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Abstract

Two detoxification mechanisms working in the maraiatom _Thalassiosira weissfloggo
cope with mercury toxicity were investigated. laily, the effect of mercury on the
intracellular pool of non-protein thiols was stutlia exponentially growing cultures exposed
to sub-toxic HgG concentrations. T. weissfloggaells responded by synthesizing metal-
binding peptides, named phytochelatins (PCs), lssidcreasing the intracellular pool of
glutathione ang-glutamylcysteine (EC). Intracellular Hg and PC concentrations insegh
with the Hg concentration in the culture mediumhibiing a distinct dose-response
relationship. However, considerations of the PCsHgHmolar ratio suggest that also
glutathione could be involved in the intracellutaercury sequestration. The time course of
the non-protein thiol pool and Hg intracellular centration shows that PCs, glutathione and
y-EC represent a rapid cellular response to meraltlypugh their role in Hg detoxification
seems to lose importance at longer incubation tiffles occurrence of a process of reduction
of Hg(ll) to Hg° and subsequent production of diged gaseous mercury (DGM) was also
investigated at lower Hg concentrations, at whibk PC synthesis doesn’t seem to be
involved. The significant (P<0.01) correlation beem the cellular density in solution and the
production of DGM suggests that this diatom is tépaf directly producing DGM, both in
light and dark conditions. This finding has beemfomed by the absence of DGM
production in the culture media containing formalglde-killed cells. Finally, the relationship
between these two different pathways of Hg detoatfon is discussed.

Keywords: dissolved gaseous mercury; mercury; non-protewid; phytochelatins;
phytoplankton; Thalassiosira weissflogii

1. Introduction
Mercury is one of the most dangerous trace metataulse it does not have recognized
biological activity and its presence is widespré@athe aquatic environment. Hence, aquatic
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microorganisms, which are the first levels of tlheod chain, have developed defence
strategies to neutralize the toxic effects of thistal (Barkay et al., 2003; Perales-Vela et al.,
2006). Many studies have demonstrated that phyt&fda species can respond to metal
toxicity through the production of antioxidant cooymds (Pinto et al., 2003) and intracellular
metal-binding thiol peptides (Kawakami et al., 2086d references therein reported).
Glutathione and related peptides appear to be thgrncomponents of heavy metal
detoxification in plants, algae and some yeastispe&lutathione is the main non-protein
thiol in animals, plants and protists. It plays iamportant role in maintaining reducting
conditions inside cells and in protecting plantsrirenvironmental stress, including oxidative
damage and excess of xenobiotic organic compoantgavy metals. The accumulation of
heavy metals in marine microalgae induces the enfigally-mediated synthesis of
intracellular peptides, polymers of glutathionemea phytochelatins (PCs). PCs, with the
structure of {-Glu-Cys)n-Gly (n=2-11), are thiol-containing pef@s implied in heavy metal
detoxification, because of their capability to bimétal ions inside the cells (Grill et al., 1985;
Cobbett, 2000). In vitreexperiments have shown that PCs protect metaltsengnzymes

from inactivation and restore the activity of mgtaisoned enzymes (Kneer and Zenk, 1992).

Several studies have revealed that PC synthesistigated both in vivaand .in vitroby a
wide range of metal ions, including €dCw*, PEF*, Ag', Zr** and HG" (Gekeler et al.,
1988; Rauser, 1995; Zenk, 1996). A considerableusutnof literature has been published on
the induction of PCs in phytoplankton exposed ftedent metals like Cd, Pb, Zn, Cu (Ahner
et al., 1995; Morelli and Scarano 2001, 2004; Rijbil and Wijnholds, 1996; Le Faucheur et
al., 2006) but the detoxification of mercury by P@s been scarcely documented (Howe and
Merchant, 1992; Ahner and Morel, 1995).

