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Abstract

Xenobiotic chlorinated phenols have been found in fresh and marine waters and are toxic to many aquatic organisms. Metabolism of
2,4-dichlorophenol (2,4-DCP) in the marine microalga Tetraselmis marina was studied. The microalga removed more than 1 mM of
2,4-DCP in a 2 l photobioreactor over a 6 day period. Two metabolites, more polar than 2,4-DCP, were detected in the growth medium
by reverse phase HPLC and their concentrations increased at the expense of 2,4-DCP. The metabolites were isolated by a C8 HPLC
column and identified as 2,4-dichlorophenyl-b-D-glucopyranoside (DCPG) and 2,4-dichlorophenyl-b-D-(6-O-malonyl)-glucopyranoside
(DCPGM) by electrospray ionization-mass spectrometric analysis in a negative ion mode. The molecular structures of 2,4-DCPG
and 2,4-CPGM were further confirmed by enzymatic and alkaline hydrolyses. Thus, it was concluded that the major pathway of
2,4-DCP metabolism in T. marina involves an initial conjugation of 2,4-DCP to glucose to form 2,4-dichlorophenyl-b-D-glucopyrano-
side, followed by acylation of the glucoconjugate to form 2,4-dichlorophenyl-b-D-(6-O-malonyl)-glucopyranoside. The microalga ability
to detoxify dichlorophenol congeners other than 2,4-DCP was also investigated. This work provides the first evidence that microalgae
can use a combined glucosyl and malonyl transfer to detoxify xenobiotics such as dichlorophenols.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Chlorophenols are an important class of xenobiotics
that have been extensively used in the production of pesti-
cides, herbicides, and wood preservatives. They are listed as
priority environmental pollutants by the US EPA because
of their high toxicity, carcinogenicity, and persistence
(ATSDR, 2005). 2,4-Dichlorophenol (2,4-DCP) is mainly
used in the production of the herbicide 2,4-D. Although
its use has been strictly restrained there is still a great
amount of 2,4-DCP containing wastewater being drained
into the marine environment every year (Pereira et al.,
0031-9422/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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1988). The presence of 2,4-DCP in marine environments
has been demonstrated (Dimou et al., 2006; Kot-Wasik
et al., 2004).

Chlorophenols exert a toxic effect on microorganisms by
disrupting energy transduction, either by uncoupling oxi-
dative and photosynthetic phosphorylation or by inhibiting
electron transport (Escher et al., 1996; Tissut et al., 1987).
Their toxicity increases with the degree of chlorination of
the phenol ring. Thus, the pollution of coastal sea waters
by chlorophenols could modify the biota of this environ-
ment (Fleming, 1995). In a model seawater ecosystem with
North Sea coastal plankton communities, 1.0 mg l�1 of
2,4-dichlorophenol or 4-chlorophenol significantly inhib-
ited growth of phytoplankton and zooplankton and
also caused changes in species composition of the
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Fig. 1. Growth of T. marina in the photobioreactor in the presence (d)
and absence (s) of 2,4-DCP. Removal of 2,4-DCP (h) is also presented.
Arrows indicate 2,4-DCP addition. Each point represents the average of
three measurements. The relative standard deviation of replicate mea-
surements was lower than 1.5% in all cases.
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phytoplankton community (Kuiper and Hanstveit, 1984).
Depending on the species and chlorophenol tested, LC50

values that have been reported range between 0.002 to
9.8 mg l�1 for marine molluscs, marine crustaceans and
marine fish (USEPA, 1980).

Higher plant species have been shown to metabolize a
broad range of xenobiotics. Metabolism and detoxification
of xenobiotics in plants can generally be divided into three
phases: In Phase I (transformation) the xenobiotic may be
oxidized, reduced or hydrolysed to introduce or reveal a
functional group. In Phase II (conjugation) the xenobiotic
or the phase I-activated metabolite is conjugated to glu-
cose, malonate or glutathione by the respective transferases
to form a water-soluble conjugate. Finally, phase III
metabolism (compartmentation) either converts phase II
metabolites to insoluble residues or conjugates them to
an additional molecule (Sandermann, 1992; Coleman
et al., 1997; Hall et al., 2001).

