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Abstract

Many contaminants, such as industrial chemicals, fertilizers, herbicides,
pharmaceuticals

and

heavy

metals

are

released

to

e

environment.

3,4-dichloroaniline（3,4-DCA） originated from degradation of some herbicides
such as diuron, propanil and linuron, is toxic to aquatic organisms and affects
human being immune system. Triclosan, widely used as antimicrobial agent in
pharmaceuticals and personal care products (PPCPs), has been detected as
contaminat in various aquatic environments. In this work, green algae were
isolated from local environment, then applied for the removal and biodegradation
of 3,4-DCA and triclosan.
Two axenic pure algae were isolated using the solid agar method. One of the algae
was identified morphologically as Desmodesmus sp. based on the experimental
results. The other one was identified morphologically as Chlorella pyrenoidosa by
accredited authority. At the same time, alga S. obliqnus was obtained
commercially. All the three green algae were cultured in tris-acetate-phosphate
(TAP) medium.
Firstly, the alga C. pyrenoidosa was applied to remove and biodegrade 3,4-DCA
with a concentration of 4.6 μg/mL for 7 d. A removal percentage of 78.4% was
obtained over a 7-d period. Two major metabolites with less toxicity were
identified

as

3,4-dichloroformanilide

HPLC-ESI-ion trap-MS.
ii

and

3,4-dichloroacetanilide

using

Secondly, all the three green microalgae species including C. pyrenoidosa,
Desmodesmus sp., and S. obliqnus, were compared in the removal and
biodegradation of triclosan in aqueous medium. When triclosan with
concentration of 400 ng/mL was cultured with the three algal species separately,
triclosan was quickly eliminated from medium in the 1 d cultivation by algae with
removal percentages of 62.4%, 92.9% and 99.7% for C. pyrenoidosa,
Desmodesmus sp. and S. obliqnus, respectively. The dominant mechanism for the
removal of triclosan by C. pyrenoidosa was determined as cellular uptake.
Biotransfromation of triclosan involved hydroxylation and methylation, glucose
conjugation was determined as the predominant mechanisms for the removal of
triclosan by algae Desmodesmus sp. and S. obliqnus. The intermediates from
hydroxylation, reductive dechlorination, or ether bond cleavage were immediately
subjected to glucosylation and/or methylation via the hydroxyl group of triclosan
or introduced, which served as detoxification mechanisms of the chlorinated
aromatic chemicals.
In order to find the intermediates in the metabolic pathway of triclosan by algae,
Desmodesmus sp. was exposed to 400 ng/mL triclosan. 2,4-DCP was detected
during the cultivation period 3-12 h using ultra performance liquid performance
(UPLC)-ESI-MS/MS. The metabolites from multi metabolic reaction like the
glucose conjugate of hydroxylated triclosan were detected in the first 30 min after
exposure. The metabolites as products from glucosylation and consecutive
hydroxylation and methylation of triclosan or 2,4-DCP were detected after 3 h
iii

cultivation.
To provide more information about the reductive capability of C. pyrenoidosa, the
reaction between C. pyrenoidosa and triclosan was investigated. When C.
pyrenoidosa was exposed to triclosan with concentration from 100 to 800 ng/mL,
more than 50% of triclosan was eliminated by algal uptake from the culture
medium during the first 1 h exposure. In the biodegradation experiments, a major
metabolite from the reductive dechlorination of triclosan was identified by using
liquid chromatography (LC)-ESI-MS. The ability of reductive dechlorination of C.
pyrenoidosa might potential application for bioremediation of polychlorinated
biphenyls (PCBs) that with similar chemical structure to triclosan, but belonging
to the catagory of persistent organic pollutants (POPs). Through the TEM
observation, it was found that the triclan treatment resulted in the disruption of the
chloroplast of algal cells, which indicated that triclosan may affect membrane
metabolism.
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Chapter 1
Introduction

1.1 Background
Many contaminants, such as industrial chemicals, fertilizers, herbicides,
pharmaceuticals and heavy metals, are released into environment as a
consequence of various anthropogenic activities. The entry of these compounds
into environment is casued by inadequate disposal techniques, direct discharge or
the use of some specific products, such as aerosol propellants, pesticides. The
behavior and fate of chemicals in the environment is determined by their chemical
and physical properties and by the nature of the environment. The anthropogenic
compounds are more likely to be susceptible to microbial degradation even if they
have similar chemical structure to those biogenic compounds, because the
microorganisms have produced the enzyme apparatus for the degradation of
various compounds degradation in the long-term evolution. Organic pollutants,
especially the lipophilic ones that easily accumulate in lipid, are biomagnified
from the surrounding medium into the organisms, resulting in greater exposures to
organisms at the top of the food chain.
Besides, many classes of these compounds are carcinogenic, and/or mutagenic,
posing a potential threat to human health and the ecosystem [1-3], such as
polycyclic aromatic hydrocarbons (PAHs), POPs and pesticides, etc. PAHs are a
large group of organic molecules with two or more fused benzene rings, some of
1

which has been identified as “priority pollutants” due to their toxic, mutagenic
and carcinogenic effects on human beings and the natural ecosystems [4]. They
have high potential to be bioaccumulated and biomagnified because of their
lipophilicity and chemical stability. POPs with long half-lives in environment, are
mainly chlorinated and brominated aromatics, such as PCBs, polychlorinated
dibenzo-p-dioxins and –furans (PCDD/Fs) and polybrominated diphenyl ethers
(PBDEs) [5]. POPs with high bioaccumulation and biomagnifications potential in
food chain, potentially pose adverse effects on human and wildlife, consequently
has become an environmental challenge with global concern. With the
development of agriculture, pesticides are being used with growing demand.
However, many pesticides are persistent as well, resulting in the pesticide
contamination of soil, sediment and aquatic systems through leaching and surface
filtration. Adverse effects of pesticides on non-target organisms such as other
plants, mammals, microorganisms are of particular concern because of their
increasing worldwide use [6].
As the toxic effect, most concern has been paid to the adverse impact of the
conventional pollutants in the past, however, PPCPs, that used in large amounts
throughout the world, are not been studied widely [7]. PPCPs and their respective
transformation products are detected as emerging microcontaminants with the
development of the analytical methods providing lower detection limits [8]. After
use, most of the personal care products are disposed or discharged into
environment continually as sewage. The parent compounds and their metabolites
2

can then be subjected to further transformations in sewage treatment facilities.
Some of these compounds can be eventually released into aquatic environments,
which will then pose a perpetual life-cycle exposure to aquatic organism and
cumulative effects on the environment as their ubiquitous and persistence.
Althrough the long-term ecotoxicological effects of these microcontaminants are
not fully understood, they might involve in the development of microbiological
resistance, the interference with endocrine regulation of higher organisms and so
on [9].
Environmental pollution has been an increasing global concern because of its
adverse impacts on ecosystem and human health. It is necessary to treat the wastes
both at source and after the release for the safety of human beings and ecosystem.
The chemical pollutants can be removed from industrial effluents and the
environment by using physical and chemical methods such as sedimentation,
filtration,

activated

carbon

adsorption,

ozonation,

Fenton’s

reagent,

photo-oxidation, or the combination of these process-hybrid methods [10, 11].
However, these traditional methods are usually complex, expensive, at the same
time, may produce toxic end-products. For example, under UV/sunlight
irradiation, triclosan was transformed into 2, 8-dichlorodibeno-p-dioxin (2,
8-DCDD) in aqueous solution [12]. During the process of water disinfection by
chlorination and chloramination, the mutagenic and carcinogenic by-products
such as chloroform, bromodichloromethane were produced [13]. The bioassay
with Vibrio fisheri

enven showed the toxicity increase after the treatment of
3

pharmaceuticals in wastewater treatment plant with photo-Fenton [14]. The
increase of toxicity to E. coli during the process of TiO2 photocatalysis of organic
pollutants was also reported [15]. On the contrary, biotreatment, by using the
biosorption ability and metabolic potential of microorganisms for the elimination
of contaminants from environments, has been shown to be an effective, ecological
and environmentally friendly method [16].

4

1.2 Biotreatment
Organic anthropogenic pollutants could be biodegraded by naturally occurred
microorganisms. It has been reported that bacteria, such as Mycobacteriu sp. and
Rhodococcus sp. could utilize PAHs as sole carbon and energy sources [17, 18].
Mycobacterium sp. was able to mineralize 60 % of radio labeled pyrene in 96 h,
and degrade more than 95 % of fluoranthene added in mineral medium
supplemented with organic nutrients. Alcaligenes, with the ability of synthesizing
dehalogenase, were able to degrade trichloroethylene [19]. Fungi such as
Phanerochaete chrysosporium, Trametes Versicolor, were capable to transform
PAHs to detoxified metabolites [20-22]. Yeast strains-Trichosporon sp.,
Aureobasidium sp. and Rhodotorula sp. had the ability to degrade phenol through
the activity of catechol 1, 2-dioxygenase and phenol hydroxylase [23].
All these studies concerning the biodegradation of pollutants have focused on the
role of bacteria and fungi in the degradation process, with much less attention on
algae. However, algae are of potential importance in the application of waste
treatment due to their ubiquitous distribution, their central role in the fixation and
turnover of carbon and other nutrient elements, eutrophication importance, and
capability of heterotrophy [24]. Algae utilize sunlight and carbon dioxide to
produce organic compounds, providing food for other consumers as primary
producers in aquatic food chain. Autotrophy is generally defined as a mode of
nutrition whereby solar radiation serves as the source of energy and inorganic
carbon is assimilated to produce organic carbon that is necessary for the synthesis
5

of cellular components and the energy production. Whereas, heterotrophic
nutrition does not require light, and utilizes preformed organic compounds from
the environment to serve as both an energy source and as carbon source for the
growth of the organism. Algae were proved to utilize heterotrophy to survive long
periods of light deprivation, and they were supposed to be physiologically
equipped to metabolize both autotrophically and heterotrophically [25].
Autotrophic metabolism is employed most frequently by algae, while facultative
heterotrophy can be a crucial survival mechanism for light-limited algae.
Algae especially unicellular algal cells with a high surface-area-to-volume ratio
enable them to absorb pollutants from solutions efficiently. It has been
demonstrated that algae have the ability to bioaccumulate and degrade organic
pollutants [26]. The alga Ochromonas danica, a mixotrophic chrysophte, utilized
phenol as the sole carbon source, converting phenol to the corresponding
catechols for further metabolism through the meta-cleavage [24, 27]. Chlorella
vulgaris and Chlorella. pyrenoidosa could degrade azo dyes and utilize it as
carbon and nitrogen source [28]. Chlamydomonas angulosa was able to remove
naphthalene from growth medium by bioaccumulation within the cells [29, 30].
Selenastrum capricornutum was effective in eliminating low molecular weight
PAHs such as fluoranthene and phenanthrene by cellular degradation, which was
induced by exposure to metals [31]. Prototheca zopfii isolated from Colgate Creek
was found to degrade 10.7 % of the motor oil which contained 9 % alkanes and
35 % aromatics, and 41.4 % of the crude oil that contained 28 % aromatics and
6

39 % cycloalkanes [32].
1.2.1 The mechanisms for removal of pollutants
The removal process of pollutants by microbe contains initial rapid adsorption to
the cell walls, absorption involving in partition into the cells, finally going
through cellular transformation and degradation with the metabolites released in
the aquatic environment or stored in the cell [33-35]. But some xenobiotics keep
untouched as a result of the inability of the organisms to produce the array of
enzymes needed to transform the original compound. Adsorption is supposed to
be the primary mechanism that the affinity of the organic compound to interfaces,
which is a rapid and passive physicochemical process [36]. However, absorption
is slow, active process and related to the organic compounds’s octanol/water
partition coefficient (Kow), which proved to be the main mechanism for the uptake
of pollutants by microbial [37].
The biological metabolism of organic pollutants might result in mineralization,
cometabolism, polymerization or bioaccumulation [38]. The process of
biodegradation is related to the catalysis of organic pollutants into CO2 or
inorganic products with some of substrate carbon incorporated into biomass, and
energy provided for the microbial growth. These organic compounds are
biodegradable due to the presence of the enzyme necessary for transformation of
the parent compounds to intermediates that then could be mineralized via
common metabolic pathways. However, the persistent organic compounds, not
able to be mineralized, might go through cometabolism. The phenomenon of
7

cometabolism, also referred to bioconversion or cooxidation, involes in the
modification of substances by microbial, but without the release of energy utilized
for microbial growth [39]. The corresponding microorganisms could be enriched
and isolated from environment by the application of the pollutant analogues to the
microbial mixture. The metabolites from cometabolism could not be used as
energy source for microbial growth. The chemicals resistant to biodegradation
might be bioaccumulated. Microbe has the ability to accumulate certain toxic
compounds or the partially degraded metabolites, leading to the entry of
hazardous compounds into food chains [40]. The accumulation of pollutants is
attributed to the lipophilic property of the organic compounds, easily accumulated
into the cell membrane. In addition, the biotreatment of pollutants might also lead
to free-radical polymerization reactions, and further go through microbial
degradation or sedimentation into the sludge [38]. The polymer products can be
generated from a wide range of aromic monoers, such as phenols, anilines [41].
For example, phenols were oxidized to reactive phenoxy-radicals that
spontaneously reacted with active aromatic molecules to form polymers [42, 43].
The photosynthetic organisms have the ability to metabolize a broad range of
xenotiotics. The exposure to and then uptake of toxic pollutants would induce a
series of mechanisms in organisms for the metabolism and detoxification of
xenobiotics, which could be catalogued into three phases [44]. In phase I, the
xenobiotics would be oxidized, reduced or hydrolyzed to introduce or reveal a
functional group (-OH, -SH, -NH2, -COOH), which are catalyzed by the
8

