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Human activities have increased the levels of environmental palladium (Pd) worldwide. Due to the grow-
ing evidence of its toxicity, Pd pollution has become the focus of serious concern. Several studies have
given an account of the increasing concentration of Pd in aquatic ecosystems.

The aim of the current study is to analyze the physiological and molecular effects induced by Pd on
freshwater unicellular green algae. To do this, Pseudokirchneriella subcapitata (P. subcapitata) was exposed
in vitro to different concentrations (0.1, 0.25 and 0.5 mg1-!) of K, PdCly, a soluble salt of Pd, corresponding
to 0.03, 0.075 and 0.15mg1-! of Pd. The uptake and the effects on algal growth and morphology were
determined. The main results are that Pd is able to induce damage in P. subcapitata at a concentration
of 0.1 mgl-! of K,PdCly, with the damage becoming more evident at a concentration of 0.25 mg1-'of
K,PdCly; at a concentration of 0.5 mg 1= of K, PdCly, cellular degeneration occurs. The main cellular target
of Pd is the chloroplast, as shown by TEM and proteomic analysis. TEM analysis also showed accumulation
of precipitates, probably of Pd, in the chloroplasts, although further experiments are necessary to confirm
that these are Pd-precipitates. Amplified fragment length polymorphism analysis (AFLP) demonstrated
that Pd, even at the lowest concentration tested, induced randomly distributed DNA changes either

directly or indirectly in the algal genome and that oxidative processes were involved.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Platinum group elements (PGEs) include platinum (Pt), palla-
dium (Pd), rhodium (Rh), iridium (Ir), osmium (Os) and ruthenium
(Ru). Naturally present at very low concentrations, PGEs are pro-
gressively accumulating in the environment. In fact, PGEs are used
in an increasing number of applications (in the chemical, electrical,
electronic and glass industries; in the manufacture of jewellery; in
medicine). At present, the major source of Pt, Pd and Rh is automo-
tive catalytic converters. The three metals are released with catalyst
aging, essentially as metal particles bonded to fragments of the
ceramic support as a consequence of surface abrasion during car
operation (Gomez et al., 2002; Durand et al., 2008). PGE accumu-

Abbreviations: Pd, palladium; 2-DE, two-dimensional electrophoresis; Chla/b,
chlorophyll a/b; MS/MS, tandem mass spectrometry; LC-ESI-MS/MS, liquid
chromatography-electro spray tandem mass spectrometry; PGEs, platinum group
elements.
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lation has been reported in photosynthetic organisms (Ely et al.,
2001; Zechmeister et al., 2006; Pan et al., 2009), in zebra mussels
(Zimmermann et al., 2005), in raptors (Jensen et al., 2003; Ek et al.,
2004), and in human urine (Bocca et al., 2004).

Recent studies have clearly shown that Pd concentrations in
particular have increased over time, reaching levels up to several
hundreds of ngg~! in some road dust samples (Ravindra et al.,
2004), so that the metal is now the main component of traffic-
related pollution (Zereini et al., 2007). These results are consistent
with the increasing availability of diesel cars in which the recent
evolution of design tends to replace the platinum with palladium
in the catalyst (Fumagalli et al., 2010). Experiments made on road
dust samples with both deionised water and simulated rainwater
show that the solubility rate for Pd is relatively rapid (in compar-
ison to Pt and Rh) with 6% of the metallic palladium solubilised in
15 h(Parry and Jarvis, 2006). Furthermore, weathering of palladium
can be facilitated by the presence of chlorides that greatly lower its
reduction potential (Handbook of Chemistry and Physics - CRC); in
other words, formation of the [PdCl4]2~ complex can greatly pro-
mote the Pd solubilisation in water. High levels of Pd have been
found in several water ecosystems: up to 38.7ngg~! in sediments
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of the MélIndal river and up to 19.93 ng g~ ! in Boston Harbor surface
sediment (Moldovan et al., 2007; Tuit and Ravizza, 2000). Lower,
but significant concentrations of Pd have been detected in solu-
tion even in flowing waters, such as the Rhein river in Germany
(0.4ngl-1, ppt) (Ravindra et al., 2004) and in the water entering the
Varese sewage treatment plants (up to 2 ugl-!, ppb) (Fumagalli,
work in progress, 2010).

Palladium is even more critical than Pt and Rh with regard to its
biological effects (Jarvis et al., 2001). It is taken up by plants and
animals and shows negative effects even in very low concentra-
tions (Battke et al., 2008; Hoppstock and Sures, 2004). In addition,
this metal possesses a high affinity for the binding of DNA through
its interactions with phosphate residues, inducing the formation of
macrochelates. It has been shown that K, PdCly4, a water soluble salt
of Pd, reacts with natural and synthetic nucleic acids in vitro, pro-
ducing profound rearrangements in their structure (Fomina et al.,
2002).

Information about the mechanisms involved in the response of
freshwater unicellular algae to Pd stress is practically nonexistent,
despite their importance as primary producers and biological mon-
itoring organisms. The aim of this study was to investigate the
physiological and molecular effects of in vitro K,PdCl, treatment
on the unicellular green microalgae Pseudokirchneriella subcapitata.
The relationship between chemical pollution and alterations in the
biochemical processes of exposed organisms is of high importance
in environmental research. Molecular data can provide information
for understanding the environmental impact of chemical stressors
and help to find suitable biomarkers for exposure. Due to its sen-
sitivity (Mayer et al., 1997; Gueguen et al., 2003), P. subcapitata
is the model organism for freshwater algae and is widely used in
the algal growth inhibition test of the Organisation for Economic
Co-Operation and Development and US Environmental Protection
Agency.

We focused our attention on concentrations of 0.1, 0.25 and
0.5mgl-! of K,PdCly, corresponding to 0.03, 0.08 and 0.16 mg 1!
of Pd. These concentrations are quite high with respect to the con-
centrations of soluble Pd found in the environment, but are similar
to the total load of Pd (300-400ngg-1) that can be found in the
road dust (Ravindra et al., 2004; Fumagalli et al., 2010).