In the case of phenolic xenobiotics, their metabolism in
higher plants most commonly proceeds with the formation
of b-O-glucosides by the action of uridine diphosphate
(UDP)-glucosyltransferases. The glucosylated phenols fre-
quently undergo further metabolism forming 6-O-malonate
hemi-ester glucose conjugates by the action of malonyl CoA
transferase on glucose conjugates in the presence of malonyl
CoA (Lamoureux and Rusness, 1986). There is evidence
that malonate addition is an important determinant for vac-
uolar targeting (Edwards and Gatehouse, 1999).

Glucosidation of chlorophenols and/or subsequent mal-
onylation have been mostly described in terrestrial angio-
sperms – soybean, wheat and cotton being some
examples (Schmitt et al., 1985; Pascal-Lorbel et al., 2003;
Laurent et al., 2000) but in the aquatic angiosperms Lemna

gibba and Lemna minor as well (Sharma et al., 1997; Day
and Saunders, 2004). Pridham (1964) reported that within
10 species of macroalgae (freshwater and marine) no glu-
cosylation of the phenolic compounds quinol and resor-
cinol was observed. Later Pflugmacher and Sandermann
(1998) showed that several marine macroalgae had O-glu-
cosyltransferase activities on chlorophenols. Given the
widespread distribution and ecological importance of mar-
ine microalgae as primer producers and basis of the food
chain it is important to determine their metabolic response
to chlorophenols.

Data concerning chlorophenol metabolism by marine
microalgae is limited to diatoms. Thalassiosira sp. degraded
phenol exhibiting both protocatechuate 3,4-dioxygenase
and protocatechuate 4,5-dioxygenase (ortho- and meta-
cleavage) activities. Cell-free extracts of this diatom previ-
ously grown on phenol were capable of dechlorinating
monochlorophenols, 3,5-dichlorophenol and 2,4,6-trichlo-
rophenol (Lovell et al., 2002). Yang et al. (2002) suggested
that the principal mechanism involved in the degradation
of 2,4-dichlorophenol in Skeletonema costatum was gluta-
thione conjugation since addition of glutathione to the dia-
tom culture enhanced biodegradation with no significant
increase in biomass.
Tetraselmis marina is a costal green microalga. Its ability
to grow on and remove monosubstituted chlorophenols,
with a higher efficiency to the para-substituted one (p-chlo-
rophenol), from a marine medium has been previously
shown. In closed static flasks and under continuous illumi-
nation with 1 g l�1 NaHCO3 initial concentration T. mar-
ina removed 65% of 20 mg l�1 in a 10 day cultivation
period (Petroutsos et al., 2007).

The aim of the present work was to study the metabo-
lism and detoxification of 2,4-dichlorophenol by T. marina

in a 2 l photobioreactor. The microalga ability to metabo-
lise other dichlorophenol isomers was also investigated.
2. Results

2.1. Growth of T. marina and 2,4-DCP metabolism in a

photobioreactor

The results presented in Fig. 1 show that in the absence
of 2,4-DCP the experimental system chosen could sustain
microalgal growth up to 3.4 g dry wt l�1 in a 10 day time
interval. The specific growth rate (l) was calculated to be
0.26 day�1. In order to study the 2,4-DCP metabolism by
T. marina, the microalga was grown in the photobioreactor
under the same experimental conditions. When biomass
reached 0.42 g dry wt l�1 (after 75 h), 2,4-DCP was added
in a fed batch mode. The concentration of the first two
2,4-DCP doses was low (ca. 110 lM) in order to prevent
any possible inhibition of T. marina growth while the con-
centration of the next 2,4-DCP doses increased proportion-
ally with the increase of biomass. The microalga showed a
high efficiency in removing the dichlorophenol (320 lM
DCP in less than 21 h). The addition of 2,4-dichlorophenol
did not result in decrease of the specific growth rate com-
pared with the control culture (l = 0.30 day�1), the final
biomass production however was more than 30% lower.



Table 1
Mass spectral data of 2,4-dichlorophenol metabolites P1 and P2, obtained
by negative ESI-MS

P1 P2

m/z Assignment m/z Assignment

161 [P1�H-162]� 161 [P2�H-162]�

323 [P1�H]� 365 [P2�H�CO2]�

359 [P1 + Cl]� 819 [P2 + P2�H]�

383 [P1 + CH3CO]�

647 [P1 + P1�H]�
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During growth of T. marina in the presence of 2,4-DCP
two metabolites, named P1 and P2, were formed and accu-
mulated in the growth medium at the expense of 2,4-DCP
(Figs. 2a and b). The two metabolites were more polar than
the parent compound and their formation was concomitant
with the disappearance of dichlorophenol.