cytochrome

P-450

system. Liophilic xenobiotics would

become

more

water-soluble or hydrophilic to facilitate the excretion. In phase II (conjugation),
the xenobiotics or its activated metabolites formed via the action of phase I
enzymes, covalently bind to an endogenous hydrophilic molecule, such as glucose,
malnonate or glutathione etc., by the action of the their respective transferases to
form a water-soluble conjugate. For example, the conjugation of substrate with
glucose is biocatalyzed by N-glucosyltransferase or O-glucosyltransferase, which
is one of the most common enzymes in plants [45]. Phase II reactions acylation
and methylation leads to increased lipophilicity of xenobiotics, but also
contributing to the detoxification of xenobiotics. For example, methylation of
chlorinated phenols decreased the toxicity of halogenated compounds to
organisms [46]. At last, phase III involves the compartement of the xenobiotics or
its metabolites in cell wall or in the vacuole and then excreation [47, 48]. The
biotransformation of xenobiotcs and excretion would reduce the bioavailability of
the chemicals to the organisms.
1.2.2 The biodegradation of chlorinated aromatic compounds
In this work, the targets will focus on the removal and biodegradation of
halogenated aromatic pollutants. For the biodegradation of halogenated aromatic
compounds, the cleavage of the halogen-carbon bond was regarded as a critical
step [46]. The hydrolytic, reductive and oxygenolytic dehalogenation was
described as the initial step in the biodegradation, which followed by the cleavage
of the aromatic ring (Fig. 1.1). But the removal of the halogen substitute could be
9

during the ring cleavage process of the halogenated compounds, which has been
well documented in bacterial degradation [49]. The biodegradation of aromatic
compounds would be described first to aid the understanding of the
biodegradation of halogenated aromatic compound. The biodegradation of
aromatic compounds is initialized with oxidization the target to cis-dihydrodiols
via the action of a dioxygenase system, while phenol could be transformed into
catechol by Cytochrome (Cyt) P450 monooxygenase. The catechol would then go
through ortho- or meta- cleavage [50]. The catechol is transformed into muconic
acid, beta-ketoadic, levulini acid and succinic acids sequently in the tricarboxylic
acid cycle, leading to the mineralization of the parent compounds with the release
of CO2. In a similar pathway, the chlorinated aromatic molecule could be
metabolized to chlorocatechol, which then transformed to chloromuconic acid in
the ring cleavage process. The chlorine substituent would be eliminated in the
following reaction. The bacterial degradation of halogenated diphenyl ether is
usually initialized with oxygen attack to the aromatic ring to form diphenyl ether
dihydrodiols, followed by ring cleavage and subsequently the cleavage of the
ether bond [51]. However, in higher plants, the reaction of hydroxylation of
xenobiotics would be followed by conjugation of glucose or other polar
endogenous molecule to the hydroxyl group immediately [52].
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Fig. 1. 1 Proposed pathways for microbial degradation of chlorinated aromatic
compound.
*:Dechlorination

including

the

hydrolytic,

reductive

and

oxygenolytic

dehalogenation, and it only shows the reductive dechlorination in this figure.
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1.3 Culture and isolation of green algae
Algae are usually photosynthetic, oxygen-producing bacteria or protists, which
contribute 40% of the global photosynthesis and 50% of the oxygen we inhaled
[53]. However, a number of non-photosynthetic protists also belong to the algae
because of their close relationship with the photosynthetic species. They have a
diversity of size ranging from only 0.2-2.0 µm in diameter to giant up to 60 m in
length, ranging in size from tiny single cells to giant seaweeds, and could be
divided into two groups, namely microalgae and macroalgae [54]. Macroalgae
could be seen through our eyes, while microalgae only could be seen under
microscope. The algae occur in most habitats, from marine and freshwater to
desert sands and from hot boiling springs to snow and ice. In most habitats, they
function as the primary producers in the food chain, producing organic material
and oxygen from sunlight, carbon dioxide and water. Algae are not only a cause of
life but also a cause of death sometimes. Some algae produced nuisance blooms in
response to pollution with nutrients such as nitrogen and phosphorus, producing
poisons and toxins, leading to the death of other photosynthetic organisms, fish
and birds [55].
The algae can be classified into 10 algal lineages based on photosynthetic
pigments, food storage materials, and type of cell covering [54], including
cyanobacteria, glaucophytes, chlorarachniophytes, euglenoids, cryptomonads,
haptophytes, dinoflagellates, photosynthetic stramennopiles, red algae, and green
algae, in which green algae are the most diversity group.
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The green algae are named for their grass-green color from chlorophyll a and b.
They are photosynthetic eukaryotes bearing double membrane-bound plastids [56,
57], containing red protective pigments besides chlorophyll a and b. In addition,
they also have plant-like starch in the cell walls. Chlorophylls and storage
compounds of green algae are the same as that of green embryophytes [58]. As
these similarities, green algae are closely related to modern land plants [59-61],
however, they lack advanced traits, such as vascular tissue, flowers and seeds [58,
62]. They have a wide variety of body types: unicellular flagellates or colonies,
nonflagellate unicells or colonies, unbranched and branched filaments, and
multinucleate coenocytes [54]. Most green algae are aquatic, in freshwater and
marine, but also in soil, trees or rocks. The cell walls of green algae are mainly
cellulose. A high percentage of polysaccharides bond to proteins to form
glycoproteins [63], most of which contain several functional groups (amino,
carboxyl, sulphate, phosphate and hydroxyl) in connection with biosorption of
metals [64].
Green algae have the most diversity of habitats in all the algae. In order to adapt
to the various environments, the algae have evolved different characteristics in the
long time evolution. For example, they might own special enzymes for
anthropogenic pollutants biodegradation. In addition, there are more than 100,000
species of green algae need to be identified. The application of appropriate algae
in removal and biodegradation organic pollutants has been reported.
It is meaningful to make use of the natural resource to solve the environmental
13

problems. At the same time, planktonic algae play a predominant role as primary
producers in most aquatic ecosystems and thus are the basis of the aqueous food
chains. It is therefore indispensable to examine the interaction between pollutants
and planktonic alga, monitoring the possible long effects of persistent pollutants
on the ecosystem, because they are bioaccumulated at higher trophic level and the
adverse impacts on algae may disturb the balance of the ecosystem [44]. The
research of the removal and biodegradation of pollutants using green algae would
provid valuble information for risk assessment.
Algae in environments are always a mixture of many species. In order to identify
the behavior of a special species and exclude the effects of other factors, the pure
axenic alga should be isolated firstly. In this work, sample was collected from
ponds in Zhuhai for green algae isolation. The pure, axenic green alga was
isolated from sample using solid agar method. Then the ultrastructural
characteristics, the growth curve, as well as the life cycle were observed. There
were 3 different green algae isolated from local environment. S. obliqnus was
obtained from Freshwater Algae Culture Collection of the Institute of
Hydrobiology, China. The basic need for algal growth was water, light and certain
inorganic solutes. TAP medium would be used for the culture of algae.
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1.4 Removal and biodegradation of 3,4-DCA by C. pyrenoidosa
3,4-DCA is a halogenated aniline, with a molecular weight of 162. Its water
solubility is 580 mg/L at 20 °C, partition coefficient is 2.7 and boiling point is
272 °C at 1013 hPa. Its physico-chemical properties were shown in table 1.1 [65].
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Table 1. 1 Physical-chemical properties of 3,4-DCA
Parameter

Value

Physical state

Solid at 20 °C

Melting point

72 °C

Boiling point

272 °C at 1013 hPa

Vapoure pressure

0.184 Pa at 20 °C

Water solubility

580 mg/L at 20 °C

Partition coefficient (logPow)

2.7 (Shake flask-method)
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3,4-DCA is produced during the synthesis of dyes, herbicide propanil and
pharmaceuticals [66]. It is also found as a degradation product of some herbicides
such as diuron, propanil and linuron [67]. Most of the pesticides applied to
prevent undesirable grass and weed growth, tend to accumulate intactly or
partially transformed after use. The intensive use of pesticide has caused the
contamination of surface water and groundwater through runoff on the surface of
soil and infiltration [68]. As a degradation product of several widely-used
herbicides, 3,4-DCA has been detected in various surface waters [65]. For
example, propanil was degraded rapidly after use to 3,4-DCA, which was detected
in irrigation water with high concentrations ranging from 1.0 to 576.5 µg/L [69].
Fig. 1.2 showed the chemical structures of propanil and 3,4-DCA.

A

B

Fig. 1. 2 Structures of the herbicide propanil and 3,4-DCA. A: propanil; B:
3,4-DCA
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But 3,4-DCA is toxic to ecosystem and human beings. 3,4-DCA is reported to be
harmfull to mammals and fish, and affect the human immune system [70, 71]. At
the

same

time,

3,4-DCA

has

been

found

to

transform

into

3,3′,4,4′-tetrachloroazobenzene (TCAB) by soil organisms, which is regarded as
carcinogen and a potential genotoxin [70] (Fig. 1.3). Therefore, it is important to
remove this chemical from the environments. Several microbial cultures have
been found to be able to degrade 3,4-DCA. It was found that Pseudomonas putida
minerized 3,4-DCA in the presence of unchlorinated analogue substrates [72].
Paracoccus denitrificans could growth on 3,4-DCA, leading to 81 to 87 % of the
xenobiotics was removed [73]. The conversion of aromatic compounds and
chlorine-substituted aromatics to catechol was one of the major metabolic
pathways in bacterial biodegradation [74]. During the mineralization, 3,4-DCA
was subject to dioxygenase attack and converted to catechol, which was further
metabolized through the ortho-cleavage pathway. In addition to mineralization,
the microbial metabolism also lead to acylation, polymerization and nitro products
[66]. The Basidiomycete Filoboletus Species TA9054 biotransformed 3,4-DCA
into several condensation products on solid medium [75]. The white fugus
Phanerochaete chryssosporium was found to metabolize free and lignin-bound
chloroanilines to 3′, 4′-tetrachloroazobenzen and other condensation products
[76].
Most of these studies concentrated on the biodegradation of 3,4-DCA by bacteria
and fungi, while seldom related to algae. In this study, a green alga C. pyrenoidosa,
18

isolated from local environment, was used for the application of the removal and
biodegradation of 3,4-DCA in aquatic environment.

Fig. 1. 3 Conversion of DCA into TCAB
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The target compounds and their metabolites would be identified and quantified
using HPLC-DAD and HPLC-ESI-MS. HPLC is one of the most used
chromatographic techniques, which is used for the separation of sample through
mass-transfer between stationary and mobile phase in a chromatographic column
under a high pressure. The stationary phase is the immobile porous packing beads
with many surface adsorption sites, which tend to interact with analyte. There are
many choices of both solvents and stationary phases. In reversed phase separation,
the stationary is less polar than the mobile phase as the particles in stationary
phase bind to C5, C8, C18 on the surface. The main adsorption forces between the
analyte and stationary phase is hydrophobic interactions. Mixtures of water or
aqueous buffers and organic solvents such as acetonitrile, methanol are used as
mobile phase. On the contrary, the normal phase chromatography applys polar
stationary phase and non-polar, non-aqueous mobile phase for separation.
Normal-phase chromatography is used for the analysis of the compounds that too
hydrophobic or hydrophilic for reversed-phase separation. The column decorated
with -CN, -NH2, is used as stationary phase and organic solvent like hexan,
isopropanol, chloroform or ethyl acetate for mobile phase. Due to the various
choices of column and mobile phase, HPLC could provide a high degree of
versatility, thus able to separate a wide variety of chemicals with high speed and
high resolution.
MS is an analytical technique used to measure characteristic information
regarding the molecular weight and the structure of the analyte through
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determining mass-to-charge (m/z) ratio of charged molecules or molecule
fragments [77]. In order to measure the mass of the charged particles, mass
spectrometry contains three essential components: the ion source; the mass
analyzer; the detector. The ion source is for the ionization of the sample. The mass
analyzer is for separation of the ionized molecular or fragments according to their
m/z in an analyzer by electromagnetic fields. In the detector, the separated ions are
measured and the results displayed on a chart in the detector. The MS technique is
applied to identify unknown compounds, detect the isotopic composition of
elements in a molecule, and determine the structure of a compound by observing
its fragmentation. It is also used for quantification the amount of a compound in a
sample.
Liquid chromatography (LC)-MS is a combination of two analytical techniques:
LC, a separation technique, and MS, an identification technique. LC-MS has been
an effective technique in the analysis of nonvolatile organic compounds in
environmental, food, drug metabolism, biological samples [78, 79]. There are
many analyzers that can be used in LC-MS, triple quadrupole (QqQ),
Time-of-flight (TOF), ion trap and quadrupole-time of flight (QTOF). An ion trap
mass analyzer consists of a circular ring electrode and two end caps to form a
chamber that used for the capture ions. Ion trap has the advantage of being able to
perform multiple stages of mass spectrometry without additional mass analyzers.
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1.5 Removal and metabolism of triclosan by three different micoalgal species
Triclosan (5-chloro-2-(2,4-dichlorophenoxy)phenol) is a chlorinated aromatic
compound with molecular weight 289.5, existing mostly in non-ionized form in
aqueous environment, easily absorded to organic phase. Triclosan is an ionizable
chlorinated biphenyl ether with a water solubility of 10 µg/mL at 20 °C, a pKa of
8.1, a vapor pressure of 4×10-6 mm Hg [80] (Table 1.2). Its functional groups
include both phenols and ethers.