In recent years a number of investigations havaded on a detoxification mechanism acting

in microorganisms exposed to mercury, that is théity of bacteria to reduce Hg(ll) to



volatile Hg®° by means of an enzymatic pathway (Bsrkt al., 1991; Nakamura et al., 2001;
Rolfhus and Fitzgerald, 2004; Barkay and Wagneri®gl2005; Fantozzi et al., 2009). In
contrast, so far, few studies report the formatibhig® in phytoplanktonic algae (Ben-Bassat
and Mayer, 1977; Mason 1995; Devars et al., 200@), an addition, this reduction
mechanism is largely unknown. It is well known theémental mercury (Hg°) plays a
fundamental role in the biogeochemical cycle of cugy (Schroeder et al., 1989; Horvat et
al., 2003) since it constitutes 90% of volatilenfiegr of mercury in natural waters, named
Dissolved Gaseous Mercury (DGM). These forms pes® fthe water into the atmosphere
due to their low water solubility and high volaili The increasing interest in the study on the
occurrence of a biotic production of DGM in aquatitvironments, suggests that this issue
needs to be further investigated.

Field and laboratory studies suggest that, beslhseria, phytoplankton can play an
important role in the processes of the formatioD&M, through an indirect contribution due
to the release of biogenic organic matter involuedhe photochemical reactions of DGM
production, as well as through a cellular directuaion (Mason et al., 1995; Devars et al.,
2000; Lanzillotta et al., 2004; Poulain et al., 200

The aim of the present work is to investigate teedce mechanisms against mercury stress

in the marine diatom_Thalassiosira weissfldgyi following the pattern of the non-protein
thiol pool as well as the production of DGM. In feular, we investigated the intracellular
concentration of glutathiong;EC and PCs as a function of both external metateotration

and time of exposure. In addition, we measuregtbduction of Hg® in a culture of the same
diatom grown in a medium enriched with HgGh dark and light conditions, in order to

evaluate the mercury production process actingisdiatom.

2. Materials and methods



2.1 Chemicals

All reagents were analytical grade: diethylenetirapentacetic acid (DTPA), reduced
glutathione (GSH)y-glutamylcysteiney¢EC), cysteine and monobromobimane (mBrB) were
from Fluka; 4-(2-hydroxyethyl)-piperazine-1-propasdfonic acid (HEPPS), tris (2-
carboxyethyl) phosphine (TCEP), hydrogen perox8#4 solution) and HgGwere from
Sigma; methanesulfonic acid (MSA) was from MercKGIHFHNO; Suprapur grade,
acetonitrile, trifluoroacetic acid (TFA), SnGind formaldehyde (40%) were from Carlo Erba.
Solutions of mBrB, SnGland TCEP were prepared weekly. The solution oflS0Ct M) in

1.2 M HCI was purged with charcoal-filtered air fidr in order to provide a mercury-free
solution. All the reagents were stored in the derk4°C. Water was purified by a Milli-Q
system (Millipore).

Seawater was collected in an uncontaminated anege3 offshore from the Island of
Capraia (Tyrrhenian Sea, Italy), by a metal-cleanique, filtered through 0.48n

membrane filters and stored in the dark at + 4°C.

Membrane filters used throughout the experimentgrem Millipore.

2.2 Culture conditions and molecular charactenati

The marine diatom, Thalassiosira weissfl¢@runow) Fryxell & Hasle (1977) used in this

study (strain 1085/1 isolated from Gorleston-on;$&afolk, England in 1975)as obtained
from the Culture Collection of Algae and ProtozG&LAP), Dunstaffnage Marine
Laboratory, UK (http://www.ccap.ac.uk). Stock cuéisi were grown in axenic conditions, in
natural seawater enriched with the f/2 medium (@rd| 1975) at one-fifth the reported trace
metal concentration, at 21°C and fluorescent dayliOOpmol photons< m? x s) in a 16:8

light-dark cycle. Exponential growth was maintairgdnoculating cells into a fresh



sterilized medium, weekly. Cell counts were caroetl by means of a Neubauer counting
chamber under a microscope.

Since molecular clades of diatoms are often cryptith no or few morphological or life
history traits that can be convincingly argued ® $ynapomorphies, we carried out a
molecular characterization of the diatom strainduse this study. The DNA was isolated
following the standard protocol of Sambrook et(4P89), modified and optimized for the
genomic DNA isolation from protists, as reporte¢ Hokin et al. (2008). The SSU-rRNA
gene, universally considered a good species-speudrker, was amplified by PCR using the
universal eukaryotic forward primer 18S F9 5-CTGIEIATCCTGCCAG-3’ (Medlin et al.,
1988) and the 18S R1513 Hypo reverse primer 5-TGETTCYGCAGGTTC-3’ (Petroni
et al., 2002). The PCR product was purified anédlly sequenced in both directions. The
SSU-rRNA gene sequence of the T. weissflsgiiain used in this study is available from the

GenBank/EMBL databases under the accession nundBe0F28.