Our results indicate that Pd induced massive damage in P.
subcapitata at both the growth and the morphological levels.
Chloroplasts are the main Pd target, as shown by TEM, proteomic,
and pigment analysis. TEM data showed electron-opaque precip-
itates visible in the chloroplast membranes; their number was
proportional to the amount of Pd administered. These precipi-
tates were also observed in samples that were stained with uranyl
acetate and lead citrate excluded from the procedure for electron
microscopy, suggesting that they could be Pd-derived deposits.
Finally, amplified fragment length polymorphism (AFLP) analysis
(Vos et al,, 1995), a robust and highly informative DNA finger-
printing method, revealed that Pd is able to induce a great deal
of randomly distributed DNA damage in the algal genome.

2. Materials and methods
2.1. Synthesis of K;PdCly

A piece of Pd foil (99.9%, 1 mm thick, 2.615 g, 24.57 mmol) was
treated in an Erlenmeyer flask with aqua regia (a mixture of con-
centrated nitric acid and hydrochloric acid of 1:3, 3 ml, and 9ml,
respectively) and placed on a hot plate to yield, within 1h with
gentle boiling, a dark red solution. The solution was cautiously
reduced almost to dryness and treated with HCI (1-2 ml) to decom-
pose all the excess nitric acid; this operation was repeated twice
until the brown fumes subsided and then the solution was diluted

with water to ca. 100 ml and boiled. After addition of KCI (3.686 g,
49.44 mmol), the hot solution was filtered through a fritted glass
funnel to remove some minimal insoluble material, which was dis-
carded. The clear solution was evaporated until incipient formation
of a crystalline precipitate and then slowly cooled at room temper-
ature. Filtration and drying with air flow through a fritted glass
funnel yielded a first fraction of pure K,PdCly as fulvous crystals
(yield ca. 5.0 g, >60%). Anal.: % Found (calcd): Pd, 32.7 (32.6). Con-
centration of the mother liquor yielded a second, less pure fraction
of the product.

2.2. Algal culture conditions and palladium treatment

The axenic P. subcapitata Hindak strain was obtained from
the Collection of Algal Cultures, Gottingen, Germany (SAG
61.81, http://www.epsag.uni-goettingen.de/html/sag.html). The
stock algal cultures were maintained under gentle and continuous
shaking (100 cpm), controlled temperature (23+2°C) and con-
stant light irradiance (4000 + 500 lux). Cultures were periodically
checked for contamination on nutrient agar plates. The cultures
were subcultured weekly into 250-ml flasks containing 150 ml of
sterile algal culture medium (Charles and Searle, 1991; USEPA,
1994) to obtain an initial concentration of 2 x 10° cellml~!. Only
cultures in logarithmic phases were used for inoculation, and for
each experiment six flasks were inoculated for untreated (con-
trol) and treated cells. Algae were treated with K;PdCl, 15 h after
inoculation to allow cell adaptation before treatment. We treated
samples with 0.1, 0.25 and 0.5mgl-! of K,PdCl,, corresponding,
respectively, to 0.03,0.075 and 0.15 mg1~! of Pd. Controls consisted
of untreated cells. Cell proliferation was recorded over three time
points in a 72 h exposure period, and algal density was determined
by spectrophotometric measurement at 750 nm. Measurements
were repeated three times for each sample. After 72 h, algal cells
were collected, washed three times with 0.1 M EDTA MilliQ and
immediately used for pigment analysis or stored at —80°C until
for later use in AFLP and 2DE analysis. For atomic absorption, the
samples were lyophilized (VirTis 8L Benchtop Freeze Dryer) before
freezing.

2.3. K,PdCly uptake by algae

Dried samples were treated with 1 ml of HCl and 1 ml of hydro-
gen peroxide (H,0,) and almost reduced to dryness on a hotplate;
after addition of some HCI (0.2-1ml, to reach a final content of
approximately 1%), the samples were transferred to a suitable vol-
umetric flask (generally a 20-ml one), making up the volume with
Milli-Q water. Blanks were made with the same solvents and chem-
icals employed in the treatment and digestion of the samples, or
with just 1% HCl in Milli-Q water.

All the chemicals used for the sample pre-treatments and min-
eralization were for metal trace analysis (or equivalent) grade:
Milli-Q water (Millipore purification system); hydrochloric acid
(Baker 9530 for metal trace analysis, 36.5-38%); nitric acid (Baker
9598 for metal trace analysis, 69-70%); and H,0, (Fluka 95313,
not stabilized, 30%). Calibration standard solutions were prepared
daily from 1000 mgl-! standard solutions of Pd purchased from J.
T. Baker Instra-Analyzed.

Measurements were performed on a Thermo-Electron atomic
absorption spectrometer. Levels of Pd [ng mI~! (ppb)], were deter-
mined using a graphite furnace (GFAA) coupled with Zeeman
background correction. Thermal ramps with double drying and
washing steps were specifically developed (Table 1). Wavelength,
bandpass, and all other instrumental parameters were set accord-
ing to the usual recommendations of the instrument Cookbook.
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Table 1 Table 2
Thermal ramps for Pd GFAA. Sequences of adapters and primers used for AFLP analysis.
Temp. (°C) Time (s) Ramp (°Cs1) Type Name DNA sequence
Drying 90 5 5 EcoRI adapter 5'-CTC GTA GAC TGC GTA CC-3/
115 20 2 3'-CAT CTG ACG CAT GGT TAA-5
Ashing 800 5 50 Msel adapter 5-GAC GAT GAG TCC TGA G-3'
1200 30 100 3'-TAC TCA GGA CTC AT-5'
Atomization 2500 3 0 EcoRI+1 primer EOO 5'-GAC TGC GTA CCA ATT C-3’
Cleaning 2600 6 0 Msel +1 primer MO0 5'-GAT GAG TCC TGA GTA A-3'
EcoRI+3 primers E32 5-GAC TGC GTA CCA ATT CAA C-3'

Note the double drying and ashing steps.

2.4. Electron microscopy

Cells were included in 5% sodium alginate and then fixed in
3% glutaraldehyde. After a few days, the samples were repeatedly
rinsed in 0.1 M cacodylate buffer and post-fixed in cacodylate buffer
containing 1% osmium tetroxide, pH 6.9, for 2h at 4°C. Samples
were then dehydrated with increasing concentrations of ethanol
and embedded in Spurr resin. Ultra-thin sections (80 nm), obtained
using a Reichert Jung Ultracut E microtome, were stained with 3%
uranyl-acetate and lead citrate and observed with an EFTEM LEO
912AB transmission electron microscope (Zeiss) working at 80 kV.