Fig. 1. 4 Chemical structure of triclosan with molecular form and anionic form
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Table 1. 2 Physiochemical properties of triclosan

Parameter

Value

Molecular weight

289.5

Water solubility

10 mg/L at 20 °C

Lipophilicity (log Kow)

4.76

Dissociation constant (pKa)

8.14

Vapor pressure

6.45×10-7 mm Hg at 25 °C

Melting point

54-57.3 °C

Adsorption to suspended solid (Koc)

47, 500 mL/g

Octanol-water partition coefficient (log Kow)

5.4
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Triclosan has the properties of antimicrobial due to its ability to inhibit bacterial
fatty acid synthesis at the enoyl-acyl carrier protein reductase step [81, 82]. As an
antimicrobial agent and preservative, triclosan has been widely used in a variety
of personal care products (e.g. hand disinfecting soaps, medical skin creams,
deodorants, toothpastes), and cleaners or disinfectants in hospitals or households.
It is estimated that approximately 350 tons of triclosan were incorporated into
many products as an antimicrobial substance in recently years [83]. After normal
application, the majority entered the sewage treatment plants and then into surface
waters due to incomplete removal of triclosan. In a wastewater treatment plant,
79% of the triclosan was biodegraded and 15% was sorpted to sludge and the rest
6% entered the receiving water, leading to concentrations of 11-98 ng/L in the
receiving rivers [83]. Triclosan is a relatively stable, lipophilic compound (log K0w
=4.8). Since its wide distribution and stability, triclosan has been detected in rivers
and lakes, coastal water [84, 85].
Together with the increased output of triclosan into environment, there are
increasing reports about the hormone disrupting effects of triclosan in fish,
mammals, and cells of human breast cancer [86-88]. More recently,
Cherednichenko et al. demonstrated that triclosan has an adverse effect on striated
muscle function in mice through disrupting signaling between the ryanodine
receptor (RyR) and the dihydropyridine receptor (DHPR) [89]. Fritsch et al.
observed the change of mRNA transcription and protein level of RyR and DHPR
in fish after exposure to triclosan, decreasing fish swimming performance [90].
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Moreover, the environmental fate of triclosan has received significant attention
because of its chemical structural similarity to some of typical persistent organic
pollutants including chlorinated and brominated diphenyl-ethers and the potential
of its conversion to these compounds. Photochemical transformation of triclosan
into toxic compounds has been observed in aqueous environments wastewater,
freshwater and seawater in the condition of UV and sunlight irradiation. The
photoproducts

were

identified

as

2,8-DCDD,

DCDD

congener,

4,5′-dichloro-[1,1′-biphenyl]-2,2′-diol, dichlorophenols, reductive and oxidative
dechlorination products of triclosan [12, 91, 92]. Triclosan could also react with
free chlorine to form chlorinated triclosan derivatives, chlorophenol and
chloroform during the disinfection of drinking water and wastewater [93, 94].
Biological treatment may be a good choice for the elimination of triclosan from
environment. But triclosan inhibits a wide range of microbial growth through
blocking of the lipid synthesis [95], which limit the biodegradation of triclosan.
Nevertheless, some microorganisms were found be resistant to triclosan. In the
treatment of triclosan by fungi Trametes versicolor and Pycnoporous
cinnabarinus, 2,4-dichlorophenol (2,4-DCP), glycosyl conjugates, O-methylated
intermediates were identified as the biotransformation products [3]. A
Sphingomonas-like bacterial strain Rd1, isolated from activated sludge, was able
to mineralize 35% of triclosan added to the culture to CO2 [96]. Kim et al.
investigated the biodegradation pathway of triclosan by pure bacterial strains with
ability to degrade diary pollutants [51]. Triclosan was transformed into
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monohydroxy-triclosan, dihydroxy-triclosan through initial hydroxylation on both
aromatic ring of triclosan, and ether bond cleavage products 4-chlorophenol and
2,4-DCP by Sphingomonas sp. PH-07. All these reports were about the
biodegradation and metabolism of triclosan by bacteria and fungi, but little is
known about the biodegradation of triclosan by algae.
Microalgae were reported much more sensitive to the toxicity of triclosan [97]. It
was reported that the sensitivity of different algal species to triclosan toxicity
varied in the range of two orders of magnitude. Different algal species might have
different mechanisms to reduce the toxicity of triclosan. It was reported that the
organic exudates excreted by algae under different growth and environmental
conditions could bind chemicals, thus reducing their bioavailability of the toxic
compounds [98]. In bacteria, Salmonella would increase efflux but reduce influx
through the regulation of gene expression for the resistance to triclosan [99]. In
addition, there were reports about the detoxification of xenobiotics by algae
through biotransformation. Petroutsos et al. reported the glucosidation of
2,4-dichlorophenol and subsequent malonylation by marine microalga Tetraselmis
marina , which mostly happened in the detoxification of chlorophenols by plants
[100]. Lovell et al. discovered the potent dioxygenase activity that related to othoand meta- ring cleavage and reductive dechlorinase activity when diatom was
exposed to chlorophenols, which contributing the tolerance to the toxic chemicals
[101]. Cyt P450 monooxygenases involved the demethylation of pesticide
flurazon in algae Chlorella sorokiniana and Chlorella fusca [102].
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In this work, three different microalgae were applied and compared in the removal
and biodegradation of triclosan. Firstly, the growth inhibition experiment was
conducted to test their susceptibility to triclosan. Then all the three algae were
exposed to triclosan with certain concentration chosen based on the growth
inhibition results. The method for the quantification of triclosan and identification
of the metabolites was same as that in Part 1.5. The objectives were for the
investigation of metabolic pathway of triclosan by algae; the determination of the
reasons leading to the difference in the sensitivity of microalgae to triclosan
toxicity; the comparison of the efficiency of the three algal species in the
application of removal and biodegradation of trilcosan.
LC-MS has been applied for the determination of triclosan in biological and
environmental samples [103-105]. The identification and quantification of
triclosan and the biodegradation products were detected by the LC-MS analysis.
In this work, UPLC coupled with ESI-QqQ-MS was used for the quantification of
triclosan, and UPLC-ESI-QTOF-MS and HPLC-ESI-ion trap-MS were used for
the identification of metabolites in algae.
UPLC provides better resolution and higher sensitivity in a relative shorter time
compared with HPLC, by the application of high pressure up to 15,000 psi to the
column packed with 1.7 μm hybrid particles [106]. LC coupled to QqQ is one of
the most popular instruments in analytical analysis due to the high sensitivity,
selectivity and specifity for identification, and good quantification capabilities
obtained under the multiple reaction monitoring (MRM) mode. QqQ-MS/MS
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allows accurate quantification of targets in complex sample matrix by monitoring
typical two transitions: one for the screening and the other for the confirmation.
Q-TOF instrument is a hydrid quadrupole time of flight mass spectrometer with
MS/MS capability. Accurate mass measurement and increased resolution of
Q-TOF-MS allows high sensitivity when acquiring precursor ion MS and also
fragment information by the MS/MS mode, thus providing a high assurance of the
identification of unknown compounds. The structure of unknown metabolites
could be elucidated through the measurement of the accurate molecular weight in
full scan and the MS/MS analysis of the fragmentation patterns.
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1.6 Reductive dechlorination of triclosan by C. pyrenoidosa
The broad contamination of triclosan and its transformation in environment has
raised much attention because of the detrimental impacts on aquatic ecosystem.
The aquatic toxicity of triclosan has been studied with aquatic organisms. Major
concern has focused on toxicity of triclosan to algae in aquatic environment. It
was found that bacterium, crustacean and fish had similar sensitivities towards the
toxicity of triclosan, with EC50 (half maximal effective concentration) during the
range from 260 to 390 µg/mL [97, 107, 108], while microalga was about
30-80-fold more sensitive to triclosan toxicity than the bacterium and fish. For
instance, S. subspicatus (EC50 1.4 µg/mL) was about 278-fold more sensitive to
triclosan than the aquatic animal Daphnia magna (EC50 390 µg/mL).
Taking into consideration the niche of algae in the aquatic ecosystems, it is very
important to investigate the reaction between green algae and triclosan. The
adverse effects of pollutants on algae may consequently cause the disturbance of
the food chain. C. pyrenoidosa was applied for the removal and biodegradation of
trilcosan. The targets were to check the physiological effects of triclosan on algae
in aspects of algae growth and the cell ultrastructural change; to investigate the
capability of C. pyrenoidosa to biodegrade triclosan.
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1.7 Aims of project
With the development of society, the pollutnats are being detected with increased
amount in environment. At the same time, new pollutants are being observed and
identified due to the use of new chemicals and also the advancement of analytical
technique. 3,4-DCA has been detected in various surface waters as a degradation
product of several widely-used herbicides. Triclosan, widely used in personal care
products as antimicrobial agent, has been detected as contaminant in various
aquatic environments.
For the removal of pollutants from environment, biological treatment is
considered as an environmentally favorable and economic method compared with
the traditional methods. Algae have many advantages in the application of
removal of organic pollutants. In order to adapt to the various environments, the
algae have evolved different characteristics in the long time evolution. It is
meaningful to find new method via selcection of the natural resource to solve the
current environmental prolems. Planktonic algae play a predominant role as
primary producers in most aquatic ecosystems and thus are the basis of the
aqueous food chains. It is therefore indispensable to examine the interaction
between pollutants and planktonic alga, monitoring the possible long effects of
persistent pollutants on the ecosystem, because they are bioaccumulated at higher
trophic level and the adverse impacts on algae may disturb the balance of the
ecosystem [44]. The research of the removal and biodegradation of pollutants
using green algae would provid valuble information for risk assessment.
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Therefore the objectives of this project were to explore algal species with ability
to biodegrade contaminants including 3,4-DCA and triclosan, which also provide
information about the biodegradation fate of contaminants in environment, and
toxicity of conctaminants to algal cells. In order to obtain these objectives,
samples would be collected from environment for the isolation of pure and axenic
green algae, which were then used for the biodegradation and removal of
contaminants.
Pure axenic alga was isolated by solid agar method from the water sample that
collected from local environment. In the experiments about removal and
biodegradation of 3,4-DCA using alga C. pyrenoidosa, the change of 3,4-DCA
concentration in culture medium with culture time was studied and the
biodegradation products were identified. At the same time, the effect of 3,4-DCA
on the growth of alga was determined and the cell damge was observed by light
microscope.
As to triclosan, different algal species might give different response to triclosan
due the different characteriscs and enzyme systems. The efficiency of three
different green algae in the removal and biodegradation of triclosan in aqueous
culture medium was investigated and compared. The experiment of growth
inhibition was firstly conducted to determine the susceptibility of algae to
triclosan. Then in the biodegradation experiments, the three algae were exposed to
tirlcosan. And triplicate sample from each group were collected after cultivation
for 1, 4, and 7 d. The metabolites were identified and quantified using LC-MS.
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Based on the data of metabolites detected, the metabolic pathway of triclosan by
algae was proposed.
The absorption kinetics of triclosan by alga C. pyrenoidosa during 24 h period
was observed. The removal and biodegradation products of triclosan by alga
during long term of 7 d was investigated. The unltrastructural damge of algal cells
by triclosan was observed with TEM.
Therefore, after isolation of green algae from environment, the works flow for the
remove and biodegradation of pollutants by alga isolated is illustrated in Fig. 1.5.
In the figure, preculture was algal cells at exponential phase. The algal cells was
collected from exponential phase, then washed with sterilized deionized water and
resuspended in medium to get the condensed alga, after which the algal cells was
inoculated in different groups. In algal group, the pure axenic alga was cultured in
flasks containing medium spiked with certain concentration of pollutants to test
the capability of algal cells to biodegrade and removal pollutants; blank sample
was the alga cultured in medium without pollutants, which provided the
information about algal growth; control sample was medium spiked with the same
concentration of pollutants, which used to monitor the abiotic loss of pollutants.
All samples were provided the same experimental condition. Triplicate flasks
from each group were sacrificed after culture of different time. The algal growth
in algal group and blank group was tested; the concentration of pollutants in algal
group and control group was analyzed using HPLC or HPLC/MS. And any
possible metabolites were identified by MS. The toxic effect of pollutants on algal
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growth was analyzed, and the algal cell damage at ultrastructural level was
observed using light microscope and TEM.
The algal growth was expressed as cell density, which was interchangeable with
optical absorbance at 680 nm. During the experiment, the optical absorbance at
680 nm was tested by spectrophotometer, and then changed into cell density.
The removal percentage that caused by algal cells was calculated as following:
Removal (%) 

CC f - C Af
CC f

100%

Where: C Af is the final concentration in Algal group;
CC f is the final triclosan concentration in Control group.
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Preculture

Pollutants and algal cells
Algal group

Pollutants

Algal cells
Blank group

Collected at defined time
after cultivation

Algal growth

Cell pellets

Control group

Collected at defined time
after cultivation

Aqueous supernatant

Light microscopic/
TEM observation

Extraction

HPLC or HPLC/MS analysis

Fig. 1. 5 The workflow for the study of removal and biodegradation of pollutants

34

Chapter 2
Isolation and culture of green algae

2.1 Introduction

Algae are most commonly found in water including freshwater and marine.
However, they can also live in other environment, such as soils, rocks, even
special conditions like hot springs, acid lakes. In most habitats they serve as
primary producers in the food chain. There are 10 algal lineages of algae with
cyanobacteria as prokaryotic organicsm and others as erukaryotic. The eukatyotic
algal cells have cell walls and membrane sourrounded organells like nucleus,
plastids and mitochondria and so on. The cell wall of algal cell is made up of
cellulose filled with amorphous mucilaginous matrix. The plastids mainly the
chloroplasts in algal cells are the place for photosynthesis and covered by
membrane. The thylakoids in chloroplasts contains chlorophylls photochemical
reactions. The thylakoid bands were formed when thylakoids was banded together.
The pyrenoid is a special area in chloroplast as the center of carbon dioxide
fixation.
Green algae are one lineage of the algae and named for their grass-green color
from chlorophyll a and b. Most green algae are aquatic, in freshwater and marine,
but also in soil, trees or rocks. The cell walls of green algae are mainly cellulose
and glycoproteins formed from the binding of polysaccharides to proteins [63],
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most of which contain several functional groups (amino, carboxyl, sulphate,
phosphate and hydroxyl) in connection with biosorption of metals [64].
Green algae have the most diversity of habitats in all the algae. There are various
species of algae evolved in the long time adaption. In addition, there are more
than 100,000 species of green algae need to be identified. The application of
appropriate algae to removal and biodegradation organic pollutants has been
reported. In order to take full use of their abundance and wide distribution, green
algae need to be isolated from environments so that their culture can be applied to
removal and biodegrade toxic or harmful organic compounds.
In this chapter, samples were collected from ponds in Zhuhai for microalgae
isolation. The pure, axenic green alga was isolated from sample using solid agar
method. Then the ultrastructural characteristics, the growth curve, as well as the
life cycle were observed.
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2.2 Materials and methods
2.2.1 Isolation of green algae
Algae in environments are always a mixture of many species. In order to identify
the behavior of a special species and exclude the effects of other factors, the pure
axenic alga should be isolated firstly. The isolation aimed to isolate pure culture of
algal speacies and to remove the contaminants such as bacteria and fungi. As we
know, green algae have a diversity of habitats, such as water, soil, etc. Therefore,
soil or water samples were collected and then suspended if possible in filtered
water from collection site, or in medium containing prepared soil extract, at the
same pH as the original sample. The inoculum was subjected to primary
enrichment in liquid medium, which was used to isolate pure alga. Nevertheless,
some rapidly growing species might predominate and would be isolated, whereas,
other species that might be targets were repressed. So selective culturing was a
useful tool for enrichment culture of aimed species. There were mainly two
methods to isolate the single-cell clones: spreading samples of the mix culture on
agar plate and single-cell isolations using capillary pipettes. Firstly, the solid agar
method was to streak the sample on agar, when the compact and green colonies
formed on plates, picked out some of them and each colony was inoculated into a
flask of liquid medium or used for repeating streaking. Early transfer of colonies
would facility purification. The isolation needs to be repeated several times before
a true clonal culture was obtained. The disadvantage of solid isolation was that
some algae could not grow on the surface of the agar plate so that they could not
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be isolated using this method [109]. Micropipette isolation was usually to pick up
a cell from sample, deposited it into a series of sterile droplets using a Pasteur
pipette or a glass capillary until a single cell was obtained. In a summary,
purification of unicellular algae was a tedious process.
2.2.2 Culture of algae
The basic need for algal growth is water, light and certain inorganic solutes.
However, for the culture of algae, the artificial environment should provide
culture medium, light, and temperature. There have been many reports about
media for a wide variety of algae. In most of the recipes, medium usually are
prepared by dilution of concentrated stock solutions. Reagent grade chemicals are
qualified for the preparation of stock solution and Almost all recipes could be
classified three groups: major nutrients supplying nitrogen and phosphorus
sources; trace