2.3 Incubation experiments

All the mercury incubation experiments were carioetl using, as a culture medium, natural
seawater enriched with the f/2 medium lacking thed metal stock solution. Calculated
volumes of the stock cultures of T. weissflogiithe end of the logarithmic growth phase,
were used as inoculum to obtain an initial cellsigrof 1 x 16 cells L™

In a first set of incubation experiments, desigteedvaluate the effect of mercury on the
growth rate of T. weissflogii100 mL culture media were spiked with Hg@ the final
concentrations ranging from 5 to 750 nM. The celsuwvere allowed to grow for 6 days
during the exponential phase and the growth wastored by counting cells.

Two different experiments were carried out, with #im of investigating the pattern of the

non-protein thiol pool under mercury exposure. Bx@ay exposure experiment, 1-L cultures



were exposed to Hggtoncentrations ranging from 5 to 150 nM. At thd ehthe exposure
(cell density was 1-2 x 1@ells LY, aliquots of 800 mL and 50 mL of each culturerev
used for the determination of the non-protein thanhd the intracellular mercury
concentration ([Hgly), respectively. In a 7-day exposure experimegtLaculture was
exposed to 150 nM Hgeand, at selected time intervals, from 0 to 7 daljiguots of 50 mL

of the culture were sampled and used for the detation of the [Hg}. Moreover, aliquots

of the culture from 800 to 200 mL, depending on dehsity, were sampled and used for the
determination of the non-protein thiols. In the esgre experiments, a control culture (no Hg
added) was always used.

The production of dissolved gaseous mercury (DGMjs wneasured in cultures of T.
weissflogii during exponential growth. For this purpose, 500-oh the culture medium was
spiked with HgCJ to reach an initial concentration of 5 nM and leftstand for 3 days.
Before cell addition, the concentration of totadsdilved mercury was approximately 65% of
the initial one. This procedure was chosen to awevated abiotic DGM production
occurring within the first days after mercury aduht as shown in preliminary experiments.
After inoculum of T. weissflogicells, two aliquots of 50 mL of the culture werengded at 1
day time intervals and used for the measurementhef DGM production and for the
determination of the cellular mercury concentrat{fiig]ce), respectively. An additional
experiment of DGM production was performed by usingweissflogii cells treated with
formaldehyde according to the following proceduvtarcury-treated cells from 50 mL of a
culture at the % day of growth (cell density approx. 4-5 x"1¢ell L) were collected by
filtration (1.2 pum membrane filters) and re-susphdor 10 min in a solution of 1.6%
formaldehyde in seawater. Afterwards, the formajydehkilled cells were collected by
filtration, re-suspended again in their growth noediand submitted to the measurement of

DGM production.



2.4 Determination of total dissolved mercury

Total dissolved mercury concentration ([g] was determined in the culture medium
whether inoculated or not inoculated with T. wdisgi cells, by using the method described
elsewhere (Ferrara et al., 2001). In the formetucelmedium, the cells were removed by
filtration (1.2um membrane filters) before the Hg measurement.léutated aliquot of the
sample was diluted with distilled water to a fimalume of 25 mL, acidified with 10QL of
HNO;3; and photo-oxidized using a UV medium-pressure 1§0§V) for 5 minutes in an ice
bath. Mercury was measured using the Atomic Absamgpectrometer (AAS) Gardis-3,
based on the dual gold amalgamation procedure,afting 20QuL of the SnCJ solution

and purging with mercury-free air for 3 min at e rate of 0.3 L mif.