2.5. Photosynthetic pigment analysis and Fv/Fm measure

Chlorophyll a (Chla), chlorophyll b (Chlb) and carotenoids were
extracted from algal samples in dimethylformamide (DMF), as
described by Moran and Porath (1980). In brief, algal suspensions
were harvested by centrifugation (5000 x g) at 4°C for 15 min.
Pellets were resuspended in 1 ml of algal culture medium. Then,
200-pl aliquots were incubated overnight in 800wl of DMF in
the dark at 4°C. All steps were performed in the dark at 4°C. All
the absorption spectra were recorded from 350 to 800 nm, with a
0.5 nm bandwidth and a scan rate of 200 nms~1.

Pigment concentration was calculated using the following equa-
tions (Porra et al., 1989):

Chlorophyll a (j.g/ml)=12.00 x (Abs664 — Abs750) — 3.11
x (Abs647 — Abs750)

Chlorophyll b (j.g/ml)=20.78 x (Abs647 — Abs750) — 4.88
x (Abs664 — Abs750)

Carotenoids (g/ml)=(Abs461 — 0.046 Abs664) x 4

Pigment content was normalized by dividing with cell number.

Measures were repeated three times for each sample.

Assay of photosystem II activity was performed by fast chloro-
phyll fluorescence according to Strasser et al. (1995), using the
Handy-Pea from Hansatech (King’s Lynn, England). 25 ml of cells
suspension was filtered by Millipore filter system on Millipore
Durapore filter (47-mm diameter, 0.22 wm pore size). Filters were
fixed in the leaf clips of the Handy-Pea and incubated in darkness for
20 min in Petri to prevent dehydration. For controls and treatments,
a minimum of 5 parallel measurements each were taken.

2.6. DNA extraction and AFLP analysis

DNA was extracted using the Plant Genomic DNA Miniprep Kit
(Sigma-Aldrich), starting from 100 mg of fresh algae material (P.
subcapitata is diploid with modest DNA content: C value=0.2 pg).
DNA concentration was estimated by electrophoresis on 0.7% of
agarose gel in TAE buffer for 1h at 100 mV. The gel was stained
in 0.5mg/ml of ethidium bromide and analyzed with a Gel Doc
2000 (Biorad, USA). The DNA concentration of each sample was
obtained by comparing ethidium bromide-stained band intensi-
ties with the N DNA standard. AFLP was performed as described in
Vos et al. (1995), except that genomic DNA (100 ng) was digested

E38 5'-GAC TGC GTA CCA ATT CACT-3'
Msel + 3 primers M38 5-GAT GAG TCC TGA GTA AACT-3’
M42 5'-GAT GAG TCC TGA GTA AAG T-3’

(2 h) with EcoRI (1 U) and Msel (1 U). The DNA fragments were lig-
ated (with T4-DNA ligase) to EcoRI (2.5 pmol) and Msel (25 pmol)
adaptersin afinal volume of 40 wl. Ligation reaction was performed
at 22°C for 2h. This mixture was used as the template in the
preamplification reaction containing DNA primers E00 and M0O
(Table 2) complementary to the core of the EcoRI and Msel adapter,
respectively. The 50-ul amplification mixture contained 30 pl of
digested/ligated DNA, 50 ng of the selected primers, 200 mM of
each of the 4 dNTPs, 0.5 U of Dynazyme Il (Finnzymes, Finland) and
5l of Dynazyme buffer. After 2 min at 94°C, amplification was
carried out for 20 cycles of denaturation (45 s at 94°C), annealing
(30s at 50°C) and extension (1 min at 72 °C). After a final elonga-
tion step (7 min at 72 °C), the preamplification product was diluted
1:20. The PCR products were amplified in a second round with
primers containing selective bases (Table 2); this was carried out
using primer pairs E32-M38, E32-M42, E38-M38, and E38-M42.
The EcoRI-primer was labeled using fluorescent 6-carboxy fluores-
cein (6-FAM) on the 5’ nucleotide. The temperature profile for this
step was the following: one cycle of 5min at 94°C, followed by
10 cycles of 30s at 94°C, 1 min at 65°C (for the first cycle, subse-
quently reduced each cycle by 1°C for the next nine cycles), and
1 min at 72 °C. This was followed by 25 cycles of 30 s at 94°C, 1 min
at 56°C and 1 min at 72 °C, before the PCR was terminated with a
final incubation step of 10 min at 72 °C. The amplified fragments
were fractionated and detected with an ABI PRISM 3130 Genetic
Analyzer (Applied Biosystems Inc., Foster City, CA, USA) with Data
Collection software, version 3.0 (ABI). AFLP analysis was performed
with GeneScan Analysis Software, version 4.0 (ABI), and the data
were assembled in binary format. Fragments were resolved using
capillary electrophoresis.

Each AFLP fragment was scored as a binary character for the
absence (—) or presence (+). Similar genotypes were defined as “a”
(a=++) or “d” (d=—-), while dissimilar genotypes were defined
as “b” (b=+-) or “c” (c=—+). The algorithm used to define genetic
similarity was the simple matching (SM) coefficient:

SMij:a+g+b+c+d,

where “a” and “d” are the numbers of bands present or absent,
respectively. Data were analyzed by the NTSYS-pc computer soft-
ware, and the matrices of similarity were then analyzed using the
UPGMA cluster method (Rohlf, 1993).

2.7. Protein sample preparation

Frozen cell pellets were homogenised in liquid nitrogen using
a mortar and pestle, with addition of quartz sand. Soluble pro-
teins were extracted in four volumes (w/v) of buffer containing
500mM Tris-HCI pH 8, 700mM sucrose, 10mM EDTA, 4 mM
ascorbic acid, 0.4% 2-mercaptoethanol, 0.2% Triton X-100 10%,
1mM phenylmethanesulfonyl fluoride (PMSF; Sigma, St. Louis,
MO, USA), 1M Leupeptin (Fluka, Stenheim, Germany), and
0.1 mgml~! Pefabloc (Fluka, Stenheim, Germany) and were sub-
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sequently stirred for 30 min at 4°C. After sonication three times
for 10s with intervals of 30s, the samples were centrifuged at
13,000 x g for 20min at 4°C. An equal volume of phenol satu-
rated with Tris—-HCl 0.1 M pH 8 was added to the supernatant,
and the phases were separated by centrifugation at 5000 x g for
20 min at 4°C. The proteins were precipitated by adding five vol-
umes of cold 0.1 M ammonium acetate in methanol to the phenol
phase, vortexing and incubating overnight at —20°C. The precip-
itates were recovered by centrifuging at 13,000 x g for 30 min,
washed with ammonium acetate in methanol and with acetone
80%, and then resuspended in the IEF solubilisation buffer (7 M urea,
2M thiourea, 4% 3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate (CHAPS), 50 mg ml~! dithiothreitol (DTT)). After
sample clarification at 13,000 x g for 10 min, the protein concen-
tration was measured by the Bio-Rad protein assay (Hercules, CA,
USA), using bovine serum albumin as a standard. The samples were
directly loaded for isoelectrofocusing (IEF) or stored in aliquots at
—80°C until use.