P1 and P2 were isolated as described earlier and ana-
lyzed using negative ESI-MS. Chlorine signatures (multiple
peaks separated by two mass units) were present in all
prominent peaks indicating that P1 and P2 metabolites
structure contained the parent compound 2,4-dichlorophe-
nol (m/z 162). For each peak the degree of chlorination was
determined by comparison of percent relative abundance of
m + 2 intensities to theoretical values based on the natural
abundance of 35Cl/37Cl. The ESI-MS spectral data of the
two metabolites is presented in Table 1.

For P1, the m/z 647 peak with four chlorine atoms was
considered to be a dimer of m/z 324 (two chlorine atoms)
while for m/z peak 383 (two chlorine atoms) an acetate
ion adduct was assigned. A nominal molecular weight of
324 was assigned to this metabolite. For P2 the m/z 819
with 4 chlorine atoms was the dimer of m/z 410. The
observed m/z 44 loss, m/z 409–365, was attributed to CO2

loss and was consistent with primary fragmentation of neg-
ative ions produced by ESI of dicarboxylic acids and dicar-
Fig. 2. HPLC profile of 2,4-DCP and its metabolites P1 and P2 obtained
from the centrifugate of the culture medium at t = 135 h (a) and t = 163 h
(b).
boxylic acid esters. Malonic acid decarboxylation yielded
carbon dioxide and the enolate anion of acetic acid (Gros-
sert et al., 2005). The nominal weight assigned to P2 was
410.

The ESI-MS spectral data of P1 and P2 presented here
are in full agreement with the ESI-MS spectral data of
laboratory prepared 2,4-dichlorophenyl-b-D-glucopyrano-
side and 2,4-dichlorophenyl-b-D-(6-O-malonyl)-glucopy-
ranoside, respectively (Day and Saunders, 2004). These
compounds were formed during metabolism of 2,4-dichlo-
rophenol by the freshwater macrophyte L. minor. Thus,
P1 was identified as 2,4-dichlorophenyl-b-D-glucopyrano-
side (DCPG) and P2 was identified as 2,4-dichlorophe-
nyl-b-D-(6-O-malonyl)-glucopyranoside (DCPGM).

DCPG and DCPGM structures were confirmed by enzy-
matic and alkaline hydrolysis. Treatment with b-glucosi-
dase released free 2,4-DCP from DCPG while DCPGM
was completely resistant. The release of free glucose in
the reaction mixture after the enzymatic hydrolysis was
confirmed by high-performance anion exchange chroma-
tography (HPAEC). This is a clear confirmation that
DCPG is 2,4-DCP-b-D-glucopyranoside, since b-glucosi-
dase specifically hydrolyses b-D-glucosidic bonds. Alkaline
hydrolysis completely cleaved the esteric bond of the mal-
onylated glucoconjugate (DCPGM) and yielded DCPG.
The release of malonic acid was also confirmed by
HPLC-UV. The time course of DCPG and DCPGM for-
mation at the expense of 2,4-DCP is shown in Fig. 3.
DCPG and DCPGM were quantified on the basis of 2,4-
DCP release after enzymatic and alkaline hydrolysis.

In conclusion, the major pathway of 2,4-dichlorophenol
metabolism and detoxification in T. marina involves an ini-
tial enzymatic synthesis of a dichlorophenyl-b-D-glucopy-
ranoside conjugate (DCPG) followed by an acylation to
form the dichlorophenyl-b-D-(6-O-malonyl)-glucopyrano-
side (DCPGM) (Fig. 4).

2.2. Detoxification of other dichlorophenols by T. marina

Microalgal cells, previously grown in the photobioreac-
tor until they reached a density of 3 g dry wt l�1 were used
to study the detoxification ability of T. marina against
dichlorophenols besides 2,4-DCP. All six existing dichloro-
phenol congeners were tested. Four of them (2,3-, 2,4-, 2,5-
and 3,4-DCP) were metabolized by more than 90% each



Fig. 3. 2,4-DCP removed (d) in the photobioreactor with DCPG (5) and
DCPGM (j) formation. Each point represents the average of three HPLC
measurements. The relative standard deviation of replicate measurements
was lower than 1.7% in all cases.