2.5 Determination of cellular and intracellular maw concentration

Mercury-treated cells were collected by filtrationto 1.2um membrane filters and used for
the determination of the total cellular mercury cemtration ([Hgden). In order to determine
the [Hglnr, the harvested cells were incubated for 10 minwigs1 mM EDTA in seawater

to remove the metal adsorbed to the cell surfées tinsed extensively with natural
seawater. The cells, whether rinsed with EDTA drrivsed, were immediately placed in 1
mL of HNGQO; (0.14 M) in water and mixed with 1 mL of concetéchHNG and HO, (2:1

v/v). The sample was digested at 45° C for 16His Tineralization procedure was validated
by using a Standard Reference Material (T6) “FMstter Plankton”. The results of analysis
on the Standard Reference Material was 0.173 +|0g0$' DW, compared with that of 0.186
+ 0.04pg g* DW reported by JRC (Joint Research Centre) oEth®pean Commission. A

calculated aliquot of the mineralized sample wastell with distilled water to a final volume



of 25 mL, added with 200L of the SnC{ solution and assayed for mercury concentration by

pre-concentration on a gold trap and AAS deternonat

2.6 Determination of DGM production

Measurements of the DGM production under both darid light conditions were
accomplished using the experimental apparatus ibesicin detail elsewhere (Fantozzi et al.,
2009).

A 50 mL sample was transferred into a 100 mL gRwgsex purging bottle, showing optical
properties elsewhere described (Lanzillotta anddfer 2001) and a good transmittance
(85%) for wavelengths > 350 nm.

Prior to the determination of the DGM productioangples were purged for 2 hours in dark
conditions in order to eliminate the original DGMntent.

DGM production in darkness was obtained incubatheg sample contained in the purging
bottle for 20 min in the dark; DGM production undight conditions was recorded following
the exposure of the purging bottle, containinggample, for 20 min to the same fluorescent
light used for culture growtfL00 pmol photons< m? x s%).

The DGM produced in the sample was extracted uddes conditions by means of mercury-
purified air, used as a carrier gas, and accundilatea gold trap. Mercury was thermally
desorbed heating the trap at 500 °C and deternmbyeditomic Fluorescence Spectrometry
(Tekran 2500 — detection limit 5 x #@mol Hg), using pure argon as a carrier gas. The
detection limit of the procedure was 0.05 pM, cktad on the basis of the three standard
deviation of the blank. The instrument was caliddatising a 25 pL Hamilton gas-tight
micro-syringe to inject elemental mercury saturatedrom a mercury vapour generator, kept
at a constant temperature (4 °C), onto the golg. tRxeliminary tests were performed to

verify the period of incubation within which the DMGproduction was linear in time. An



incubation time of 20 minutes was selected to obtameaningful DGM amount and to be
within the linear time range of DGM production.

All the experiments were performed at a constanperature of 21° C and the purging bottle,
together with the Teflon tubing, were pre-cleangdaid washing every time before the
experimental apparatus was involved in a new measemt cycle.

The DGM determinations were replicated 3 times.

2.7 Determination of the non-protein thiols

After incubation, the cells were collected by &lion onto 1.24m membrane filters, re-
suspended in 1.5 mL of 0.1 M HCI /5 mM DTPA, tleksrupted by sonication (Sonopuls
Ultrasonic Homogenizer, Bandelin) for 3 min withegpeating duty cycle of 0.3 s, in an ice
bath. The cellular homogenate was centrifuged (Q@)@5 min) and the supernatant was
used for the determination of thiols. Glutathiop&C and PCs were separated and quantified
by High Performance Liquid Chromatography (HPLGgatlerivatization with the
fluorescent tag mBrB, by following the procedursdeed elsewhere (Morelli and Scarano,
2001), based on the method reported by RijstemullWijnholds (1996) with some
modifications. Briefly, 400 uL of the sample wedad to 200 uL of buffer (400 mM
HEPPS /5 mM DTPA, pH 9) and to 20 puL of 10 mM Ti& order to reduce oxidized thiol
groups. After 15 min of incubation, two successigactions in the dark at 45°C for 15 min
were carried out, following the addition of 4Q of 10 mM mBrB and of 4QuL of 100 mM
cysteine, respectively. Finally, 40 of 1 M MSA were added to stop the reaction. Asaly
were performed on an HPLC system consisting of$ivmmadzu LC-10AD pumps, a
Rheodyne 7725 injection valve equipped with a tD@oop, a fluorescence detector (RF-
10AXL, Shimadzu) set at 380 nm excitation wavelaragid 470 nm emission wavelength,

and an Alltech Alltima (fum, 250 mmx 4.6 mm) C-18 reverse-phase column. An acetonitrile



gradient in 0.1% TFA (from 10% to 12% for 15 mimdarom 12% to 28% for a further 40
min) was used at a flow rate of 1 mL mirStandard PCs from Silene vulgaffisiederich et
al., 1998) were kindly provided by Prof. M.H. Zemtunich University (Germany), and were
used to check the retention time of phytochelaligomers. PC quantification was obtained
from the relationship peak area vs concentratioB ®H standard solutions. The total cellular
PC concentration was expressed as the sum gf@ie-Cys units quantified in each

chromatographic peak of phytochelatins.