Three independent protein extractions were performed, and the
typical yield was 450 pg of protein g—! (fresh weight) from both
treated and control cells.

2.8. Two-dimensional IEF/SDS-PAGE

IEF was carried out with 600 g of soluble protein extract using
an immobilized 4-7 pH gradient (Immobiline DryStrip, 13 cm;
Amersham Biosciences, Uppsala, Sweden). The strips were rehy-
drated in the IPGphor system (Amersham Biosciences, Bucks, UK)
for 1h at 0V, 20°C and 10h at 30V, 16°C with a solubilisation
buffer containing 7M urea, 2 M thiourea, 4% CHAPS, 50 mg/ml of
DTT, 0.5% of carrier ampholyte (3-10 NL IPG buffer; Amersham
Biosciences, Uppsala, Sweden), bromophenol blue 0.005% and the
protein extracts. IEF was performed at 16 °C in the IPGphor system
(Amersham Biosciences, Uppsala, Sweden) for 4h at 200V, from
200 to 3500V in 30 min (gradient), 3h at 3500V, from 3500 to
8000V in 30 min (gradient), after which the run was continued at
8000V to give a total of 70 kVh.

Each focused strip was equilibrated for 30 min against 6 M
urea, 30% glycerol, 2% SDS, 50 mM Tris—-HCI pH 8.8, 2% DTT and
then a further 30 min with the substitution of the DTT with 2.5%
iodoacetamide in the equilibration buffer. The equilibrated strips
were placed on top of vertical 12.5% polyacrylamide gels (acry-
lamide/PDA 12.5% T, 2.6% C, 0.375 M Tris-HCl pH 8.8, TEMED 0.05
(v/v), APS 0.1% (p/v)). The molecular weight markers, covering a
10-250kDa range, were run on the acidic side of each gel. Elec-
trophoresis was performed at 4°C in a Laemmli running buffer
(25 mM Tris-HCl pH 8.3, 192 mM glycine, 0.1% SDS) for 30 min at
15 mA/gel, then at 45 mA/gel until the dye front reached the bottom
of the gel. Each extraction was analyzed by three gel replicates.

2.9. Staining and analysis of 2-D gels

Proteins were detected with colloidal Coomassie brilliant blue
(CBB) modified (Aina et al., 2007). Thereafter, gels were digital-
ized by ImageScanner (Amersham Bioscience, Uppsala, Sweden).
Image and data analysis of the scanned (300 dpi, 16-bit greyscale
pixel depth) gels as TIFF files was performed using the Image Mas-
ter 2D Platinum imaging software, version 5.0, which allows spot
detection, spot matching among multiple gels, background sub-
traction and quantitation. For this purpose, data were normalized
by expressing protein abundance as a percentage of spot volume
relative to the volume of total protein in the gel (vol.%). 2D gel
replicas for each condition tested were averaged, and the resulting
gels contained only spots present in all the replicates. The aver-
age gels were compared, and only proteins with a fold change of
+1.5, significant in Student’s t-test at a level of 95%, were accepted

as differentially expressed. These spots were selected for MS/MS
analysis.

2.10. Protein in-gel digestion, mass spectrometry analysis and
protein identification

Selected spots were excised from 2D-gels and stored in 50%
ethanol at 4°C until digestion. Spot digestion was performed as
described in Marsoni et al. (2008) with the same modifications. The
gel pieces were washed in H,O for 5 min and subsequently in 50%
acetonitrile (ACN) for the same amount of time. Then fragments
were dehydrated for 5min in 100% ACN, rehydrated for 5min in
100 mM ammonium bicarbonate and finally incubated in 50 mM
ammonium bicarbonate/50% ACN for 15 min. The gel pieces were
dried under vacuum on a centrifugal evaporator. For protein diges-
tion, trypsin solutions (Sequencing Grade Modified Trypsin V5111,
Promega, Madison) 12.5ngwl~! in 25 mM ammonium bicarbon-
ate, pH 7.8, containing 2.5 mM CaCl, (digestion buffer), was added
to each sample. After an incubation of 120 min at 4 °C, the super-
natants were replaced with digestion buffer and the samples were
incubated for 16 h at 37°C. Peptides were extracted as previously
described and dissolved in 25 w1 of 0.1% formic acid before analysis.

The extracted tryptic fragments were analyzed by
MS/MS after reverse phase separation of peptides (Liquid
Chromatography-Electro Spray Tandem Mass Spectrometry,
LC-ESI-MS/MS) as described in Vannini et al. (2009).

Protein identifications were conducted by correlation of unin-
terpreted tandem mass spectra to the entries of a non-redundant
and/or EST-viridiplantae protein database using MASCOT open
source (http://www.matrixscience.com). Unsuccessful protein
identifications or those with borderline statistical confidence were
submitted to de novo sequencing. MS/MS spectra of these pro-
teins were de novo interpreted by PepNovo software using default
parameters (http://proteomics.ucsd.edu/Software/PepNovo.html)
to obtain amino acid sequences independently of database
searches. Only PepNovo results that received a mean reliability
score of at least 0.5 were accepted. These sequences were fur-
ther edited according to MS BLAST rules, and an MS BLAST search
was performed against the nr database at http://www.dove.embl-
heidelberg.de/Blast2/msblast.html with default parameters. The
Mowse and MS BLAST scoring system were used to correctly iden-
tify proteins that had a minimum of two matched peptides and
a molecular weight predicted to be in good agreement with that
estimated from SDS-PAGE.