elements

as

cofactors

of enzymes

or

constituents

of

macromolecules in algae; vitamins since some algae are not able to synthesize
vitamins. Solid media are usually prepared using 1 % w/v agar. For the
sterilization of medium, autoclaveing at 126 °C for 20 min or filtration with 0.2
μm pore nitrate cellulose sterile filters could be employed. Majority of microalgae
could tolerate the temperatures between 16 and 27 °C. However, the temperature
employed should be closed to the temperature in the collected place. Light as
energy source, affects the photosynthetic reactions in algae. Therefore, the light
intensity, spectral quality and photoperiod should be optimized.
In this work, the algae were cultured TAP medium in a 100 mL flask (containing
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50 mL TAP medium) and were shaken on a shaker (120 rmp) under axenic
conditions in an environmental chamber at 25 °C with a 16/8-h light /dark
photoperiod, at a light intensity of 4800 lux. The algae were maintained by
periodic transfers in the liquid medium. The agitation was to prevent precipitation
of the algal cells and to ensure even distribution of carbon dioxide nutrients and
light. And the synchronous growth of the bulk of algae could be obtained by the
effect of diurnal change of light and dark [110] and controlled by an independent
cell cycle clock [111]. TAP medium provided trace elements and energy need. The
components of TAP medium was: 2.42 g Tris, 25 mL TAP salts, 0.375 phosphate
solution, 1.0 mL Hutner’s trace elements, 1.0 mL glacial acetic acid in 1 liter of
deionized water. For solid medium, add 15 g agar per liter. TAP salts components:
NH4Cl 15.0 g, MgSO4.7H2O 4.0 g, CaCl2.2H2O 2.0 g; in 1000 mL deionized
water [112]. Phosphate solution components: K2HPO4 28.8 g, KH2PO4 14.4 g; in
100 mL deionized water. Hutner’s trace elements components: EDTA disodium
salt 50 g, ZnSO4.7H2O 22g, H3BO3 11.4 g, MnCl2.4H2O 5.06 g, CoCl2.6H2O 1.61
g, CuSO4.5H2O 1.57g, (NH4)6MoO24.4H2O 1.10 g, FeSO4.7H2O 4.99 g in 1000
mL of deionized water. See the details of preparation in the paper [113].
2.2.3 Control of contamination
Algal cultures are susceptible to contamination by fungi and bacteria. In some
medium culture, bacterial contaminants might not be obvious on superficial
examination but would be seen on transfer to enriched solid medium. Therefore,
the culture should be checked periodically through transfer to enriched agar plates,
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any contaminants would be readily apparent and could be eliminated. For
bacterial contaminants, it was often effective to streak algal cells on agar with a
wire loop to obtain single-cell colonies. And several rounds of gentle
centrifugation (5000 rpm) and washing, removing most bacteria in the supernatant
fraction, would facilitate the isolation. After the formation of the algal colonies,
picked it up with sterile toothpick or streaked it further with wire loop to remove
the contaminants. Microscopic observation of the algal colonies with a dissecting
microscope was recommended to transfer the microscopic colonies at early stage;
otherwise, the bacteria would overgrow them. To streak the contaminated cultures
onto agar containing a wide spectrum antibiotic whereas the algae were not
sensitive was another effective means. Penicillin (106 units/mL), ampicillin
(25-100 µg/mL), neomycin (50-100 µg/mL), chloramphenicol (25 µg/mL) were
used for purification of algal cultures [114]. As for the fungal contaminants, it
could be removed by vigilant daily monitoring of culture and transfer to fresh
plate. Same as the control of the bacterial contaminants, fungicides such as
carbendazim (1 µg/mL), thiophanate-methyl (20 µg/mL) and benomyl (20 µg/mL)
could be applied for controlling fungal contamination of algal culture [115].
2.2.4 Algal counting
The growth of algae was observed through cellular density. The cellular density
was counted with hemocytometer (Fig. 2.1). The hemocytometers were developed
for counting blood cells, but could also be used to count algal cells. A
hemocytometer had two chambers and each chamber had a microscopic grid
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etched on the glass surface. The chambers were overlaid with a glass coverslip
that rested on pillars exactly 0.1 mm above the chamber floor. Thus, the volume of
fluid above each square of the grid was known with precision. The full grid on a
hemocytometer contained nine squares, each of which was 1 mm square. The
central counting area of the hemocytometer contained 25 large squares and each
large square had 16 smaller squares. The area of the central counting area was 1
square mm, and the coverglass rested 0.1 mm above the floor of the chamber, thus
the volume over the central counting area was 0.1 microliter. The number of algal
cell per ml (N) equaled to multiply the average number of algal cell over each
central counting area by 10, 000. The sample was loaded into the chamber using
pipette. Both of the two chambers were counted. The mean counts of the
chambers were taken into consideration. Every sample was counted twice. When
the concentration of the original sample was too high, the sample usually diluted
before counting. So multiply N by dilution factor to obtain the original sample
concentration C, that is C =N ×10000 ×fd (cells/mL).
2.2.5 The life cycle observation
The unicellular algal cell was observed through light microscope. The cells were
observed through light microscope every two hours on the 2 d after inoculation at
daytime. At the same time, the cell density was counted and corresponding optical
absorbance was detected.
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Fig. 2. 1 The hemocymeter for cell counting
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2.3 Results and discussion
In this part of experiments, the solid agar method was applied to isolate axenic
and pure alga. Two species of green algae were isolated from local environment of
Zhuhai, one was identified as C. pyrenoidosa, the other one as Desmodesmus. sp.
2.3.1 C. pyrenoidosa
C. pyrenoidosa was identified morphologically by accredited authority in
Freshwater Algae Culture Collection of the Institute of Hydrobiology, China. C.
pyrenoidosa is a unicellular, eukaryotic green alga having worldwide distribution
in fresh water, which often found in ponds (Fig. 2.2). The main characteristics
were: they were spherical, with a size of 3 to 9 µm in diameter; a cup-shaped
plastid with a pyrenoid in it; asexual production (the mother cell usually formed 2,
4, 8 or 16 autospores).
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Fig. 2. 2 Light microscopic observation (10×10)
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2.3.1.1 Life cycle of the alga C. pyrenoidosa
The cells were observed through light microscope every two hours on the 2 d after
inoculation at daytime. Asexual reproduction was observed. Fig. 2.3 showed the
asexual reproduction process. Cell division was accomplished by splitting of a
large cell into a number of smaller cells. The daughter cells were ellipsoidal, 3 µm
in width and 4-5 µm in length. The newly produced cells grew in size and in mass
when illuminated. When they grew sufficiently large in size, they turned spherical
with size of 5, 6, 7, 8, or 9 µm in diameter. Then the cells ripened and prepared for
division. The ripe cell with a biggest size of 10 µm bore a number of 2, 4, 8, 16
autospores with equal volume which then became individual cells. The cell with a
large volume dividing into 8 and 16 daughter cells was also observed and not
shown here. The daughter cells from the cell bearing 16 autospores were about 2.5
µm wide and 3 µm long. The cell growing process took about 10 h in daytime and
then the ripe cell prepared division in the next 6 hours with illumination and the
daughter cells did not take away until the culture entered the dark phase of the
diurnal cycle. After 1 hour in dark, the cell division happened.
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Fig. 2. 3 Scheme of life cycle of the alga C. pyrenoidosa (light microscope
10×10)
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Cells bearing many small spores with active mobility were also observed (Fig.
2.4). The spores releasing from the cell was about 1 µm in size, light blue in on
side and red in the other side and could not be seen in Fig. 2.4. The spores in
mother cell with active mobility were also detected in experiments.

Fig. 2. 4 The cell bearing many small spores (light microscope 10 ×10)
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2.3.1.2 The growth curve of C. pyrenoidosa
The growth of algae was measured through cellular density. The cellular density
was counted with hemocytometer. At low cellular densities, algal growth
proceeded exponentially during the first 48 h after inoculation, then along a linear
segment, at last enter the stationary phase after inoculation for 96 h (Fig. 2.5). The
results were similar to that reported [116]. Algal cells in exponential phase were
used for test.
During the first 72 h after inoculation, the cell went through the life cycleellipsoidal when newly produced, turned spherical when ripe and then divided.
However, after 96 h, the cell kept ellipsoidal because of the poor nutrients.
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Fig. 2. 5 Growth curve of the alga C. pyrenoidosa
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2.3.1.3 Relationship between cell number and optical absorbance
During the observation of growth curve, the cell numbers, and the corresponding
optical absorbance at 680 nm were detected simultaneously. For a given
steady-state system, cell number and optical density were related and
interchangeable [116]. The relationship between the cell number and the optical
density was C=940.52 A+11.42 (C, 104 cells/mL), with a correlation coefficient of
R=0.9866. In experiments, the optical absorbance was tested and then transferred
into cell density through the equation.
2.3.2 Desmodesmus. sp.
The other algal species was identified as Desmodesmus. sp. based on morphology,
life cycle observed in experiments and information from literatures.
2.3.2.1 Life cycle of Desmodesmus. sp.
The cell was unicellular, usually with four spines in TAP medium. Asexual
reproduction was observed in experiments using light microscope at 1000 times.
Parental cells divided to form different number of autospores (Fig. 2.6).
The daughter cells were released as single cell by breakdown of the parental wall.
Some failed to separate, still connected together by the remains of the mother cell
even when they grew to mature. The newly produced cell was ovoid, about 4 µm
wide and 5 µm long, or 3 µm wide and 6 µm long. The small cell grew in size and
mass under light, such as more chloroplast in mature cell. It took about 7 to 8
hours to grow mature under illumination. The ripe cell was about 6 to 11 µm in
diameter. Then the cell prepared division and bore a number of about 2, 4, 8
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autospores. When the culture entered the dark period, the cell divided after about
1 h in dark.

Newly produced cell
Daughter cell
fleeing away

The ripe cell

Life cycle of
Desmodesmus. Spp

The cell preparing
cell division

Cell division

Fig. 2. 6 Scheme of life cycle of the alga Desmodesmus. sp
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2.3.2.2 Growth curve of Desmodesmus. sp.
The growth of alga was observed through cellular density (Fig. 2.7). The cellular
density was tested with hemocytometer. The cells grew linearly during the first 96
hours after inoculation and then enter a stationary phase.
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Fig. 2. 7 Growth curve of Desmodesmus. sp.
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2.3.2.3 Relationship between cell number and optical absorbance
During the process of growth curve observation, the cell number was counted and
its corresponding optical absorbance was detected simultaneously. They were
related and interchangeable. The liner regression equation was C=668.59 A + 4.50
(C, 104 cells/mL), with a correlation coefficient of R=0.9961.
2.3.3 S. obliqnus
S. obliqnus was obtained from Freshwater Algae Culture Collection of the
Institute of Hydrobiology, China. Scenedesmus is a common alga. This algal
species are differentiated based on the the number and type of spines on the cells
and texture of the wall.The alga lives as unicells but also as multicellular colonies
of 2, 4 or 8 cells, which varys with the culture medium. The Scenedesmus grows
as uncells in medium with low phosphorus or low salt concentration [117].The
algal cells form multicellular colonies in the presence of grazers, while it usually
grows as unicells with no grazers in environment.
2.3.3.1 Growth curve of S. obliqnus
The growth of algae was observed through cellular density (Fig. 2.8). The cellular
density was tested with hemocytometer. The cells grew to a stationary phaseafter
72 h.
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Fig. 2. 8 Growth curve of S. obliqnus
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2.3.3.2 Relationship between cell number and optical absorbance
During the process of growth curve observation, the cell number was counted and
its corresponding optical absorbance was detected simultaneously. Their
relationship can be described by the liner regression equation was C=988.99A
-16.892 (C, 104 cells/mL), with a correlation coefficient of R=0.9992.