Fig. 4. 2,4-DCP metabolism in Tetraselmis marina; O-GT: O-glucosyl-
transferase, O-MAT: O-malonyltransferase, 2,4-DCP: 2,4-dichlorophenol,
2,4-DCPG: 2,4-dichlorophenyl-b-D-glucopyranoside, 2,4-DCPGM: 2,4-
dichlorophenyl-b-D-(6-O-malonyl)-glucopyranoside. Structures of 2,4-
DCPG and 2,4-DCPGM were confirmed by enzymatic (b-glucosidase)
and alkaline hydrolysis.

Fig. 5. Dichlorophenols glucosidation by T. marina. Microalgal biomass
(3 g l�1dry weight) transferred to 10 ml clear serum bottles, received
120 lM of each dichlorophenols and was illuminated for 24 h at
100 lE m�2 s�1at 18 oC. (Error bars indicate standard deviations; n = 2).
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forming one metabolite. All metabolites were isolated and
analyzed with ESI-MS. Their MS spectral data were iden-
tical with the data obtained from the analysis of 2,4-
dichlorophenyl-b-D-glucopyranoside conjugate (DCPG)
described earlier. The glucosidation of each of the dichlor-
ophenols tested is presented in Fig. 5.
3. Discussion

Our data demonstrate that 2,4-dichlorophenol metabo-
lism in T. marina proceeds with subsequent formation of
2,4-dichlorophenyl-b-D-glucopyranoside and 2,4-dichlor-
ophenyl-b-D-(6-O-malonyl)-glucopyranoside (phase II
metabolites). Xenobiotics conjugation to glucosyl and mal-
onyl-glucosyl moieties appears to occur frequently in plants
(Cole and Edwards, 2000); to the best of our knowledge
however this metabolic sequence has not been reported ear-
lier in microalgae. Moreover, no other marine microalga
has been reported to glucosidate xenobiotics.

Different metabolic responses of microalgae to the pres-
ence of xenobiotics have been reported. The freshwater
Selenastrum capricornutum degraded the polyaromatic
hydrocarbon benzo(a)pyrene via a dioxygenase pathway
and then conjugated the metabolites to sulfate and glucose
(Warshawsky et al., 1990). Dioxygenases activities also
accounted for the elimination of phenolics in Ochromonas

danica and Thalassiosira sp. (Semple and Cain, 1996; Lov-
ell et al., 2002) while Skeletonema costatum, a marine dia-
tom, conjugated 2,4-dichlorophenol to glutathione (Yang
et al., 2002). Involvement of P450 monooxygenases in the
biotransformation of herbicides in the green alga Chlorella

fusca and Chlorella sorokiniana were reported by Thies
et al. (1996). Glucosidation of 2,4-DCP and subsequent
malonylation of 2,4-DCP-glucoconjugate by T. marina pre-
sented here, provides additional evidence on the metabolic
versatility microalgae utilize to detoxify xenobiotics.

Our data show that ca. 68% of 2,4-DCP removed
resulted in the formation of the two metabolites 2,4-DCPG
and 2,4-DCPGM. After disruption of microalgal cells and
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HPLC analysis of their intracellular and membrane-bound
content no 2,4-DCP was detected either inside or on the
surface of microalgal cells and thus biosorption of 2,4-
DCP in T. marina cells was excluded. The same analysis
showed that the summation of the concentrations of the
two metabolites inside the cells or bound at the cells sur-
faces never exceeded 2.9 lmol g dry wt�1 or 2% of the con-
centration of DCPG and DCPGM accumulated in the
growth medium. So, the rest 30% of 2,4-DCP removed
may be attributed to the formation of other undetected
metabolites or to abiotic losses (photooxidation and/or
evaporation).

The fact that T. marina uses glucosidation and malony-
lation reactions to convert hydrophobic 2,4-DCP to hydro-
philic 2,4-DCPG and 2,4-DCPGM may be to decrease the
ability of resulting metabolites to partition in cell mem-
branes and consequently become less toxic to the alga.
Indeed, reduction in toxicity of xenobiotics by increasing
solubility of their derivatives through phase II reactions
has been found to occur in some plant species (Coleman
et al., 1997). Detoxification of phenol through conjugation
to phenol by the duckweed Lemna gibba (a floating aquatic
angiosperm) has been reported by Ensley et al. (1996). The
conjugate formed, phenyl-b-D-glucopyranoside, has been
found to be half as toxic as phenol itself.