2.11. Semiquantitative RT-PCR experiments

Total RNA was extracted using the TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions.
First strand cDNA was synthesized from 2 g of total RNA using
Enanched Avian RT first strand Synthesis kit (Sigma). PCR primers
and the thermal cycling parameters for each gene were listed in
Table 3. The 18S RNA was used as the inner control. The PCR
products were isolated by 1.2% agarose gel electrophoresis. All
experiments were repeated two times.

3. Results
3.1. Uptake of palladium by algal cells

In our in vitro assay, cells were subjected to a single-pulse of
K,;PdCl4 15h after inoculation to allow cells to recover from the
effect of the subculture before exposing them to the treatment.
After 72 h of treatment, a significant amount of Pd accumulated
in all treated samples (Fig. 1): Pd absorption increased when the
concentration of K,PdCl, increased from 0.1 to 0.5mgl-1,
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Table 3
Specific primers used for RT-PCR of genes encoding the changed proteins identified by 2-DE analysis.
Accession No. Name Forward primer 5’ — 3’ Reverse primer (5 — 3) Annealing T
(°C)/cycles number
216688899 18S rRNA CATGATAACTCGACGGATCG GAAGGCCAACGTAATAGGAC 55/20
gi|131389 Oxygen-evolving enhancer protein 2, precursor TGCCGCTCTGGTGTCCTCGA TGGGTCTCGCCGGAGTAGGC 60/35
£i1159476190 Photosystem II stability/assembly factor HCF136 CAAGCTGCCCGGTAAGGGGGTG CCAGGATTCCAAAGCCGCGC 60/35
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Fig. 1. Pd accumulation in treated samples. Cell samples were collected at 72 h after
treatment with 0 (black bar), 0.1 mgl~' (grey bar), 0.25mg1~" (light grey bar) and
0.5mgl-! (white bar) of K;PdCl,. Values are mean + SD (n = 3). Values are mean + SD
(n=3). Significance was revealed by Student’s t-test (*p<0.05) referred to change
between control and treated samples.
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Fig. 2. Growth kinetics of Pd-treated versus control algal cells. Cell samples were
collected at 24h intervals after treatment with O (black bar), 0.1 mgl-! (grey
bar), 0.25mgl-! (light grey bar) and 0.5mgl~! (white bar) of K,PdCly. Values are
mean + SD (n=3). Significance was revealed by Student’s t-test (*p <0.05, **p<0.01,
referred to change between control and treated samples).

3.2. Algal growth and photosynthetic pigment composition in
response to K,PdCly

K, PdCly4 appeared to be an inhibitor of algal cell growth, as evi-
denced by the change in the growth rate (Fig. 2). When exposed
treated with 0.1 and 0.25mgl~! of K,PdCl, for 72h, cell growth
showed a significant decrease (11% and 19%, respectively) com-

Table 4

Photosynthetic pigment concentration and Fv/Fm ratio in control and treated algae.

pared to the control. Algal growth is blocked completely at a
K,PdCl, concentration of 0.5 mgl1-1.

As reported in Table 4, K;PdCly significantly decreased pigment
(Chla, Chlb and carotenoids) content even at the lowest concen-
tration. However, we did not observe any statistically significant
change in the Chl a/b ratio. The value of Fv/Fm recorded during Pd
treatment showed a significant decrease only at 0.25mgl-1.

3.3. Cell ultrastructural analysis in response to treatment

TEM examination showed significant differences among the
examined samples (Figs. 3 and 4).

Cells treated with 0.1 mg1-! of K,PdCl4 were similar to controls
withrespectto shape, size and ultrastructure. Only 10% of cells were
degenerated and, as in the controls, about 50% of chloroplasts con-
tained starch granules. However, in numerous chloroplasts, some
grana showed dilated thylakoids or isolated thylakoids that did not
form grana were present. Some electron-opaque precipitates were
visible in the chloroplast membranes.

Insamples treated with 0.25 mg 1! of K, PdCls, about 40% of cells
were degenerated. Cells were often swollen and their cytoplasm
filled with vacuolated spaces. In the major part of the chloro-
plasts, grana were absent: chloroplastic membranes were severely
reduced and often swollen as compared to controls. Only 30% of
the chloroplasts contained starch granules. Numerous electron-
opaque precipitates were present in the chloroplasts, particularly
associated with inner membranes.

These degenerative effects of Pd exposure were more evident
at 0.5mgl-! of K,PdCly, at which concentration cells lost their
crescent-moon shape and about 60% of them exhibited large vac-
uolated spaces. Nuclear membranes were inconspicuous and not
compact, and the nucleolus was less apparent than in control
cells. Most (90%) of the chloroplasts contained no starch granules
and grana; thylakoid membranes were poorly developed. In these
samples, chloroplasts contained numerous electron-opaque pre-
cipitates. In very degenerated cells, these deposits were widely
distributed throughout the cell and were frequently associated
with mitochondria. These precipitates were visible even in sam-
ples that were stained with uranyl acetate and lead citrate excluded
from the procedure for electron microscopy.

3.4. DNA damage in response to Pd

To evaluate the effect of Pd on algal DNA, AFLP was performed on
0.1 and 0.25 mgl~! of K,PdCl,-treated samples because the ultra-
structural analysis showed that, at these concentrations, the cell
nucleus was intact. On the contrary, at 0.5 mg1~! the nuclear mem-

g Chla/108 cell g Chlb/108 cell g Car./108 cell Chla/Chlb Fv[Fm
C 50.25 £ 2 6.71 £ 0.5 1738 + 0.8 7.51 £ 0.7 0.69 + 0.01
T1 39.04 + 3 5.52 + 0.7° 1418 + 17 7.10+ 04 0.66 + 0.04
T2 2724 + 37 338+ 04" 10.33 £ 0.4~ 8.06 + 0.4 0.64 + 0.02”

C, control; T1 and T2, cells treated with 0.1 mg1~" and 0.25 mg1-" of K,PdCly. Values showed are mean=SD (n=3).