3. Results

3.1 Effect of mercury exposure on the growth rdt€.aveissfloqgii

The effect of mercury on the growth rate (i) ofvBissflogiiwas investigated by growing

cells in culture media at increasing Hg concertrti(initial cell density 1 x facell L.

The growth rate of the control culture was aboQt#0.1 doublings da¥(n=3). In the range

of Hg from 5 to 500 nM the growth rate graduallgased, reflecting the inhibition of

growth under mercury exposure (Fig. 1). Exponemgfiaivth was observed in all the cultures
during 6 day exposure, but the Hg addition lengtidethe lag phase, as also reported by other
authors for cultures of Chlorel(en-Bassat and Mayer, 1975). It was extrapolttatithe

50% inhibition of the growth rate occurred at amiah[Hg] = 250 nM, whereas inhibitions
lower than 20% occurred for [Hg] 150 nM. In order to avoid toxic effects during ety
exposure, we used well tolerated Hg dosages, rmwereding the dose of 150 nM in the

exposure experiments.

3.2 Two-day exposure to mercury
The pattern of the non-protein thiol pool in resp®to mercury exposure was studied by

monitoring the concentration of glutathioyeC and PCs in cells of T. weissflogixposed
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for 2 days to increasing Hg concentrations, frota 550 nM (Fig. 2). T. weissfloggells
responded to the Hg exposure by increasing thelestal of the non-protein thiol pool.
Glutathione was the major thiol, being always pnés¢ concentrations higher than those of
y-EC and PCs. Its intracellular concentration insegh even at low Hg concentrations. At 150
nM Hg, the amount of glutathione was two-fold wiispect to that found in the non-treated
cells. The concentration ¢fEC was significantly less than that of glutathitah in the
control and in Hg-treated cells, but its levelrgased with increasing Hg concentration in
solution. Hg exposure also induced the synthesi®BCs but, under these experimental
conditions, they were detectable at [Hg25 nM. The PC cellular pool increased by
following a dose-response relationship until itateed the value of 673 + 104 amol Cedit

150 nM Hg. The cellular pool of peptides was conagglosainly of P¢ (85-100%), the
remaining amount being polymerized assR@&15%). The predominance of the pentapeptide
and the inability to synthesize oligomers with n#&e found in all the cultures,

irrespectively of the Hg dose. Assays of intradall Hg showed that the metal concentration
([Hg]intr) increased with the Hg exposure, exhibiting adrsimilar to that of the PCs.

Cellular concentration of thiol groups of PCs wamilar to that of intracellular Hg,

exhibiting a molar ratio PCs-SH : Hg close to hc®iin vitrostudies have shown that PC

binds Hg with a stoichiometry of two SH groups éme metal ion (Mehra et al., 1996), it
seems that the amount of PCs synthesized in thisrdiduring a 2-day exposure is not
sufficient to sequester intracellular mercury iohise finding that cellular glutathione and, to
a lesser extenty-EC increased in response to Hg exposure, can atémna role in the

intracellular mercury sequestration, in additiorPOs.