2.3.4 Selection of the three algae

In this project, three freshwater algae including C. pyrenoidosa, Desmodesmus. sp.
and S. obliqnus were selected for the biodegradation experiments. C. pyrenoidosa
and Desmodesmus. sp. were isolated from local environment, while S. obliqnus
obtained commercially. All these three algae are world-wide green algal species,
easy cultivation. During the isolation of green algae, they were overgrown to other
species. The algal species with high growth rate might have the potential to be
resistant to the surrounding environmental stress. Therefore, they might have high
resistance to the toxic pollutants. As mentioned in chapter 1, in order to adapt to
the loving environment, algae migh evolve the corresponding enzymes to
biodegrade the pollutants. C. pyrenoidosa is a green algae supplying fatty acids,
carotenoids and xanthophylls as human and animal nutrition supplement, but also
used for pollutant treatment since the its capability to growth heterotrophically
[118]. It has been has been used for the treatment of soybean processing
wastewater, and as bioindicator for hazardous solid waste detoxification [119,
120]. The soybean processing wastewater supported the growth of algal cells. As a
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result, cleaner water was obtained and the resulted algal biomass could also be
used as supplements or biofuel production. These two algal species were isolated
from local environment, which grows well in the long time adaption. However,
the commercial species from other environment might have different reactions
toward the same pollutants under the same experimental condition. The difference
of the isolated species with the commercial species might provide the information
about the evaluation of the methodologies of this project. In order to compare the
efficiency the isolated species and commercial species in the biodegradation of
pollutants, S. obliqnus was obtained commercially from Freshwater Algae Culture
Collection of the Institute of Hydrobiology, China, in which S. obliqnus also has
higher growth speed than other species.
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2.4 Chapter summary
Two freshwater microalgae were isolated from the pond in Zhuhai, using the
solid-agar method. They were cultured in TAP medium under axenic condition.
The morphology, the life cycle, and growth curve were observed for the aid of
species identification. One species was identified as C. pyrenoidosa by accredited
authority. The other one was identified as Desmodesmus. sp based on the
experimental data and information from literature. In addition, a green algae
species S. obliqnus was also bought for the comparison with algal species isolated
from local environment, in the application of removal and biodegradation of
organic pollutants.
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Chapter 3
Biodegradation and removal of 3,4-dichloroaniline by Chlorella pyrenoidosa

3.1 Introduction
3,4-DCA is a chlorinated aniline, originating from the production of dyes, textile
and herbicides as well as the degradation of herbicides such as diuron, propanil
and linuron [67, 121, 122]. The intensive use of the herbicides has resulted in the
contamination of surface water and groundwater through runoff on surface soil
and infiltration [68]. As a degradation product of several widely used herbicides,
3,4-DCA has been detected in various surface waters [65]. The chemical tends to
accumulate in the environment due to its low biodegradation [70]. 3,4-DCA is
reported to be toxic to living organisms [123]. For example, it has immunotoxicity,
nephrotoxicity and splenotoxicity to mammals [124]. In addition, the chemical
may be converted by microbial into TCAB that is a carcinogen and a potential
genotoxin. Therefore, it is important to remove 3,4-DCA from the environment.
Biological treatment is considered as an environmentally favorable and economic
method compared with the traditional methods such as chemical oxidation,
photooxidation and carbon absorption. Several microbial cultures have been found
to be able to degrade 3,4-DCA. For example, 3,4-DCA was mineralized by
Pseudomonas putida in the presence of unchlorinated analogue substrates [72]. In
addition to mineralization, acetylation, polymerization were also reported in the
treatment of 3,4-DCA by bacteria or fungi [66, 75, 76]. The above reported studies
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mostly concentrated on the biodegradation and metabolism of 3,4-DCA by
bacteria and fungi, with less focus on algae. In this study, a freshwater alga C.
pyrenoidosa was isolated from local environment and applied in the removal and
degradation of 3,4-DCA in aquatic environment.
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3.2 Materials and Methods
3.2.1 Chemicals and cultivation medium
3,4-DCA, 3,4-dichloroacetanilide, 3,4-dichloroformanilide and cyanazine were
obtained from Sigma–Aldrich (St. Louis, MO, USA). Stock solutions of these
standards were prepared as 1 mg/mL in ethanol and stored at 4 °C prior to use.
Methanol (MeOH) of HPLC grade was obtained from Riedel-de Haen® (Hanover,
Germany). Stock solutions were kept under 4 °C in a refrigerator. Milli-Q water
was used as clean water and produced by a Milli-Q® Ultrapure Water Purification
Academic System from Millipore (Millipore, Billerica, MA, USA). TAP medium
was used to prepare for cultivation of algae according to the report from Gorman
& Levine [112]. The medium was solidified with 15 g/L of agar for isolation of
algae.
3.2.2 Cultivation condition and alga growth
C. pyrenoidosa was maintained by periodic transfers in 50 mL TAP medium in a
100 mL flask, which was shaken on a shaker at 120 rmp under axenic conditions
in an environmental chamber at 25 °C with a 16/8-h light /dark photoperiod with a
light intensity of 4800 lux. 100 mL TAP medium in 250 mL flask was used to
supply alga cells for the 3,4-DCA removal. Before experiments, the alga cells at
late exponential growth phase (3 d) were harvested by centrifugation at 5000 rpm
for 5 min. To remove any alga exudates present in the initial alga pellet, the
collected cells were washed two times with sterile deionized water through
centrifugation and finally resuspended in TAP medium to obtain concentrated alga
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suspension. The alga growth was expressed as cell density, which was
interchangeable with optical absorbance at 680 nm.
3.2.3 Biodegradation experiment
The experimental samples were divided into three groups. The first group was
alga group for the study of alga ability to remove 3,4-DCA, in which the
concentrated alga suspension was inoculated into 50 mL TAP medium with 4.6
µg/mL of 3,4-DCA to attain an initial cell density of 1.0×106 cells/mL. The DCA
exposure level was selected based on the EC50 of 3,4-DCA for microalgae (the
concentration leading to about 50 % inhibition of growth rate) reported from 0.5
to 5.9 µg/mL[125-127]. The second group was control sample that medium
containing 4.6 µg/mL of 3,4-DCA without inoculation of the alga to provide the
information on the potential abiotic degradation of 3,4-DCA. The third was the
blank sample containing only the culture medium with the same density of alga
cells without the addition of 3,4-DCA for monitoring the growth of alga. The
experiments were carried out under aseptic conditions to diminish any other loss
or degradation of 3,4-DCA. The samples were treated under the same conditions
for alga culture as described above. Triplicate samples from each group were
sacrificed on d 1, 4 and 7. The samples were analyzed for the quantification of
residual concentrations of 3,4-DCA in the medium and the identification of
metabolites.
3.2.4 Sample preparation
After the collection of samples at different times of incubation, the alga samples
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and blank samples were centrifuged at 10000 rpm for 20 min for the separation of
alga cells and the medium. The samples were stored at –20 °C prior to the analysis.
For the determination of residual concentration of 3,4-DCA in medium, 0.8 mL of
the supernatant was mixed with 0.19 mL methanol, and 10 µL of cyanazine stock
solution as internal standard (IS). After centrifugation at 12000 rpm for 20 min,
the sample was analyzed by HPLC for the quantification of 3,4-DCA. Peaks of
the possible metabolites were collected and further analyzed with HPLC-ESI-MS.
3.2.5 Analysis of 3,4-DCA and its metabolites
The HPLC analysis of 3,4-DCA and internal standard was performed by using an
Agilent Series 1200 liquid chromatograph (Palo Alto, CA, USA) coupled with a
binary pump, an in-line degasser, a Symmetry ShieldTM RP8 (2.1 mm × 30 mm,
3.5 μm, Waters, Milford, MA, USA) column, a diode array detector (DAD) and
auto-sampler. A gradient elution program with water and MeOH as the mobile
phases A and B, respectively, was employed for the separation. The gradient
program started with 35 % B and held for 1 min, then changed to 95 % B within 4
min and held for 6 min. The flow rate was 0.2 mL/min. The sample injection
volume was 10 µL. The UV detection wavelength was set at 254 nm.
The metabolite identification was performed by using LC-ESI-MS on a Bruker
Esquire 4000 ion trap mass spectrometer (Bruker-Fransen, Bremen, Germany)
coupled with an Agilent Series 1100 liquid chromatograph (Palo Alto, CA, USA).
Negative ion mode was used for the determination of 3,4-DCA metabolites. The
following conditions were used for the ESI-MS analysis: nebulizer pressure was
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30 psi; drying gas flow was 8.0 L/min; drying gas temperature was 325 °C;
capillary voltage was 3000 V. The samples were separated on the same
Symmetry-ShieldTM RP8 column. However, the mobile phases for the LC-MS
analysis consisted of phase A (water, 4 mM ammonium acetate) and B (MeOH).
The gradient elution program was the same as that described above. The effluent
of the first 3 min was diverted to waste to minimize the contamination of the ion
source.
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3.3 Results
3.3.1 Growth of the alga
For a given steady-state system, cell number and optical density are co-related and
interchangeable.

The

linear

regression

equation

was

obtained

as

C=940.52A+11.42 (A, absorbance; C, 104 cells/mL), with a correlation coefficient
of R=0.9866. Therefore, the growth of alga was calculated indirectly by detecting
optical density. The blank samples and the alga experimental samples were
cultivated with the same initial cell density under the same condition. The percent
inhibition based on average specific growth rate of C. pyrenoidosa caused by 4.6
μg/mL of 3,4-DCA exposure for 7 d was calculated as 30 % according to the
OECD guidelines 201 [125]. Obtained data indicated that 3,4-DCA affected the
growth of alga. Fig. 3.1 showed the growth curve of both blank sample and alga
sample. Microscopic examinations of the alga cells were done to observe any
damage or deterioration. After the exposure to 3,4-DCA, the alga cell volume was
found to enlarge to 10 µm or more in diameter while the normal cell diameter was
observed from 3 to 7 µm in diameter. The cell internal structure was also found to
change with the unrecognizable pyrenoid and chloroplast damage.
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Fig. 3. 1 Growth of C. pyrenoidosa in a 7-d culture.
The blank samples and the algal samples were cultivated with the same initial cell
density under the same conditions. In the algal group, the algal cells were exposed
to 4.6 µg/mL of 3,4-DCA. Data were present as the mean and standard deviation
from the three replicates.
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3.3.2 Removal and metabolism of 3,4-DCA by algal cells
After the 7-d culture, the concentration of 3,4-DCA residual in medium in the
control group decreased from 4.6 to 4.4 µg/mL with a loss of 4.4 % (Fig. 3.2),
which may be caused by 3,4-DCA evaporation or other loss during the sample
preparation. On the other hand, the concentration of 3,4-DCA in alga group was
found to decrease from 4.6 to 0.9 µg/mL. The removal percentage caused by alga
cells was calculated as 78.4 % considering the elimination of the abiotic loss of
the parallel settings in the control.
During the growth of C. pyrenoidosa in the presence of 3,4-DCA, two new
compounds (A1, A2) were formed and accumulated in the medium with decrease
of 3,4-DCA concentration, but not in the blank sample nor in the control sample
(Fig. 3.3). A2 was detected in the growth medium after exposure for 1 d, with
retention time at 9.3 min. The peak area of A2 increased with the incubation time.
In the 7-d culture sample, a second new peak A1 was detected at a retention time
between that of 3,4-DCA and A2.
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Fig. 3. 2 Residual concentration of 3,4-DCA in algal group and control group
during the 7-d cultivation.
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Fig. 3. 3 HPLC Chromatogram of 3,4-DCA biodegradation by C. pyrenoidosa.
Peak identity: IS (cyanazine); A1 and A2 (metabolites). Algal cells were cultured
with 4.6 µg/mL of 3,4-DCA for 7 d.
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3.3.3 Identification of the metabolites
The peaks of the potential metabolites were analyzed with negative LC-ESI-MS
after the HPLC separation (Fig. 3.4). The structure of the metabolite A1 was
characterized from the ESI-MS and MS/MS analyses. The negative ion ESI mass
spectrum displayed a dichlorine isotopic pattern at m/z 188/190. In the MS/MS
spectra, the selected parent ion at m/z 188 was fragmented to m/z 160 with a loss
of 28 mass units (Fig. 3.5). The ion at m/z 124 resulted from the further
elimination of HCl for the loss of 28 mass units. The pattern of fragmentation ions
of the metabolite was very similar to that of the parent compound for 3,4-DCA.
Furthermore, the obtained MS/MS spectra of the metabolite A1 was similar to the
loss of an N-formyl group by elimination of carbon monoxide that had been
reported [128]. The putative metabolite was eventually identified as
3,4-dichloroformanilide and confirmed with the analysis and comparison with the
corresponding authentic standard.
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Fig. 3. 4 LC-ESI-MS chromatogram of the 3,4-DCA metabolites
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Metabolite A2 also showed a dichlorine isotopic pattern at m/z 202/204 from the
ESI-MS analysis in negative ion mode. The MS/MS analytical result indicated
that A2 had the similar fragmentation pathway as that of metabolite A1 at the
lower mass range (Fig. 3.6). A loss of 42 mass units from the molecular ion to
generate the ion at m/z 160 and its further neutral loss of HCl to produce the ion at
m/z 124 were observed. The pattern of fragmentation ions was similar to the loss
of ketene from the MS/MS analysis of N-acetylated amines [129]. Consequently,
A2 was identified as 3,4-dichloroacetanilide with the comparison of the LC-MS
analysis of authentic standard.
The formation of 3,4-dichloroacetanilide was quantified with the concentration
increase from 0 to 0.56 μg/mL during the 7-d period. The concentration of
3,4-dichloroformanilide was not determined because its concentration was
lowered than the detection limit.
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3.4 Discussion
The data from this study showed that the alga cells exposed to 3,4-DCA enlarged
in volume with pyrenoid disappeared while the inner stroma of chloroplast spilled
out in the whole cell. The toxicity of 3,4-DCA to alga induced cell lyses, releasing
organic material into the aquatic environment. Marine alga Tetraselmis suecica
was exposed to metals copper and cadmium, leading to ultrastructural damages
such as the appearance of supernumerary walls, cytoplasmic vacuolization and
release of organic matter [130]. In addition, the organelles became unrecognizable
and intra-cytoplasmic granules formed in the cell. The response was expected as
complex detoxification process contributing to the decrease of the available
amount of free toxic pollutants in the medium and within the cell. It has been
reported that the chloroplast was the main target of fluoranthene and Cu2+ toxicity
[131]. In this study, the damage to chloroplast responsible for photosynthesis
might reduce the amount of energy available to the cells, thus affecting the cell
reproduction.
The possible fate of 3,4-DCA in an axenic alga-medium system may include
evaporation, photo-degradation, biomass uptake as well as cellular biodegradation.
The results of control group tests showed 4.4 % loss of 3,4-DCA, probably due to
the evaporation or other loss during the sample preparation because chemical
degradation was not detected. However, significant degradation of 3,4-DCA was
observed in the alga samples with the DCA exposure level at 4.6 µg/mL. After the
correction of the abiotic loss, the removal percentage of 3,4-DCA by C.
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pyrenoidosa alga cells was 78.4 %. With the degradation of 3,4-DCA, two
metabolites 3,4-dichloroformanilide and 3,4-dichloroacetanilide were produced
and accumulated in the growth medium. 3,4-Dichloroacetanilide was detected
with a final concentration of 0.56 μg/mL, while 3,4-dichloroformanilide was only
detected at low level that under lowest quantification limit in the 7-d culture
sample. However, the formation of the detected two metabolites did not account
for the whole depletion observed for 3,4-DCA, which might be due to the
formation of other metabolites that were not detected under the current analytical
conditions or the mineralization of 3,4-DCA and its metabolites. The conversion
of aromatic compounds and chlorine-substituted aromatics to catechol, for
example, was one of the major metabolic pathways in bacterial biodegradation
[74]. During the mineralization, 3,4-DCA was subject to dioxygenase attack and
converted to catechol, followed by metabolism through the ortho-cleavage
pathway.
3,4-dichloroformanilide and 3,4-dichloroacetanilide were produced from 3,4-DCA
treated with the alga through formylation and acetylation, respectively. However,
the formation of the two metabolites has been reported for the biodegradation of
3,4-DCA in previous studies. For example, 3,4-dichloroformanilide and
3,4-dichloroacetanilide were detected from the biodegradation of 3,4-DCA by
bacteria Sphingomonas sp. isolated from the wastewater treatment system of an
herbicide factory [132]. Acetylation was suggested as a detoxification mechanism
by competing with azobenzene formation in the metabolism of substituted anilines
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by soil microorganisms [133]. N-acetylation of aromatic amines by fungi
Podospora anserina was used to mediate tolerance to xenobiotics in surrounding
environment [134]. It was reported that 3,4-DCA was the most active anilide
herbicide, while 3,4-dichloroformanilide is inactive to any crop plant and
3,4-dichloroacetanilide was low toxic to sensitive crops [135]. Therefore,
formylation and acetylation of 3,4-DCA could serve as a detoxification process
when algae were applied, although the metabolic mechanisms were different from
those reported for microalgae. The presence of CYP450 oxygenases in marine
algae was demonstrated to convert 3-chlorobiphenyl to monohydroxylated
metabolite [136]. Protocatechuate 3,4-dioxygenas and 4,5-dioxygenase for
aromatic ring cleavage was inducible for the biotransformation of phenols in
marine diatom Thalassionsira sp. [101]. Marine microalga Tetraselmis marina
was used for glucosidation and subsequent malonylation reactions to convert
hydrophobic 2,4-DCP to hydrophilic and less toxic conjugates for the purpose of
detoxification [100]. However, acetylation of 3,4-DCA into its acetylated form for
the detoxification may be catalyzed by arylamine N-acetyltransferase enzymes
that have been found in bacteria and fungi [134, 137]. Formylation represents
another new mechanism in which amino group of 3,4-DCA is formylated.
The 3,4-DCA level selected for the current biodegradation study by C.
pyrenoidosa was 4.6 µg/mL, which was based on the reported EC50 values of
3,4-DCA for microalgae ranged from 0.5 to 5.9 µg/mL [125-127]. In an initial
experiment, the algal cells was exposed to 20.0 μg/mL of 3,4-DCA. The percent
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inhibition based on average specific growth rate of C. pyrenoidosa caused by the
exposure to 20.0 μg/mL of 3,4-DCA for 7 d was calculated as 81.0 % according to
the OECD guidelines, indicating that the exposure concentration of 20.0 μg/mL
was too high and thus might affect seriously the growth of algal cells. As a result,
the algal cells could not provide enough biomass and metabolic capability for the
biodegradation of 3,4-DCA. Nevertheless, further investigations with other
exposure conditions including the level and time may be conducted in the future.
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3.5 Chapter summary
A freshwater microalga identified as C. pyrenoidosa has demonstrated to have
potential of biodegradation and removal of 3,4-DCA in water. After the exposure
to 3,4-DCA at the level of 4.6 µg/mL, the alga cells enlarged in volume with
damage of the chloroplast and excretion of organic compounds, which affected the
reproduction of alga cells indirectly. The removal percentage of 78.4 % of
3,4-DCA was caused by C. pyrenoidosa alga cells. At the same time, two
metabolites were detected and identified as 3,4-dichloroformanilide and
3,4-dichloroacetanilide by using LC-ESI-MS through the MS/MS spectrum
interpretation and comparison with the authentic standards. The two metabolites
were demonstrated to be less phytotoxic. Further investigation for confirming the
degradation mechanism might be conducted by checking the bioaccumulation and
transformation in alga cells. In addition, the enzymes involved the metabolism of
3,4-DCA should be investigated.
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Chapter 4
Removal and metabolism of triclosan by three different microalgal species