Growth of T. marina in the presence of 200 lM of 4-CP
was inhibited by 50% (Petroutsos et al., 2007) while addi-
tion of 200 lM 2,4-DCP at the initial stage of the culture
completely inhibited T. marina growth. The uninhibited
growth of the microalga up to 167 h (Fig. 1) in the presence
of 290 lM of 2,4-DCPG and 2,4-DCPGM that were accu-
mulated in the culture medium at the said time (Fig. 3,
t = 167 h) is a strong indication that through glucosidation
and malonylation T. marina renders 2,4-DCP less toxic.

However, although 2,4-DCPG and 2,4-DCPGM are less
toxic than 2,4-DCP, they will still retain some toxicity. The
accumulation of 2,4-DCPG and 2,4-DCPGM in the
growth medium together with the presence of unmetabo-
lized amounts of 2,4-DCP in the photobioreactor most
likely accounted for the cell lysis observed at 200 h of the
culture.

The contamination tests that were routinely conducted
in the present study confirmed in all cases the axenicity
of microalgal cultures. However, even if bacterial contam-
ination had occurred that would not necessarily mean that
bacteria would contribute to chlorophenol detoxification.
Xenobiotic glucosidation reactions are dominant in plants
where glucose is abundant. It would be metabolically
expensive for bacteria to conjugate xenobiotics to glucose
for the purpose of detoxification since they are hetero-
trophs (Hall et al., 2001).

It is important to note, that glucosyl conjugates may be
cleaved by glucosidases, and in the case of malonyl-gluco-
sides by esterases. The action of these enzymes will yield
the respective aglyca, regenerating the original xenobiotic
substrate. This reversibility represents a great disadvantage
of glucosylation for its practical consideration in phyto-
remediation, because previously detoxified compounds
may regain their toxicity under certain conditions (Schrö-
der, 2006). Ensley et al. (1996) demonstrated that when
2,4-dichlorophenol-b-D-glucopyranoside contained in
duckweed was fed to red swamp crayfish it was rapidly
cleaved in the crayfish stomach back to glucose and 2,4-
dichlorophenol. T. marina cells in order to protect from
the toxic action of 2,4-DCP metabolize it to the less toxic
DCPG and DCPGM. The fate of those two metabolites
however in the marine environment remains an open issue.
DCPG and DCPGM could be hydrolyzed releasing glucose
and malonic acid that may be used as a source of nutrition
by other microbial populations. They could also be directly
used as carbon and energy source from heterotrophic
microorganisms or finally they could be further detoxified
(e.g. dechlorinated) by other microorganisms.

Our data show that the position of the chloro-substitu-
ent in the aromatic ring has an important effect on the
microalga ability to conjugate glucose to dichlorophenols.
No other comparative studies concerning glucosidation of
dichlorophenols have been published so far, thus further
study will be needed to elucidate any possible correlation
between dichlorophenols structure, toxicity and glucosida-
tion susceptibility. Metabolism of 2,4-DCP in the photobi-
oreactor resulted in the formation of two metabolites,
DCPG and DCPGM, while in closed bottles 2,4-DCP
was transformed to one only metabolite, the glucoconju-
gate DCPG. This difference should be attributed to the
totally different experimental conditions that were used.
Most likely, the metabolism of 2,3-, 2,5- and 3,4-DCP in
the photobioreactor would result in formation of both
the glucosylated (DCPG) and the malonylated (DCPGM)
metabolites.
4. Experimental

4.1. General experimental procedures

Dihlorophenols were obtained from Sigma Chemical
Ltd. (St. Louis, MO, USA). MeOH HPLC grade was
obtained from Labscan Analytical Sciences (Labscan
Ltd., Dublin, Ireland). All other chemicals used in this
study were from Sigma Chemical Ltd. and were reagent
grade or higher purity. A Hitachi U-1100 Spectrophotom-
eter (Hitachi Ltd, Tokyo, Japan) was used for optical den-
sity measurements. HPLC analysis was performed using a
Jasco PU-987 (Jasco Co., Ltd., Tokyo, Japan) HPLC
pump connected with a 4.6x300 mm Spherisorb C8 column
(Waters, Milford, MA, USA) and a Waters 484 UV detec-
tor. For high-performance anion exchange chromatogra-
phy (HPAEC) a 4.0 · 250 mm CarboPac PA1 column
(Dionex, Sunnyvale, CA, USA), a Dionex ED-40
electrochemical detector (gold working electrode and
pH reference electrode) and a Waters 600E separation
module were used. Mass spectrometry (MS) was performed
using an LCQ Deca equipped with a heated capillary
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electrospray interface (Thermo Fisher Scientific, Waltham,
MA, USA) ion trap mass spectrometer. The MS electro-
spray analyses were carried out under automatic gain con-
trol conditions, using a needle voltage of 5.0 kV and a
heated capillary temperature of 150 �C. The mass spec-
trometer was interfaced to a computer workstation running
BioBrowser software version 2.0 for data acquisition and
processing.