" p<0.05 (referred to change between C/T1 and T2).
" p<0.01 (referred to change between C/T1 and T2).
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Fig. 3. TEM micrographs showing ultrastructure in control cells (A and B) and ultra-
structural changes in cells treated for 72 h with 0.1 mgl-' (C and D), 0.25mgl-!
(E and F) and 0.5 mgl~! (G and H) of K,PdCly. V, vacuole; C, chloroplast; G, Golgi
apparatus; m, mitochondrion; N, nucleus.

brane was inconspicuous, suggesting an imminent degeneration of
this cellular organ and DNA fragmentation. Samples of three differ-
ent experiments were analyzed for each tested and control sample.
Six AFLP primer pair combinations were used. The DNA profile
of treated algae was compared with the DNA of control samples.
The analysis revealed 169 bands, 120 of which were polymorphic
(Table 5). AFLP markers were found to be highly reproducible, with
an overall error rate of 2-3% (Vos et al., 1995); thus the few poly-
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Table 5
Number of total bands, polymorphic bands and percent of polymorphism of the 6
primer combinations used for AFLP analysis.

Primer combinations Total bands Polymorphic % of
bands polymorphism

E01-MO1 43 26 60

E01-M02 35 22 63

E33-M01 21 15 71

E34-MO01 19 15 79

E34-M02 24 20 83

E39-M01 27 22 81

Total 169 120

morphisms (four bands) detected in three control samples were
considered negligible. These data indicate the genetic homogene-
ity of the P. subcapitata strain used in the study and its suitability
for genotoxic testing.

In the case of treated samples, different polymorphic bands were
detected in all tested concentration of pollutant; however, only
11 of the 120 polymorphic bands were common in almost two
samples. Results of AFLP analysis were summarized in the dendro-
gram reported in Fig. 5 showing the genomic relationships among
controls and treated samples. The similarity index among acces-
sions varies from 1 (full genomic similarity) to 0.57. Significant
levels of genomic modification were detected starting from algae
treated with 0.10 mg1-! of K, PdCl. A clear correlation between the
detected polymorphic bands and the increasing Pd concentration
was evident from the simple matching value observed from each
treatment.

3.5. 2-DE analysis of K,PdCly treated algal proteins

High-resolution 2-DE was used to separate total soluble proteins
from P. subcapitata treated for 72 hwith 0.3 mg 1! of K, PdCl,. Three
independent experiments and extractions were completed and, for
each sample, at least triplicate gels were performed, which showed
a high level of reproducibility. Representative 2-DE gels from a con-
trol and treated algal sample are shown in Fig. 6. More than 900
spots were well resolved and detected by colloidal CBB staining,
over a pH range of 4-7 and a size range of 10-100 kDa. All spots
were matched by gel-to-gel comparison, and the difference in the
relative abundance (vol.%) of each spot was analyzed. We focused
our attention on the spots whose abundance differed by +1.5 fold
between the treated and non-treated cells, and we selected 40 sta-
tistically confirmed protein variations between control and treated
samples.

Excised spots were in-gel digested and analyzed by LC-ESI-
MS/MS. The proteins were identified by comparing MS/MS data to
the entries of a non-redundant protein database using the MASCOT
program. If protein identity had not been assigned, mass spectra
were interpreted de novo by PepNovo software in order to obtain
sequences for the database search. In total, 27 proteins were identi-
fied with a significant level of confidence (Table 6). The 27 identified
proteins are indicated on the representative gel shown in Fig. 6.
In treated versus non-treated algae, only five proteins were up-
regulated, while 22 proteins were down-regulated. It is noteworthy
that the majority of proteins (24/27) affected by Pd were putatively
localized in the chloroplast, as predicted by the PSORT/PSORT II
program. The identified proteins were sorted into different func-
tional categories as follows: photosynthesis (12), metabolism (6),
disease/defence (3), protein synthesis and folding (4) and signal
transduction/regulation (2).

Eleven proteins involved in photosynthesis were down-
regulated. These include enzymes involved in carbon fixation,
such asribulose-1,5-biphosphate carboxylase/oxigenase (RuBisCO)
large subunit-binding protein subunit alpha (spot 164) and
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Fig. 4. TEM micrographs showing electron-opaque precipitates (— ) in chloroplast membranes: control cells (A), cell treated for 72 h with 0.1 mgI-! (C), 0.25mgI-! (F) and
0.5mgl~" of K,PdCl, with (H) and without (I) uranyl acetate and lead citrate in TEM procedure. », thylakoids; C, chloroplast; G, Golgi apparatus.

SM coefficient
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Fig. 5. Dendrogram, produced with the UPGMA method, showing simple matching (SM) coefficient distance among the control (Ca, Cb, and Cc) and treated for 72 h with
0.1mgl-" (T1a, T1b, T1c), with 0.25 mg1-' (T2.5a, T2.5b, T2.5¢) of K,PdCls. The dendrogram was based on a total of 169 scorable AFLP bands.

RuBisCO activase (spot 1255). In Pd-exposed cells, we also observed
a decrease in chloroplast thioredoxin m (TRXm, spot 566), in plas-
tocyanin (spot 582) and in different proteins of the PSII complex,
including oxygen-evolving enhancer protein 2, chloroplastic pre-
cursor (spot 502), and four light-harvesting chlorophyll-a/b binding
proteins (spots 1933, 693, 1940, 566).Moreover, we found that Pd
changes the abundance of three proteins involved in chloroplast
post-transcriptional gene control: a translation inhibitor protein
(spot 967), the chloroplast polyprotein of elongation factor Ts

precursor (spot 1204) and the protein disulfide isomerase RB60
(spot 1799). Pd exposure down-regulates the chloroplast vesicle-
inducing protein in plastid 1 (spot 906) and the HCF136 protein
(spot 326).

3.6. Semiquantitative RT-PCR analysis

Semiquantitative RT-PCR analyses were performed to detect the
level of mRNA expression of two genes corresponding to proteins
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Fig. 6. Gels of control and treated sample for 72 h with 0.25mg1~! of K,PdCls. 600 g of proteins was separated in the first dimension on an immobilized 4-7 pH gradient
and in the second dimension on a 12.5% acrylamide-SDS gel. The gels are stained with colloidal CBB. The numbered spots were identified and the derived data are listed in

Table 5.



Table 6
Results of protein identification by MS/MS.

