective
mechanisms at high pH and high Fe + SO,*~ concentra-
tions. Non-enzymatic antioxidants include the major cellular
redox buffer glutathione. GSH is oxidised by ROS forming
oxidised glutathione (GSSG). Dehydroascorbic acid DHA is
reduced to ascorbate by the action of DHA reductase, using
GSH as the reducing substrate in response to increased H,O,
levels (Foyer and Halliwell 1976). This reaction generates
glutathione disulphide (GSSG), which is in turn re-reduced
to GSH by nicotinamide adenine dinucleotide phosphate.

(NADPH) as a reducing agent, a reaction catalysed by
GR, thus having an important role in the non-enzymatic
protective system against toxic metal damage (Sabatini
et al. 2009). Organisms increase the activity of GSH bio-
synthetic enzymes (Vanacker et al. 2000) and GSH levels
in the presence of abiotic stresses (Noctor et al. 2002). GR
response was also higher in Fe than in Non-Exp biofilms,
but the variability was very high and the differences were
not statistically significant (Fig. 4).

Conclusions

During chronic exposure, acidic pH affects growth more
negatively than high Fe and SO3~ concentrations, based on

@ Springer

low values of Fo and Al, high values of CAT, APX, GR and
low diversity of diatom communities, dominated by acidic
species in biofilms growing at acidic pH. This is the cost to
maintain neutral the cytosolic pH, while the surrounding
environment is acid. However, high Fe and SOi_ concen-
trations were also constraining the ability to live under acidic
conditions because the negative effects of acidity were
aggravated under these conditions. In addition, when Cu and
Zn were added (acute exposure), algal biomass (Fo) and the
photosynthetic capacity of biofilms (®psyy) were not affected
in acidic treatments (Acid andAcid + Fe biofilms) showing
low metal toxicity in communities adapted to acidic pH,
irrespective of the Fe and SO,*~ concentrations during
growth. Metal toxicity was much higher to biofilms non-
exposed and to those only exposed to high Fe and SO,*~
concentrations during growth. However, in contrast to the
results obtained in biofilms growing at acidic pH, the Fe
treatment factor influenced metal sensitivity of biofilms
growing at alkaline pH. Antioxidant responses were more
marked in Fe than in Non-Exp biofilms, indicating that the
structural changes resulting from chronic exposure to ele-
vated concentrations of Fe and SO,>~ were linked to a higher
ability to respond to acute metal exposure leading to lower
sensitivity. This interaction was not observed at acidic pH.

Through this lab experiment, it was possible to show
that acidic pH was the parameter that affected most the
diatom community and that high Fe and SO,*~ concen-
trations were also contributing to control algal growth.
Acidic pH seems to ameliorate metals’ effects if the
community has been pre-exposed and hence adapted to the
prevailing extreme chemical environment. This may
explain why acidic areas (as pyrite mines) with several
high metal concentrations have algal growth with typical
acidic diatoms as Pinnularia aljustrelica, found in high
abundances. It is thus possible to extrapolate these findings
to the complex pyrite mines, mainly under stable condi-
tions since these systems are also exposed to drastic
changes in water chemistry linked to high rainfall, for
instance, with effects on diatom communities difficult to
predict from this lab experiment.
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