4.2. Organism and culture conditions

An axenic culture of T. marina CCMP 898 was obtained
from the Provasoli-Guillard National Centre for the cul-
ture of Marine Phytoplankton, Maine, USA. (Collection
site: north pacific, 48.2200N 122.7700W Partridge Point,
Whidbey Island, WA, USA). The microalga was grown
and maintained in sterile f/2-Si enriched (Guillard, 1975)
artificial seawater (in g l�1: NaCl 26.52, MgCl2

Æ 6H2O
5.21, MgSO4

Æ 7H2O 6.76, CaCl2
Æ 6H2O 2.25, KCl 0.785,

NaHCO3 0.202, NaBr 0.083; Sverdrup et al., 1942) in
Erlenmeyer flasks of 100 ml enclosed with cotton plugs,
without shaking. Flasks were illuminated at 60 lE m�2 s�1

by cool-white fluorescent light under a 16:8 h light:dark
photoregime at 18 oC. pH was adjusted to 8.0 with
40 mM Tris–HCl prior to autoclaving at 121 oC for
20 min. Stock cultures were transferred to fresh medium
every 7 days.

4.3. Experimental system

2,4-Dichlorophenol detoxification was studied in a 2 l
thermoregulated double-jacket cylindrical photobioreactor
(B. Braun Biotech International, Germany) with working
volume of 1.5 l of microalgal culture. The bioreactor was
surrounded by 10 dimmable fluorescent lamps (Osram
Dulux T/E Plus 32 W/840). Light intensity at the surface
of the bioreactor could reach up to 2000 lE m�2 s�1 as
measured with a QMSS Apogee quantum meter (Apogee
Instruments Inc., Logan, UT, USA). The bioreactor with
1400 ml of artificial seawater was sterilized at 121 �C for
30 min. After cooling, the artificial seawater was enriched
with F/2 medium and was inoculated with 100 ml of 7-
day-old static microalgal culture. Light intensity was ini-
tially set at 150 lE m�2 s�1 and was step wise increased
with increasing microalgal cell density, finally reaching
1800 lE m�2 s�1. The fermentation was carried out at
18 �C and agitation speed of 150 rpm and was aerated at
0.05 vvm with 1% (v/v) CO2 enriched air. Monitoring
and additions of phosphate and nitrate in the culture med-
ium ensured that the microalga would not be nutrient
limited.

For the study of T. marina ability to detoxify dichlor-
ophenols, 5 ml of microalgal biomass, previously grown
in the photobioreactor to a cell density of 3 g l�1dry
weight, were transferred to 10 ml clear serum bottles and
received 120 lM of each dichlorophenol. The bottles were
closed with butyl septa, crimped with aluminum caps, to
minimize dichlorophenols evaporation losses and illumi-
nated for 24 h at 100 lE m�2 s�1at 18 oC. Bottles contain-
ing dichlorophenols dissolved in culture medium without
algae were used as blanks.

In all experiments dichlorophenols were first properly
dissolved in pure methanol and then added to the microal-
gal culture in order to obtain the final concentrations
desired. The volume of methanol added never exceeded
0.2% of the final culture volume.

Purity of the algal suspensions was routinely monitored
microscopically and by inoculating 0.5 ml of the algal cul-
ture on nutrient agar (Sigma–Aldrich Chemical Co., St.
Louis, USA) and incubating for 2 weeks at 25 oC in the
dark. Contamination tests were also performed after the
experiments.

4.4. Culture growth

Cell density was monitored as the optical density at
750 nm (OD750) of the algal suspension in a 1 cm cuvette.
This wavelength was chosen to avoid interference due to
absorption of the pigments. The results were quantified in
terms of dry cell wt. For dry cell wt determination, an ali-
quot of 10 ml algal suspension was filtered through pre-
weighed 0.45 lm filter (Pall Corp., New York, USA) and
then washed with 20 ml of 0.5 M ammonium formate.
The filters were then dried at 70 oC to a constant weight
and cooled to the room temperature in a vacuum desicca-
tor before weighed (Zhu and Lee, 1997).