4.1 Introduction
Triclosan is widely used as a broad-spectrum antimicrobial agent in a variety of
personal care products, household cleaners as well as textiles [138]. After normal
application, the majority of triclosan is discharged into the sewage treatment
plants, leading to concentrations up to μg/mL in wastewater influent [139]. The
removal of triclosan in wastewater treatment plants could be as high as 96% [140].
However, the remaining triclosan are discharged into receiving stream and thus it
has been detected in various surface waters and sediments [83, 141].
Together with the increased output of triclosan into environment, there are
increasing reports about the adverse effect on aquatic organisms and mammals
[86-88]. For example, triclosan was reported to damamge the swimming
performance of fish [89]. Moreover, the environmental fate of triclosan has
received significant attention because of its chemical structural similarity to some
of typical persistent organic pollutants including chlorinated and brominated
diphenyl-ethers and the potential of its conversion to these compounds. Therefore,
it is of vital importance to remove triclosan from environment.
Biological treatment may be an environmentally favorable and economic choice
for elimination of triclosan. However, little information is known about the
triclosan biodegradation because that triclosan inhibits the microbial growth,
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which limits the application of biotreatment of triclosan [95]. But there were still
some microorganisms found be resistant to triclosan. There were reports about the
biodegradation of triclosan in the activated-sludge treatment and soil [142-146].
2,4-DCP, glycosyl conjugates, O-methylated intermediates were identified as the
biotransformation products by fungi Trametes versicolor and Pycnoporous
cinnabarinus. 35% of triclosan added to the culture was mineralized to CO2 by a
Sphingomonas-like bacterial strain Rd1 that isolated from activated sludge [96].
Monohydroxy-triclosan, dihydroxy-triclosan through initial hydroxylation on both
aromatic ring of triclosan, and bond cleavage products 4-chlorophenol and
2,4-DCP was identified as biodegradation products of triclosan by Sphingomonas
sp. PH-07 [51].
All these studies have been focused mainly on bacteria and fungi, while the
information of microalgae in the biodegradation of triclosan remains limited [24].
In this work, three green microalgae including C. pyrenoidosa, Desmodesmus sp.,
S. obliqnus were applied in the removal and biodegradation of triclosan. The
efficiency of the three algae in removal of triclosan was compared. At the same
time, susceptibility tests were conducted to facility the biodegrdaton experiments.
The difference in the sensitivity of algale to triclosan was investigated in the
aspect of detoxification mechanisms. UPLC-ESI-MS was applied for the
determination of triclosan in algae samples. Major metabolites were identified
with UPLC-ESI-Q-TOF-MS.
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4.2 Material and Methods
4.2.1 Chemicals and cultivation medium
Triclosan and

13

C12-labeled triclosan were purchased from Wellington

Laboratories (Ontario, Canada), 2,4-DCP was from Aldrich (Milwaukee, WI,
USA). Stock solutions of these standards were prepared as 1 mg/mL in ethanol
and stored at 4 °C prior to use. Acetonitrile (ACN) in ABSOLV grade was
supplied by Tedia Company (Fairfied, OH, USA). Water was purified by
employing a Milli-Q Reagent Water System (Millipore, Billerica, USA). TAP
medium was prepared for cultivation of algae according to the report from
Gorman & Levine [112].
4.2.2 Cultivation condition and algal growth
C. pyrenoidosa and Desmodesmus sp., isolated from a pond in Zhuhai, China. S.
obliqnus was obtained from Freshwater Algae Culture Collection of the Institute
of Hydrobiology, China. All the three species of algae were maintained by
periodic transfers in 50 mL TAP medium in a 100 mL flask, which was shaken on
a shaker at 120 rmp under axenic conditions at 22 °C with a 16/8 h light /dark
photoperiod under a light intensity of 4000 lux. 100 mL TAP medium in 250 mL
flask was used to supply alga cells for the triclosan removal. Before experiments,
the algal cells at late exponential growth phase (3 d) were harvested by
centrifugation at 5000 rpm for 5 min, washed and re-suspended in TAP medium to
obtain concentrated alga suspension. The alga growth was expressed as cell
density, which was interchangeable with optical absorbance at 680 nm.
82

4.2.3 Growth inhibition tests with triclosan
Growth inhibition experiments of triclosan to all the three algae were conducted to
determine the sensitivity of the selected algae to triclosan. The algae were exposed
to triclosan with a series of concentrations from 50 to 800 ng/mL in TAP medium.
The experimental samples were divided into two groups. The first group was algal
group for the study of the effect of triclosan on the growth of algae, in which the
concentrated algal suspension was inoculated into 50 mL TAP medium, exposed
to ticlosan with a series concentration of 50, 100, 200, 400, 800 ng/mL. The
second group was the blank samples containing the culture medium with the same
density of alga cells without the addition of triclosan for monitoring the growth of
alga. The experiments were carried out under aseptic conditions to diminish any
other loss or degradation of triclosan. The initial cell density of algal group and
blank group were 1.0×107 cells/mL. Flasks were tightly covered with aluminum
foil to reduce evaporation losses of triclosan. Then all the samples were cultivated
under the same condition described in section 2.2. A portion of sample from all
group were collected from each flask for detection of algal growth after 1, 2, 3, 4
d incubation. Three independent incubations were conducted for each set.
4.2.4 Biodegradation of triclosan
Based on the results of growth inhibition tests (Section 2.3), algal cells were
exposed to 400 ng/mL triclosan with an initial cell density of 1.0×107 cells/mL to
investigate the biodegradation of triclosan. Blank group and control group were
set monitor the abiotic loss of triclosan and the growth of algal cells, respectively.
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The control sample was medium containing 400 ng/mL triclosan without
inoculation of the algal cells. Triplicate samples from each group were collected
after 1, 4 and 7 d exposure. In order to provide more information about the
biodegradation kinetics of triclosan by algae, Desmodesmus sp. cells were
exposed to 400 ng/mL of triclosan with an initial cell density of 1.0×107 cells/mL
for the investigation of biodegradation of triclosan. Control group and blank group
were set for monitoring the abiotic loss of triclosan and the growth of algal cells,
respectively. Triplicate samples from each group were collected after 0.5, 1, 3, 6,
12, 24, 48, and 72 h exposure. The concentration of triclosan residual in medium
and uptaken by algal cells was determined by LC-ESI-QqQ-MS. And the
metabolites of triclosan were identified with LC-MS. All the data was obtained
from three independent incubations and calculated as mean ±SD.
4.2.5 Sample preparation for LC-MS analysis
The medium was separated from the cells by centrifugation at 6000 rpm for 20
min. The samples were stored at –20 °C prior to analysis. For the determination of
residual concentration of triclosan in medium, the sample was extracted three
times using DCM through LLE, with