3.3 Time course of the non-protein thiol pool angrenry accumulation
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Exponentially growing cultures of T. weissflogixposed to 150 nM Hg were assayed at time
intervals for their intracellular concentrationtd§ and non-protein thiols (Fig. 3). The time
course of the [Hg]: showed a rapid uptake of the metal, occurringrdutine first day of
exposure, thereafter there was no further incraakeger exposures. The PC cellular
concentration, after reaching a maximum value erfitist day, decreased with exposure time,
until halved at the'7 day of exposure. This finding indicates that P6tisgsis occurs
quickly, as soon as the metal is taken up by this, ¢bereafter, the lowering of its
concentration suggests the occurrence of a prafetesgradation and/or export, as reported
by other authors for Cd-PCs complexes inducedarsttime diatom (Lee et al., 1996).
Glutathione assays showed a transient increags ioitiacellular concentration in the Hg-
treated cells compared to that measured in theaanilture, occurring during the first 2
days of exposure. An increase of 65 and 137% wiaslated on the Stand 29 day,
respectively. At the end of the experiment, théaghione level in the Hg-treated cells was
restored to values similar to those of the untabatdls. A similar pattern was observed for
theyEC peptides, which exhibited an increase in therndgted cells compared to the
untreated ones of 145 and 103% on tharid 29 day, respectively. In conclusion, the time
course of the non-protein thiol pool and Hg ingladar concentration shows that PCs,
glutathione ang-EC represent a rapid cellular response to mer¢dowever, at longer
incubation times, their role in Hg detoxificatioeesns to lose importance. Since the k9]
remained almost constant during the entire incobatme, and the PC concentration
lowered, it can be hypothesized that part of theagellular Hg initially sequestered by PCs,
or possibly by glutathione angEC, could be transferred to other, more stabladatlular
ligands.

Similar incubation experiments carried out at lowlgrconcentrations, at which the PC

synthesis doesn’t seem to be involved, showedthigaintracellular Hg concentration
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followed a decreasing trend, starting from the bemgig of exposure to longer incubation
times. Thus, at [Hg] = 5 nM, the [Hg] decreased from 20.6 + 2.8 amol ¢edh the ¥ day,

to 6.6 + 1.1 amol cefl on the ¥ day of exposure. This trend can be due, at legsait, to
dilution by cell duplication, nevertheless the atence of a process of loss of Hg cannot be
excluded. In the literature it has been reported dlquatic microorganisms, mainly bacteria
but also eukaryotic phytoplankton, are capablearfdforming ionic Hg to volatile Hg
species, thus the existence of a similar procesgydfansformation could contribute, in our

experimental conditions, to the lowering of the [klg

3.4 Production of DGM in cultures of T. weissflogii

The ability of the marine diatom T. weissflotpi produce volatile Hg species was assayed by
carrying out direct measurements of DGM produciioan exponentially growing culture of
this diatom, previously spiked with mercury ([Hgp=M). The pattern of [Hg]sin the
presence and absence of cells, together with tHheddg taken up by the cells ([Hg), is
reported in Fig. 4. The figure shows that the adHlition dramatically lowers the [Hgkin
solution, concomitantly with an increase in celtudansity (see insert). As expected due to
cell growth, the fraction of Hg associated to cfl4g]cen) increases with incubation time.
Nevertheless it can be calculated that, duringettponential growth phase, this amount is not
sufficient to explain the loss of [Hgkin solution.

Measurements of DGM were performed both in thelevkbalture and in the culture medium
after removal of cells by filtration, in order teolate the biotic contribution to the mercury
volatilization from the abiotic one, due to thdtare mediumSamples were analyzed under
dark and light conditions to compare the efficientyhe two DGM production processes.
Table 1 shows the values of DGM production recomeday 4 of growth of the culture of T.

weissflogii by using both alive and formaldehyde-killed cellbe results show that a
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meaningful DGM production occurred both under darid light conditions. The DGM
production of the culture of T. weissflogiith live cells was significantly higher than that
measured in the culture medium alone, both in dacklight conditions. On the contrary, the
DGM production of the culture with formaldehydeld cells exhibited values similar to
those obtained after cell removal. These resudiarty demonstrate the significant
contribution of living cells in mercury volatilizan. The DGM production in the culture
medium was higher in the light compared to the daskexpected from the contribution of the
biogenic organic matter in photochemical reactioildg reduction (Costa and Liss, 1999;
Lanzillotta et al., 2004). Our results also shoattin our experimental conditions, the
contribution of the live cells to DGM productioneses to be independent of the light, being
4.6 +0.8 pmol [* h in the light and 4.5 + 0.9 pmol'Lth™ in dark conditions.