Protein spot NCBI accession number Organism Protein name Fold-of variation® Loc. MS/MS (MASCOT) MW (Da)/pl

Score Pept. Theor. Exp.
Photosynthesis
164 £1|2493647 Chlamydomonas reinhardtii RuBisCO large subunit-binding protein subunit alpha 0.3 Chl 96 2 61.9/5.6 60.0/5.0
1255 gi|1805719 Chlorococcum littorale Rubisco activase 0.4 Chl 408 7 44.7/8.6 55/6.2
913 €i|1594657214 Chlamydomonas reinhardtii Ribulose phosphate-3-epimerase, precursor 21 Chl 106 1 28.6/8.6 45.0/6.1
582 €i|130263" Chlorella fusca Plastocyanin 0.5 Chl 10.3/4.3 11.0/4.3
502 gi|131389° Chlamydomonas reinhardtii Oxygen-evolving enhancer protein 2, precursor 0.4 Chl 25.8/9.14 23.0/6.6
1933 gi|75220830> Euglena gracilis Light harvesting chlorophyll a/b binding protein of PSII 0.5 Chl 112.2/5.0 23.0/6.5
693 gi|27542567> Chlamydomonas reinhardtii Light-harvesting chlorophyll-a/b binding protein Lhcb4 04 Chl 29.9/6.2 25.0/5.0
1940 2i|59025964 Volvox carteri f. nagariensis Light harvesting complex a protein 0.6 Chl 72 1 26.0/9.1 24.0/6.2
566 gi|2570513P Oryza sativa Indica Group Chlorophyll a-b binding protein <0.01 Chl 28.6/6.6 20.0/5.0
326 gi|159476190 Chlamydomonas reinhardtii Photosystem II stability/assembly factor HCF136 0.6 Chl 69 2 26.0/9.1 35.0/6.7
374 211159491082 Chlamydomonas reinhardtii Phosphoglycolate phosphatase 1 0.6 Chl 170 3 36.2/7.62 40.0/5.5
906 gi|75115534P Chlamydomonas reinhardtii Chloroplast vesicle-inducing protein in plastids 1 0.6 Chl 31.6/9.4 26.0/6.0
Metabolism
1511 gi/67569438? Physcomitrella patens NADH-ubiquinone oxidoreductase 1, chain, putative 0.6 Chl 132 2 25.6/5.38 24.0/5.3
334 2i|1068695682 Scenedesmus obliquus Apospory-associated protein C 0.6 Mit 113 2 34.0/6.5 34.0/6.1
1073 gi|48093455 Nicotiana tabacum ADH-like UDP-glucose dehydrogenase 3.2 Cyt 487 10 41.2/6.2 43.0/7.0
1780 gi|752627734 Chlamydomonas reinhardtii Malate dehydrogenase 0.6 Chl 55 1 44.8/8.0 45.0/6.0
1027 gi|111608895 Polytomella parva Enoyl-ACP reductase 2.2 Chl 218 3 35.9/9.4 35.0/6.8
550 gi|18655355P Arabidopsis thaliana Probable phospholipid hydroperoxide glutathione peroxidase 0.4 Mit/Chl 25.6/9.4 17.0/6.5
Signal transduction/regulation
371 gi|75225676> Oriza sativa Putative DNA-binding protein 0.6 Chl 56.5/8.7 30.0/6.3
1900 £i|15228931P Arabidopsis thaliana TENA/THI-4 family protein <0.01 Chl 25.0/4.9 23.0/5.2
Disease/defence
984 gi|75265583P Volvox carteri f. nagariensis Hydroxyproline-rich glycoprotein DZ-HRGP precursor 1.7 Chl 41.0/12.0 29.0/6.3
566 gi|1729935P Chlamydomonas reinhardtii Thioredoxin M-type <0.01 Chl 15.0/9.33 15.0/5.0
1494 €i|84029333P Oryza sativa Methylglyoxalase/glyoxalase I 21 Cyt 32.5/5.5 33.0/5.7
Protein synthesis/folding
1799 gi|75318329> Chlamydomonas reinhardtii Protein disulfide isomerase RB60 1.8 Er/Chl 58.2/4.8 61.0/5.7
530 2i|21281119P Arabidopsis thaliana Putative FKBP type peptidyl-prolyl cis-trans isomerase 0.3 Chl 24.0/8.4 18.0/5.5
1204 gi|75251324b Chlamydomonas reinhardtii Chloroplast polyprotein of elongation factor Ts precursor 2.1 Mit/Chl 108/4.5 60.0/6.7
967 gi|75148429> Gentiana triflora Perchloric acid soluble translation inhibitor protein homolog <0.01 Chl 19.6/7.6 29.0/5.5

Cyt, cytoplasm; Er, endoplasmic reticle; Chl, chloroplast; Mit, mitochondrion. The value ‘<0.01’ means that the protein spot is not present exclusively under the condition reporting this value.

2 Protein founded in the EST database. The name, the molecular weight and the isoelectric point of the protein were annotated by BLAST search.
b Proteins identified by de novo analysis.

¢ Fold of variation, treated versus control.

d Borderline hits confirmed by de novo analysis.
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Fig. 7. Representative image of RT-PCR mRNA expression analysis of two genes
that displayed differential accumulation on 2-D protein maps (Fig. 6). Total RNA was
extracted from non treated cells (C) and samples treated with 0.25 mg1-! of K, PdCly
(T). The housekeeping gene 18S rRNA which displays constitutive expression in all
samples was used as internal control.

that were found to be differentially-accumulated in Pd treated cells.
As shown in Fig. 7, significant decreases at the protein level were
confirmed at the mRNA level for Oxygen-evolving enhancer protein
2, precursor and Photosystem Il stability/assembly factor HCF136.