13

C12-labeled triclosan as the internal

standard. 100 μL aqueous sample was extracted with 200 μL DCM after pH
adjusted to 2.5. After vortex, the mixture was centrifuged for 5 min at 5000 rpm
for layer separation. The procedure was repeated three times and the combined
organic phase was concentrated to near dryness using a gentle flow of nitrogen
gas at room temperature. The dried sample was reconstituted with 100 µl 20%
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ACN in water and centrifuged at 12000 rpm for 20 min before the UPLC-MS
analysis.
Metabolites in medium were extracted with Oasis HLB 30-mg cartridges
according to the method described by Hill et al. but with some modification [147].
The column was sequentially conditioned with 5 mL each of ethyl acetate (EA),
methanol, 1% formic acid. 3 mL of aqueous samples (pH adjusted to 2.5) was
applied to the cartridges, which was then washed with water. The cartridge was
aspirated to remove residues of water. Analytes were eluted with 4 mL of
methanol and 4 mL of EA. The eluents were combined and dried with a gentle
flow of nitrogen gas at room temperature. The dried sample was reconstituted
with 100 µl 20% ACN in water and centrifuged at 12000 rpm for 20 min prior to
the UPLC-MS analysis. For the determination of the triclosan that adsorbed on
cell surface and absorbed into cells, the cell pellets were mixed with 300 uL water
(pH adjusted to 2.5) and 100 uL FA and extracted with 4 mL EA. The mixture
was vortexed for 1 min, and then ultrasonically extracted for 10 min at icy water
bath. This process was repeated three times. The samples were stored at -20 C for
1 h and then centrifuged at 5000 rpm for 10 min, after which the supernatant was
collected. The cell pellets extraction was repeated three times. The combined
organic solvent was concentrated by the same procedure as for the aqueous
supernatant phase.
4.2.6 Analysis of triclosan and its metabolites
The analysis of triclosan and internal standard was performed on an UPLC
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(Waters ACQUITY UPLC system, Waters Corporation, Milford, MA, USA) with
a reversed phase EBH C18 column (1.7 μm, 2.1 mm × 50 mm). A gradient elution
program with water and ACN as the mobile phases A and B, respectively, was
employed for the separation. The gradient program started with 10% B and held
for 0.5 min, then changed to 95% B within 5.5 min, at which point it was held for
2 min before being returned to initial condition. The flow rate was 0.45 mL/min.
The sample volume was 10 μL.
The UPLC was coupled to a Waters ACQUITY TQ Detector equipped with ESI
source (Waters Corporation, Milford). Instrument control and data acquisition
were conducted using the Waters MassLynx V4.1 SCN562 software package.
Nitrogen (99.99% purity) for ESI-MS was produced by the on-line nitrogen
generation system. Triclosan and internal standard were detected using
ESI-MS/MS under negative mode by monitoring their precursor-product
transition ions in MRM mode. The [M-H]- (m/z: 287) of triclosan was the
dominant primary ion under negative ESI-MS condition. The transition ion pair of
[M-H]- and fragment ion [Cl]- was selected for the quantification of triclosan and
its internal standard. The MS parameters were optimized by using triclosan
standard solution at the concentration of 200 ng/mL. The optimal MRM
conditions were described as follows: the capillary voltage was 2.5 kV; the cone
and collision voltages were 28 and 13 V, respectively; temperatures of the
negative ESI source and desolvation gas were 140 and 500 °C, respectively; the
cone gas and the desolvation gas flows were 30 and 750 L/h, respectively; the
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dwell time was 0.05 s; the extractor voltage was 2.5 V.
The metabolite identification was performed by using an ACQUITYTM UPLC
system (Waters, Milford, MA, USA) equipped with a Q-TOF Premier mass
spectrometer (Waters Micromass, Manchester, UK). The chromatographic
separations were performed on a reversed-phase BEH C18 column (1.7 μm, 2.1
mm × 100 mm) with a flow rate of 0.45 mL/min. The mobile phases for
UPLC-MS analysis consisted of phase A (water, 5 mM ammonium acetate) and B
(ACN). The gradient elution program was the same as that for the quantification
of triclosan. The negative ionization mode was applied for the MS spectra with
full MS scan range from m/z 100 to 800 and MS/MS from m/z 50 to 800. The
capillary was 3.5 kV. The collision energy was in the range of 10 to 30 eV. The
source and desolvation temperature were 120 and 350 °C, respectively. The
sampling cone and extraction cone voltage was 18 and 3 V, respectively. The cone
gas and the desolvation gas flows were 50 and 700 L/h, respectively.
LC-ion trap-MS analysis was also applied for the identification of metabolites,
which was composed of a Bruker Esquire 4000 ion trap mass spectrometer
(Bruker-Fransen, Bremen, Germany) and an Agilent Series 1100 liquid
chromatography (Palo Alto, CA, USA). Negative ion mode was used for the
determination of triclosan metabolites. The following conditions were used for the
ESI-MS analysis: nebulizer pressure was 40 psi; drying gas flow was 9.0 L/min;
drying gas temperature was 325 °C; capillary voltage was 3000 V. The samples
were separated on the same Symmetry-ShieldTM RP8 column. A gradient elution
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program with water (4 mM ammonium acetate) and ACN as the mobile phases A
and B, respectively, was employed for the separation. The gradient program
started with 35% B and held for 1 min, then changed to 95% B within 5 min and
held for 6 min. The flow rate was 0.2 mL/min. The sample injection volume was
10 µL. The effluent of the first 3 min was diverted to waste to minimize the
contamination of the ion source.
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4.3 Results
4.3.1 Analysis of triclosan and its metabolites
A six-point calibration curve with native triclosan standard concentrations from 4
to 1000 ng/mL was constructed using 200 ng mL

13

C12-triclosan as internal

standard. Peak area ratios between m/z 287 for triclosan and m/z 299 for
13

C12-triclosan were plotted versus the concentrations of the calibration points.

The calibration curve showed a good linearity with R2 of 0.9992. LOQ, defined at
signal-to-noise ratio of 10, was 3.38 ng/mL. To improve the method accuracy, a
relative response factor (RRF) of native triclosan signal to that of its
corresponding internal standard

13

C12-triclosan was used for the quantitative

analysis [148]. The RRF was determined with standards containing three different
concentration ratios of triclosan to

13

C12-triclosan for each day samples. The

efficiency of the LLE method with EA was tested by extraction of triclosan spiked
in algal cell pellets with three different levels. And the extraction recoveries were
determined between 86.2 to 89.4% (Table 4.1). LLE method was used to extract
triclosan in culture medium, while solid phase extraction (SPE) was used to
enriched and extract metabolites of triclosan in medium. Three spiked samples of
TAP medium with different levels of triclosan were analyzed for evaluating the
performance of LLE with EA and SPE method. LLE recoveries of triclosan from
medium were determined in the range of 97.7% to 99.9%, whereas the SPE
recoveries were in the range of 85.9% to 88.2%.
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Table 4. 1 Extraction recoveries of triclosan spiked into medium at different levels

Extraction method

Recovery

Standard

(n=3)

Deviation

Levels (ng/mL)

Liquid-liquid

10

99.9

2.4

extraction (DCM)

100

97.7

2.0

1000

98.1

1.7

1

86.6

8.1

10

87.1

4.2

30

88.2

7.6

10

86.2

6.5

100

86.7

6.4

1000

89.4

3.3

Solid-phase extraction
(Oasis HLB)

Liquid-solid
extraction (EA)
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4.3.2 Growth inhibition tests with triclosan
All the three algal cells with the same initial cell density of 1.0×107 cells/mL were
exposed to triclosan with a series of concentrations to test their susceptibility to
triclosan. Fig. 4.1 shows the growth inhibition results of triclosan to the algae. It
was observed that when alga S. obliqnus was exposed to triclosan with
concentrations from 50 to 800 ng/mL for 4 d, no growth inhibition was found
compared with the control sample whose specific growth rate was 0.29/d (Fig.
4.1A). For the microalga Desmodesmus sp., the growth was not inhibited when
exposed to triclosan up to 400 ng/mL. When the alga cells were exposed to 400
ng/mL triclosan, the inhibition of the growth rate was calculated as 39%
according to the OECD guidelines 201 [125]. However, the algal growth was
completely inhibited by triclosan with concentration of 800 ng/mL. When the
microalga C. pyrenoidosa was exposed to triclosan with concentration in the range
of 50 to 200 ng/mL for 4 d, no big difference in the growth rate was observed
between the algal groups and the control group. But when the algal cells were
exposed to 400 ng/mL triclosan, the growth inhibition rate was calculated as 65%.
The algal growth was completely inhibited in the presence of 800 ng/mL triclosan.
When the algae C. pyrenoidosa and Desmodesmus sp. were exposed to 400 ng/mL
triclosan, the growth of both algae was inhibited in the 1 d compared with the
their corresponding blank groups. But the growth of alga Desmodesmus sp. had
recoveries in the following exposure time, while the growth of alga C.
pyrenoidosa had a little increase. The experimental results showed that there were
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significant variations in sensitivity to triclosan between the tested microalgal
species. Among the three species, S. obliqnus was not sensitive to triclosan
toxicity, while Desmodesmus sp. was the middle and C. pyrenoidosa was the
highest. The sensitivity of the three algae to triclosan toxicity decreased in the
order: C. pyrenoidosa ﹥ Desmodesmus sp.﹥ S. obliqnus.
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B
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C

Fig. 4. 1 Growth of the three algae in the presence of triclosan in 4-d culture.
All the three algae were exposed to triclosan with a series concentration of 0 to
800 ng/mL and cultivated under the same conditions and with the same initial cell
density of 1.0×107 cells/mL. All the data was obtained from three independent
incubations and calculated as mean ± SD. A, S. Obliqnus; B, Desmodesmus sp.; C,
C. Pyrenoidosa.
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4.3.3 Removal of triclosan by different microalgal species
All the three algal species with the same initial cell density of 1.0×107 cells/mL
were exposed to 400 ng/mL triclosan for 7 d, to determine their capability to
remove and biodegrade triclosan. Fig. 4.2 shows the change of triclosan
concentration in medium in control group and three algal groups during the 7 d
period. In the control group, triclosan concentration in medium of the control
group was stable over the 7 d period with the concentration decreased from 400 to
386.9 ng/mL. The loss of triclosan in control group may be caused by triclosan
evaporation or other loss during the sample preparation. However, the
concentrations of triclosan in all the three algal groups have significant decrease
during the test. When triclosan was incubated with the alga C. pyrenoidosa, a
removal percentage of 62.4% was obtained in the 1 d cultivation. Then the
concentration changed slowly in the following cultivation with a final removal
percentage of 69.3% in the 7 d cultivation. In the algal group that triclosan was
cultivated with Desmodesmus sp., the removal percentage in the 1 d exposure was
calculated as 92.9% based on the elimination of the abiotic loss of the parallel
settings in the control, and all the triclosan was removed in the 7 d culture.
However, when triclosan was cultivated with the alga S. obliqnus, a removal
percentage of 99.7% was obtained in the 1 d culture. These results suggested that
S. obliqnus was most effective and rapid in removing triclosan among the three
species of algae.
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Fig. 4. 2 Triclosan concentration residual in medium in control and algal groups
during the 7 d period.
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The amounts of triclosan uptaken by algal cells were also investigated through
extraction of the algal cell pellets. Fig. 4.3 shows the fraction of triclosan uptaken
by algal cells (%). The percentage of triclosan uptaken by alga C. pyrenoidosa
was 59.2% in 1 d, with a final percentage of 55% in 7 d. For the alga
Desmodesmus sp., the percentage of triclosan uptaken by algal biomass was
39.9% in the 1-d cultivation, and decreased to 2.8% in 7 d. As to the alga S.
obliqnus, the percentage of triclosan uptaken by algal biomass was 2.1% in the 1 d
cultivation, and 1% in the 7 d cultivation.
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Fig. 4. 3 The fraction of triclosan uptaken by algal cells (%).
Biomass uptaken (%) = (The amounts of triclosan uptaken by algal cells/Residual
triclosan in the control)×100%.
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4.3.4 Metabolites identification and metabolic pathway
Metabolites were tentatively identified based on the accurate molecular weight
measurement, MS/MS analysis of the fragmentation patterns, the characteristic
fragment ions using TOF analyzers, and information found in the literature. Both
negative and positive modes were examined. In positive mode, few metabolites
were detected, while under negative mode, abundant of metabolites were observed
and identified. Therefore, UPLC-ESI-QTOF-MS under negative mode was
applied for the identification of metabolites. Table 4.2 summarizes these
metabolites of triclosan transformed by the three different species of algae. The
majority of the metabolites were detected in the medium, most of which were
products from phase I reactions (reductive dechlorination, hydrolysis, and
hydroxylation) and phase II reactions (methylation, glucosylation, and
xylosylation).
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Table 4. 1 Accurate mass measurements for the [M-H]- ions of metabolites of
triclosan by UPLC-QTOF-MS
Alga species

exp

theor

Error (ppm)

Formula

C. pyrenoidosa

252.9813

252.9823

-4.0

C12H8Cl2O2

Desmodesmus sp.