In order to strengthen the previous findings, wanexed the relationship between the
percentage of total dissolved mercury transformed®M by cells in 1 h (%DGM) and the
cellular density in solution, calculated at diffieréimes of growth of the culture of T.
weissflogii(see Fig. 4). Fig. 5 A-B shows a positive and gigant correlation between the
%DGM and cellular density, both in light and dadnditions (p<0.01). Moreover, we
examined the relationship between the same % DGMlan[Hg}iss in the culture medium.

In this case, no significant correlation was obedr{Fig. 5 C-D). The strict dependence of the
%DGM on the cellular density, and not on the [iigin the culture medium, confirms the
direct cellular contribution to the DGM productionthe culture. Moreover, the similarity of
the slopes of the regression lines in Fig. 5 A-Bpsrts the finding that the direct contribution
of living cells to DGM production was unaffected thye conditions of illumination. These
findings are consistent with those of Devars ef2l00) who found that the ability to

volatilize mercury by the freshwater microalga Eug gracilisvas independent of light.
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4. Discussion

The marine diatom T. weissflogriesponded to mercury exposure with two distinct
mechanisms: the increase of the non-protein tlaol pnd the production of DGM.

Our data show that the mercury treatment (5-150 22WRy- exposure) induced a general
increase of the non-protein thiol pool: besidesaghione ang-EC, which are constitutively
expressed in the cell, HPLC analysis showed tharoeece of PC synthesis. Although it is
well known that marine phytoplankton can synthe$ts in response to a variety of metal
ions (Ahner et al., 1995; Rijstenbil and Wijnhold996; Morelli and Scarano 2001, 2004,
Kawakami et al., 2006; Le Faucheur et al., 2008tesnatic studies regarding their capability
to synthesize PCs in response to mercury are lgcktfowe and Merchant (1992), in a study

examining the ability of the green microalga Chlalmyonas reinhardtto produce metal-

binding peptides in response to Cd, Hg or Ag, regebthat Hg-treated cells exhibited a
transient but striking increase in glutathione Isybut were not able to accumulate
measurable amounts of PCs. Recently, much moremaftton has become available on the
effects of Hg on the non-protein thiol pool in ge(Gupta et al, 1998; Iglesia-Turino et al.,
2006; Israr et al., 2006; Rellan-Alvarez et al.0@0 Among these authors, general agreement
on the involvement of glutathione in Hg detoxificat can be observed. Only one paper
(Gupta et al., 1998) reports that, besides glutathi PCs can play a role in the Hg cellular
sequestration in two species of aquatic plants.

Our findings on the time course of the non-prothionl pool show that glutathione and
related peptides (PCs apdEC) undergo a rapid synthesis followed by a slosemrease of
their cellular concentration at longer exposureesimAt the end of the exposure, only the
level of PCs, but not that of glutathione arEC, remained altered in the Hg-treated cells
compared to the untreated ones. The restoringutdittione to basal levels (comparable to

those measured in the control culture) might inths/occurrence of a process of release of
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this thiol. Accordingly, Tang et al. (2005) demaastd an extracellular release of glutathione
by T. weissflogii cells under copper stress. Our findings seemggest a mechanism in
which the Hg taken up by the cells at the beginmihthe exposure could form Hg-GSH
complexes which might subsequently transfer theahiet into the newly formed PCs in
order to form more stable Hg-PCs complexes. Thadearn, could be released and /or
degraded more slowly. The occurrence of a similachmnism for Hg sequestration is
supported by an in vitretudy demonstrating that GSH can transfer HgR@s at

increasingly longer chain lengths (Mehra et al9@)9The initial formation of metal-
glutathione complexes followed by a transfer @ ittietal-induced PCs has been also

hypothesized to occur in Phaeodactylum tricornutumnaer Cd or Cu exposure (Morelli et al,

2002; Morelli and Scarano, 2004). In the presamd\stthe substantial stability of the [Hg]
concomitant with a decrease of the PC concentragilomg with the exposure time, doesn’t
exclude that other intracellular ligands might jg@ptate in the intracellular sequestration of
the metal. In a recent paper, Kelly et al. (20@poarted that a number of eukaryotic algae
were able to biotransform Hg(ll) inf»HgS at varying degrees and to accumulate thisimeta
species in the cell. Further studies are needetatdy this issue.