4. Discussion

The aim of this work was to study the physiological and molecu-
lar responses of the unicellular green algae P. subcapitata to K, PdCly
exposure. Treated cells were able to internalize Pd, as shown by
atomic absorption analysis. Pd absorption affected algal growth.
After 72 h of treatment with 0.25mgl-! of K,PdCl, algal growth
was significantly diminished, and it was completely blocked at
0.5mgl-1. TEM observations indicate that K,PdCl4 begins to lead
to cellular degeneration at a concentration of 0.10mgl-! and
actively does so at 0.25 and 0.5mgl-!. In particular, the chloro-
plast appears to be the major target of the deleterious effect of
Pd, with swelling, severe reduction of the thylakoid membranes
and very little or no starch. Interestingly, only in treated cells,
we observed electron-opaque precipitates, which increased with
the exposure level. These precipitates were preferentially local-
ized in the inner membranes of the chloroplast. Molas (1997)
observed similar precipitates in Brassica oleracea leaf chloroplasts
treated with Nickel. He proposed that they might be Ni-precipitates
induced by the uranyl acetate used for the staining of the ultra-thin
sections. As Ni and Pd belong to the same metal group, we could
hypothesize that Pd-precipitates formed in the chloroplast of our
samples. To test this, and to exclude the possibility that these pre-
cipitates are staining artefacts, we analyzed samples treated with
0.5mgl-! of K,PdCly in the absence of uranyl acetate and lead
citrate. We again observed the presence of the electron-dense pre-
cipitates, showing that these Pd-precipitates are not due to uranyl
acetate. Further experiments are necessary to confirm the prefer-
ential accumulation of Pd in the chloroplast of P. subcapitata.The
proteomic data confirmed the deleterious effect of palladium on
the chloroplast. The down-regulation of enzymes involved in car-
bon fixation (RuBisCO large subunit-binding protein subunit alpha
and RuBisCO activase) indicates that Pd-treated algae have a low-
ered capacity for CO, fixation. In Pd-exposed cells, also chloroplast
TRXm was down-regulated. TRXs are involved in the regulation
of carbon fixation enzymes by light, and their expression is regu-
lated by heavy metals (Lemaire et al., 1999). In Anacystis nidulans,
the disruption of the thioredoxin m gene showed that this pro-
tein is essential for photosynthetic growth (Muller and Buchanan,
1989). More recently, the study of rice TRX m knock-down plants
suggested that this protein has an essential role in the redox regula-
tion of chloroplast target proteins involved in diverse physiological
functions. The suppression of carbon fixation in Pd-treated cells
correlates with TEM observations that Pd-treated cells present
very few chloroplasts with starch granules. The observed down-
regulation of proteins involved in the light phase of photosynthesis
(plastocyanin, oxygen-evolving enhancer protein 2, chloroplastic

precursor, four light-harvesting chlorophyll-a/b binding proteins)
could counterbalance the lowering of carbon fixation, the major
sink for ATP and NAPDH, to avoid photooxidative damage. The
up-regulation of two enzymes potentially involved in the oxida-
tive pentose phosphate pathway (ribulose phosphate-3-epimerase
and ADH-like UDP-glucose dehydrogenase) could be related to a
compensatory mechanism to produce ATP/NADPH in Pd-treated
cells. These inhibitory effects of Pd on photosynthetic apparatus
were confirmed by a strong decrease of all photosynthetic pig-
ments and of Fv/Fm values. Overall, these data are in accordance
with several reports showing that the accumulation of metals
in leaves can severely inhibit the photosynthesis process, reduc-
ing the chlorophyll content, down-regulating RuBisCO and other
photosynthesis-related proteins, and damaging the ultra-structure
of chloroplasts (Kieffer et al., 2008; Fiihrs et al., 2008; Ahsan et al.,
2009).

Pd also seems to affect chloroplast biogenesis. In the chloroplast,
where proteins of the photosynthetic apparatus and the carbon-
fixation enzymes are synthesized, gene expression is primarily
controlled post-transcriptionally by mechanisms affecting mRNA
splicing, RNA stability and translation (Mayfield et al., 1995; Barkan
and Goldschmidt-Clermont, 2000). We found that Pd changes the
abundance of proteins involved in this pathways: a translation
inhibitor protein, the chloroplast polyprotein of elongation fac-
tor Ts precursor, the protein disulfide isomerase RB60 that can
act as a regulator of chloroplast translational activation (Kim and
Mayfield, 1997).Finally, Pd treatment seems to alter the assembly
of the subunits into a fully functional structure that is important
for chloroplast biogenesis. In fact, Pd down-regulates the chloro-
plast vesicle-inducing protein in plastid 1, an essential protein
involved in the formation of vesicles leading to thylakoid bio-
genesis: mutation of this polypeptide leads to pale-green plants
that cannot grow as photoautotrophs (Kroll et al., 2001). Also the
HCF136 protein, an essential factor for the stable assembly of the
PSIIreaction centre in Arabidopsis (Pliicken et al., 2002; Nixon et al.,
2010), resulted down-regulated. In Pd-treated cells, we observed
an increase in glyoxalase I which plays a key role in the detoxi-
fication of methylglyoxal (MG). MG is a cytotoxic compound that
is produced as a non-enzymatic byproduct of glycolysis and that
accumulates in response to several abiotic stresses (Yadav et al.,
2005). MG can react with and modify various molecular targets,
including DNA.The Pd-induced morphological modifications could
be the result of genetic alteration. In fact, AFLP analysis demon-
strates that Pd induces DNA changes in algal cells, even at the lowest
concentration tested. In addition, the absence of preferential muta-
tion sites suggests that the DNA damage induced by palladium was
randomly distributed in the algal genome. This is in agreement with
previously conducted tests of different metals on algal cells (Labra
et al., 2003) and from genotoxic tests conducted with Pd on mam-
malian cells (Migliore et al., 2002), suggesting that this metal is able
to induce DNA oxidative damage. Generally, a high concentration
of metals in cells results in the formation of a DNA adduct, named
8-oxoguanine, which is induced by reactive oxygen species (ROS,
Briat and Lebrun, 1999). Most adducts can be removed by DNA
repair mechanisms (Snow, 1992) and hence do not cause muta-
tions. If misrepair occurs, guanosine may be changed to thymidine,
leading to a single base mutation (Faux et al., 1992). It is possi-
ble that AFLP polymorphisms are due to mutations in restriction
sequences recognised by the enzymes used, particularly those in
the EcoRI target site (GAATTC) as the Msel site does not contain
guanosine. The polymorphic products could also be due to random
breaks in the DNA induced by palladium (Uno and Morita, 1993;
Gebel et al., 1997).

In summary, our data suggest that K, PdCl, is a strong stressor for
P. subcapitata even at the lowest concentration tested. Proteomic
analysis showed that Pd induces important deleterious effects on
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primary metabolism; AFLP results indicate a clear mutagenic effect
on the algal genome, which is due to a direct or indirect effect and
involves oxidative processes. These molecular effects are respon-
sible for the observed decrease in algal growth, the morphological
changes and the pigment and photosynthetic modifications. Over-
all, these data suggest that P. subcapitata is a sensitive organism
suitable to monitor for the presence of Pd in water.
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