4.5. Analytical methods

For dichlorophenols analysis T. marina cells were sepa-
rated from the culture broth through centrifugation at
12,000 · g for 5 min. The supernatant was filtered through
a 0.45 lm nitrocellulose filter (GelmanSciences, MI, USA)
and the filtrate was further used as the source of dichlor-
ophenols. Analysis was performed by HPLC-UV at
280 nm. The isocratic solvent system used was 49/50/1
(v/v/v) water/methanol/acetic acid at a flow rate of
1.0 ml min�1 and at ambient temperature. Malonic acid
detection was performed at 220 nm with a mobile phase
of 10 mM KH2PO4–CH3OH (95:5, pH 2.7), at flow rate
of 0.8 ml min�1 (Ding et al., 2006). Enzymatic hydrolysates
were analyzed for neutral monosaccharide content by
HPAEC with a mobile phase consisting of isocratic
20 mM NaOH at a flow rate of 1 ml min�1. For nitrate
determination the method described by Diatloff and Rengel
(2001) was used. Phosphate was determined using method
4500-P E (ascorbic acid) as described in Standard Methods
for the Examination of Water and Wastewater (APHA,
1998).

4.6. Metabolites identification

An aliquot (100 ll) of filtered supernatant of the culture
broth was injected to the HPLC system. The metabolites
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were separately collected at the UV detector cell outlet, in
methanol/water/acetic acid (50/49/1) mixture and were
ready for MS analysis. Each analyte was directly infused
into the mass spectrometer at a flow rate of 3 ll min�1.
The total run time was 5 min and the analysis was per-
formed in a negative ion scan mode and a m/z-range set
to 80–2000.

4.7. Intracellular content analysis

Samples taken from the photobioreactor were rou-
tinely checked for 2,4-DCP, DCPG and DCPGM intra-
cellular content. Samples (15 ml) were centrifuged at
12,000 · g for 10 min in order to separate T. marina cells
from the culture broth. Microalgal cells were washed with
artificial seawater twice and they were resuspended after-
wards in 15 ml of artificial seawater. The microalgal sus-
pension was disrupted by sonication, and centrifuged at
12,000 · g for 10 min to remove cell debris. The efficiency
of cell disruption was evaluated in terms of the amount
of released protein using the Bradford method (Bradford,
1979). After centrifugation the supernatant was concen-
trated using a solid phase extraction (SPE) method. The
15 ml aliquot of cell disruption centrifugate was loaded
onto a Supelclean LC18 SPE tube (Supelco, Bellefonte,
PA, USA) containing 1 g C18. The tube was first condi-
tioned by eluting 2 ml methanol and then 2 ml artificial
seawater. 2,4-DCP metabolites and 2,4-DCP were
retained and tube was eluted with 10 ml water. The
remaining target compounds were then eluted from tubes
with methanol. Methanol fractions (1 ml) were collected
in microcentrifuge tubes and analyzed by HPLC. For cell
surface adsorbed 2,4-DCP or membrane-bound DCPG
and DCPGM determination, 1 ml of methanol was added
to the cell debris (after cell disruption and centrifugation)
and the mixture was placed in an Eppendorf Thermom-
ixer (Eppendorf, Westbury, NY, USA) and incubated
for 1 h at 30 oC under agitation at 1100 rpm. After centri-
fugation at 12,000 · g for 10 min the supernatant was
analyzed by HPLC.

4.8. Enzymatic hydrolysis

Enzymatic hydrolysis was accomplished with b-glucosi-
dase from almonds (3 mg ml�1, specific activity 6 U mg�1,
Fluka) for 8 h at 25 oC and pH 5.0 (40 mM phosphate-cit-
rate buffer). b-Glucosidase was first desalted using a PD 10
column (G-25 Sephadex, Pharmacia). The products of the
reaction were analyzed by HPLC and HPAEC as described
earlier.

4.9. Alkaline hydrolysis

Samples were incubated with 0.1 N NaOH for 12 h at
room temperature. After hydrolysis alkaline samples were
acidified to pH 3.0 with HCl and directly analyzed by
HPLC.
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