Our data show alterations of the non-protein thmbl at [Hg] > 5 nM, whereas at lower
concentrations we demonstrated that T. weissfleggapable of transforming mercury,
added as HgGJ into volatile Hg species. Other authors have satggl that eukaryotic
microorganisms, besides the prokaryotic ones, ednae mercury, but only few authors
measure DGM production directly. Ben-Bassat angevi§1978), Amyot et al. (1994) and
Vandal et al. (1991) found a correlation betwedorcphyll aconcentration and Hg°
formation rate suggesting that there is a link leemvproductivity and Hg reduction. Mason et
al. (1995) carried out measurements of DGM produadcin laboratory monocultures of a

number of phytoplankton species, including T. witsii, and demonstrated their capability
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of reducing Hg(ll) to Hg°, although the rate of uetion was insufficient to account for the
reduction rates observed in incubated field sampldg rate of DGM production measured

by these authors in T. weissflogi0.29 amol celt d*) was comparable to that measured in

the present study (2.6 amol ¢eti™®) at similar cellular density (5-7 x 1@ell L"), taking into
account the ten-fold higher [Hg] which we used.

Very little has been found in the literature on thechanisms involved in the Hg reduction in
eukaryotic microorganisms. Hg® production couldalve cell surface reduction, similar to
that found for other trace metals (Jones et aB7)®ather than a gene encoded Hg resistance
mechanism, as in the case of prokaryotic microdsgas. Ben-Bassat and Mayer (1977)

isolated from crude extracts of the green alga @emmidosaan intracellular fraction

(molecular weight < 1200 Da) responsible for Hguettbn, but its nature remains unknown.
Taken together, our results show that T. weissfliegable to activate a process of reduction
of Hg(ll) to Hg®, producing measurable amounts &ND when exposed even at low Hg
concentrations ([Hg] = 5 nM). At higher Hg concettiions ([Hg] = 10 -150 nM), the rate of
DGM production seems to be insufficient to prevdgtintracellular accumulation. In this
case, the Hg accumulated by the cells would indugeneral increases in the actual pool of

glutathione ang-EC, besides inducing an ex-novo synthesis of PCs.
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Figure captions

Figure 1. Percentage of inhibition of growth rate (1, dong$ day) of T. weissflogii
cultures under mercury exposure. Initial cell dgnsi1® cells L. Exposure time = 6 days.

Different symbols refer to two independent experitee

Figure 2. Patterns of glutathione), y-EC (V¥), PCs ¢) and [Hg]. (A) in T. weissflogii
cells exposed for 2 days to increasing Hg conctatrs Initial cell density = 1cells L.

Standard deviations refer to duplicate experiments.

Figure 3. Time course of the intracellular Hg concentratiol of the non-protein thiol pool
in T. weissflogiicells exposed to 150 nM Hg for 7 days. PC conedotr is expressed as the
sum of they-Glu-Cys units. Initial cell density = 2@ells L*. Standard deviations refer to

duplicate experiments.

Figure 4. Time course of the total dissolved Hg concentratieasured in the culture
medium either not inoculated() or inoculated with T. weissflogdells (@), together with
the cell-bound Hg concentration)( Culture media contained 5 nM HgG@nd were let
equilibrate for 3 days before inoculum. Standadiations refer to triplicate experiments.

Insert: growth curve of the T. weissflogiilture used for the experiment.
Figure5. Correlation between the percentage of total diesbmercury transformed into

DGM by cellsin 1 h (% DGM) vs. cellular dens{i#-B) or vs. [Hgliissin the mediun{C-D),

measured in a culture of T. weissflogikposed to mercury (culture conditions are replarie
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the caption of Fig.4). All the DGM production rai@® corrected for the abiotic production of

the culture medium.
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Table 1. DGM production in cultures of T. weissflogiontaining either live or

formaldehyde-killed cells, as well as in the cudtanedium after removing cells. Cells were

grown for 4 days in a culture medium with 5 nM Hg@ell density = 4-5 x 1Ccell L™,

The experiment was carried out in duplicate.

DGM (pmol L* hh

Light Dark
Culture with live cells (1) 8.7+0.8 47+1.8
Culture with killed cells (2) 46 +0.7 0.3+£0.2
Culture medium (3) 41+0.9 0.2+0.1
Live cells (1)-(3) 4.6 £0.8 45+0.9
Killed cells (2)-(3) 0.5+0.7 0.1+0.2
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