252.9803

252.9823

-7.9

C12H8Cl2O2

464.9905

464.9911

-1.3

C18H17Cl3O8

464.9900

464.9911

-2.4

C18H17Cl3O8

434.9781

434.9805

-5.5

C17H15Cl3O7

434.9788

434.9805

-3.9

C17H15Cl3O7

431.0309

431.0301

1.9

C18H18Cl2O8

509.0198

509.0173

4.9

C20H21Cl3O9

525.0101

525.0122

-4.0

C20H21Cl3O10

383.0317

383.0301

4.2

C14H18Cl2O8

464.9895

464.9911

-3.4

C18H17Cl3O8

464.9935

464.9911

5.2

C18H17Cl3O8

464.9900

464.9911

-2.4

C18H17Cl3O8

509.0164

509.0173

-1.8

C20H21Cl3O9

657.0057

657.0545

1.8

C25H29Cl3O14

657.0054

657.0545

1.4

C25H29Cl3O14

383.0294

383.0301

-1.8

C14H18Cl2O8

S. obliqnus
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Major metabolite dichlorohydroxydiphenyl ether from reductive dechlorination at
the phenolic ring of triclosan and with two chlorides located at the same benzene
ring was identified as the biodegradation product by alga C. pyrenoidosa. The
identification process was described in Section 5.3.4 of Chapter 5. When triclosan
was cultivated with alga Desmodesmus sp., 10 metabolites was detected and
identified (Fig. 4.4). Dichlorohydroxydiphenyl ether (M7) and 2,4-DCP were
detected as the phase I metabolites. M7 with a dichlorine isotopic pattern at m/z
253/255 was tentatively identified as dichlorohydroxydiphenyl ether with an error
of -7.9 ppm. Dichlorohydroxydiphenyl ether has been reported as the
photodegradation products with three positional isomers resulting from loss of a
chlorine atom and then replacement by a hydrogen atom [149]. The retention time
of M7 was same as that of dichlorohydroxydiphenyl ether as a metabolite by alga
C. pyrenoidosa. In addition, the MS/MS spectra of the precursor ion at m/z 253
was identical with that has been described in our previous work [150]. Therefore,
M7 was identified as reductive dechlorination product of triclosan with the
removed chlorine on the phenolic ring. The presence of 2,4-DCP was identified
with UPLC-ESI-QqQ-MS/MS analysis The presence of 2,4-DCP was identified
with UPLC-ESI-QqQ-MS/MS analysis. 2,4-DCP was detected by monitoring the
transition ions of precursor/product ions at m/z of 161 and 125. The ion of m/z 125
could be interpreted as the neutral loss of HCl from molecular ion at m/z 161. The
identification of 2,4-DCP in sample was confirmed with the comparison with the
corresponding authentic standard.
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Fig. 4. 4 Extracted ion chromatogram for metabolites of triclosan by
Desmodesmus sp.
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Phase I reactions such as oxidation, reduction, hydrolysis and hydroxylation
usually introduce or reveal a functional group, while phase II metabolism involves
the conjugation of xenobiotic or its phase I-activated metabolite with glucose,
glutathione, etc. 8 phase II metabolites was detected and identified as
transformation products originating from the metabolic reaction including
methylation, glucosylation, and xylosylation. Metabolites M3a, M3b had identical
mass spectra with a trichlorine isotopic pattern at m/z 465/467/469 with an error
of -1.3 ppm and -2.4 ppm (Fig.4.5), respectively, and identified as glucose
conjugate of hydroxylated triclosan. They were tentatively identified as two
isomers varying with the position of hydroxylation and glucosylation, which was
further confirmed by MS/MS analysis. Two fragment ions at m/z 303 and 267
were generated from precursor ion at m/z 465 for M3a (Fig. 4.5A). The fragment
ion at m/z 303 could be interpreted as the loss of anhydroglucose from molecular
ion [M-H-162]-. The ion at m/z 267 was generated from the further neutral loss of
HCl from [M-H-162]-. However, fragment ions with trichlorine isotopic pattern at
m/z 287/289/291 were obtained due to the loss of anhydroglucose and oxygen
atom from precursor ions of M3b [M-H-162-16] (Fig. 4.5B). The position that
hydroxylated on the ring of triclosan was not identified. In this chaper, the
positions for consecutive hydroxylation and methylation on ring of triclosan and
2,4-DCP were not identified, neither. The chemical structures of metabolites in all
the figure of this chapter were just applied for the elucidation process for the
metabolites based on the MS and MS/MS spectrum.
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Fig. 4. 5 ESI-QTOF-MS/MS of the metabolites m/z 465. A, M3a; B, M3b
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M4a, M4b had identical mass spectra with trichlorine isotopic pattern at m/z
435/437/439 and were tentatively identified as isomers of pentose conjugation of
hydroylated triclosan with errors of -5.5 ppm and -3.9 ppm (Fig. 4.6). The
fragment ions at m/z 303 and 267 were obtained due to a sequential loss of xylose
[M-H-132] and HCl [M-H-132-36] moieties [151]. M6 with trichlorine isotopic
pattern at m/z 509/511/513 was tentatively identified as 2×(hydroxylation and
methylation)+glucosylation products of triclosan (Fig. 4.7). The MS/MS spectrum
was dominated by an abundant loss of CH2 to the ions with trichlorine isotopic
pattern at m/z 495/496/498. Product ions at m/z 449/451/453 were obtained due to
the further loss of CH2O plus O (46 Da) from [M-H-CH2]-. The deprotonated
molecule ions of triclosan at m/z 287/289/291 were generated from the loss of
anhydroglucose (162 Da) from fragment ions [M-H-2CH2O], suggesting the
compound to be a derivative of triclosan. M5 with trichlorine isotopic pattern at
m/z 525/527/529 was identified as the hydroxylation product of M6 (Fig. 4.8).
The fragment ions with trichlorine isotopic pattern at m/z 479/481/483 and at m/z
317/319/321 were obtained due to a sequential loss of CH2O plus O [M-H-46] and
anhydroglucose [M-H-46-162]. The fragment ions at m/z 317/319/321 could be
interpreted as deprotonated triclosan plus a hydroxyl and a methyl group. The low
abundant fragment ions with dichlorine isotopic pattern at m/z 161/163
corresponded to deprotonated dichlorophenol and associated with non-phenolic
part of triclosan. M2 with a dichlorine isotopic pattern at m/z 383/385 was
tentatively identified as as 2×(hydroxylation and methylation)+glucosylation
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product of 2,4-DCP (Fig. 4.9). The fragment ions with a dichlorine isotopic
pattern at m/z 369/371 were observed at high abundance due to the loss of CH2
moiety [M-H-14]. Fragment ions with dichlorine isotopic patterns at m/z 323/325
and m/z 161/163 were obtained due to the sequential loss of CH2O plus O (46 Da)
and anhydroglucose (162 Da) from [M-H-CH2]-. The ion peaks with dichlorine
isotopic pattern at m/z 161/163 corresponded to deprotonated dichlorophenol,
indicating the compound to be a derivative of 2,4-DCP. M1 with a dichlorine
isotopic pattern at m/z 431/433 was identified as oxidative dechlorination and
glucosylation product of triclosan with an error of 1.9 ppm. The absence of
MS/MS spectrum may be probably caused by low intensity of the peaks.
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Fig. 4. 6 ESI-QTOF-MS/MS spectrum for M4a and M4b with m/z 435.
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Fig. 4. 7 ESI-QTOF-MS/MS spectrum for M6 with m/z 509
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Fig. 4. 8 ESI-QTOF-MS/MS spectra for M5 with m/z 525.
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Fig. 4. 9 ESI-QTOF-MS/MS spectrum for M2 with m/z 383
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When triclosan was treated with alga S. obliqnus, there were 7 metabolites
detected (Fig. 4.10) and some metabolites had identical MS and MS/MS spectrum
with the metabolites of triclosan biotransformed by alga Desmodesmus sp.
Metabolites with trichlorine isotopic pattern ion peaks at m/z 509/511/513 (M11)
and m/z 383/385 (M8) were detected with the same MS and MS/MS spectrum
with M6 and M2, respectively. M9a, M9b and M9c had identical trichlorine
isotopic ion peaks with metabolites M3a and M3b. The MS/MS spectrum of
metabolites M9a and M9b was identical with that of M3a, while the MS/MS
spectrum of metabolite M9c was identical with that of M3b. At the same time,
M3a and M9a had close retention time at 3.46 and 3.45 min, respectively (Fig.
4.11). But the retention time of M3b, M9b, and M9c were 4.56, 3.52, and 5.12
min, respectively. Based on the retention time, MS and MS/MS spectrum, there
may be 4 isomers of hydroxylation and glucosylation products of triclosan. M10a
and M10b were tentatively identified as isomers of dihydroxylation, methylation,
and diglucosylation products of triclosan based on the deprotonated molecule ions
with trichlorine isotopic pattern at m/z 657/659/661 and the fragment ions at m/z
611/613/615 and m/z 287/289/291, owing to the sequential loss of CH2O plus O
[M-H-46] and diglucose [M-H-46-324] [152], respectively. The generation of
deprotonated molecule ions of triclosan at m/z 287/289/291 demonstrated the
compound to be a derivative of triclosan (Fig. 4.12).
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Fig. 4. 10 Extracted ion chromatogram for metabolites of triclosan by S. obliqnus
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Fig. 4. 11 Extracted ion chromatogram for m/z 465. A, metabolites in alga
Desmodesmus sp.; B, metabolites in alga S. obliqnus
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Fig. 4. 12 ESI-QTOF-MS/MS spectrum for M10a and M10b with m/z 657.
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On the basis of the metabolites identified above, the proposed metabolic pathway
for biodegradation of triclosan by algae was summarized in Fig. 4.13.
Dichlorohydroxydiphenyl ether and 2,4-DCP were detected as the phase I
metabolites, while other metabolites like the methyl, glucose, xylose and
glucuronic acid conjugates of hydroxylated triclosan were identified as products
from extensive phase II metabolism of hydroxylated triclosan. However, the
hydroxylated triclosan as the intermediates of these metabolites were not detected
in the present experimental conditions.
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Fig. 4. 13 The proposed metabolic pathway for biodegradation of triclosan by
algae. The arrow “→”: one step metabolic reaction; the dashed arrow “
multi-step metabolic reactions.
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The majority of the metabolites of triclosan were observed in the medium, while
no biotransformation products were found in algal biomass in present
experimental conditions. For the quantification of various metabolites, ion pairs
were selected based on the MS/MS spectra from Q-TOF analysis for MRM
detection under negative mode. Fig. 4.14 shows the formation-decay curves for
the metabolites.
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C12-labeled triclosan was used as internal standard. When

triclosan with concentration of 400 ng/mL was treated with alga C. pyrenoidosa,
dichlorohydroxydiphenyl ether was the major metabolite. The peak area ratios
between m/z 253 and m/z 299 for 13C12 triclosan increased from 0 to 0.12 during
the 7 d period. When alga Desmodesmus sp. was exposed to triclosan, 10
metabolites were detected, 6 of which was quantified. When triclosan with
concentration of 400 ng/mL was treated with Desmodesmus sp., 2,4-DCP was
detected in the medium during 3 to 12 h, but not during the first 2 h nor 12-72 h.
The glucose conjugates of hydroxylated triclosan were detected in medium after
30-min exposure, with the ratio increasing during the whole incubation. The
xylose conjugates of hydroxylated triclosan were detected in the medium after 1 h
exposure. However, the other metabolites including 2×(hydroxylation and
methylation)+glucosylation products of triclosan and its hydroxylated derivatives,
2×(hydroxylation and methylation)+glucosylation product of 2,4-DCP, were
detected in the medium after incubation for 3 h. One isomer of glucose conjugate
of hydroxylated triclosan was the dominant metabolite, with peak area ratios
between m/z 465 and m/z 299 increased from 0 to 3.70 during the 7 d period. One
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isomer of the xylose conjugate of hydroxylated triclosan was the less abundant
metabolite, with peak ratios between m/z 435 and m/z 299 increased from 0 to
0.58 during the 7 d. However, the other metabolites were quantified with the peak
ratios less than 0.11 during the 7 d. And dichlorohydroxydiphenyl ether, 2,4-DCP
and one isomer of the xylose conjugate of hydroxylated triclosan were not
determined due to the low intensity. However, when triclosan was cultivated with
alga S. obliqnus, 7 metabolites were detected and quantified with similar
abundance and the peak area ratios in the range of 0.011 to 0.51 during the 7 d
period.
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Fig. 4. 14 The generation of triclosan metabolites in the three different alga
species. A, C. pyrenoidosa; B, Desmodesmus sp.; C, S. Obliqnus.
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4.4 Discussion

The removal of pollutants from environment is an important issue in modern
society due to the potential adverse effect on environmental ecosystems and
human health. At the same time, the pollutants usually go though complex
chemical and biological conversion in environments. The identification of
degradation products is also critical for risk assessments because of the fact that
the by-products (especially dioxins) might be even more toxic and persistent than
parent compounds. In this study, three microalgae C. pyrenoidosa, Desmodesmus
sp., S. obliqnus were applied for the removal and degradation of triclosan.
However, it was reported that microalgae were much more sensitive to triclosan
toxicity than other organisms [97]. Therefore, the growth inhibition tests were
conducted to determine their susceptibility to triclosan.
S. obliqnus was not susceptible to the toxicity of triclosan, but the other two alga
species especially C. pyrenoidosa were comparatively much more sensitive to it.
The sensitivity to triclosan varied in the range of two orders of magnitude with
different algal species has been reported [108]. For the significant difference in
sensitivity of individual algal species, Tabak et al. proved the bioavailability of
triclosan was affected by the life forms of organisms [99]. In bacteria, Salmonella
typhimurium in biofilms increased the resistance to triclosan through reduce of
influx but increasing expression of efflux pump and production of
exopolysaccharides. In the point of detoxification mechanisms, different species
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might own different enzyme systems for detoxification in response to the toxic
pollutants. Marine microalga Tetraselmis marina applied glucosylation and
malonylation of 2,4-dichlorophenol to reduce bioavailability of toxic compounds
to the algal cells [100]. Glucosylation and xylosylation of triclosan was used by
the fungi Trametes versicolor as a detoxification mechanisms [3]. In this study,
the reasons for the difference in sensitivity to triclosan between individual algal
species would be discussed in the aspect of detoxification mechanisms.
Based on the results of the susceptibility test, all the three algal species were
cultivated with 400 ng/mL triclosan to investigate their efficiency in removal and
biodegradation of the pollutant. When triclosan was treated with algae, the
pollutant would be removed from aqueous environment through the microbial
processes including the uptake of pollutant through adsorption/absorption,
biotransformation, biodegradation and accumulation in algal cells. The removal
percentages of triclosan by alga C. pyrenoidosa increased from 62.4% in 1 d to
69.3% in 7 d. At the same time, a reductive dechlorinated product of triclosan was
detected and accumulated in the medium, with the peak area ratios between m/z
253 and m/z 299 for 13C12 triclosan increased from 0 to 0.12 during the 7 d period.
Consistence with the data in our previous work, the formation of the metabolite
did not account for the whole depletion observed for triclosan. To investigate the
removal mechanisms of triclosan by alga, the amount of triclosan uptaken by algal
cells was determined through the algal biomass extraction. It was observed that
the percentage of triclosan uptaken by alga C. pyrenoidosa was 59.2% in the 1 d,
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which was comparable to the removal percentage, indicating that cellular uptake
was the main contributor to the removal of triclosan by C. pyrenoidosa in the 1 d
treatment. In the following days, the amount of triclosan uptaken by alga C.
pyrenoidosa decreased slowly with a final percentage of 55%. However, the final
removal percentage of triclosan by C. pyrenoidosa was 65.6%, which showed that
the removal of triclosan by C. pyrenoidosa not only involved in biosorption, but
also biodegradation or biotransformation. Different from the treatment of triclosan
with alga C. pyrenoidosa, triclosan with concentration of 400 ng/mL were
completely eliminated from medium by algae Desmodesmus sp. and S. obliqnus,
whereas the percentages of triclosan uptaken by Desmodesmus sp. and S. obliqnus
were 2.8 and 1%, respectively. Therefore, biodegradation and biotransformation
was considered as the main mechanism for the removal of triclosan by algae
Desmodesmus sp. and S. obliqnus based on the experimental results. However, the
speed of the biodegradation and biotransformation of triclosan by alga S. obliqnus
was much higher than that by Desmodesmus sp. In the 1 d, 92.9% of triclosan
added in the medium was removed by alga Desmodesmus sp., with 100%
removed in the 7 d. The percentage of triclosan uptaken by algal biomass was
39.9% in the 1 d cultivation, with 2.8% in the 7 d. The mechanisms for the
removal of triclosan by alga Desmodesmus sp. were concluded as biosorption and
biodegradation during the 1 d treatment. It was postulated that triclosan was first
uptaken by algal cells, and then the adsorbed triclosan was biotransformed to
other metabolites or biodegraded, which was proved by the detection of
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metabolites and their continuous increase in the medium during the 7-d treatment.
There were 10 metabolites of triclosan transformed by alga Desmodesmus sp.,
with one isomer of glucose conjugate of hydroxylated triclosan as the dominant
metabolite. When triclosan was cultivated with alga S. obliqnus, 99.7% of
triclosan was removed from aqueous medium. However, only 2.1% of triclosan
added in the medium was detected in the algal biomass in the 1 d, suggesting that
triclosan was rapidly biodegraded or biotransformed once cultivated with algal
cells. There were 5 metabolites detected with peak area ratios during 0.11 to 0.51
produced simultaneously by alga S. obliqnus, which may contribute to the higher
speed of triclosan elimination from aqueous medium compared with that by
Desmodesmus sp. that employed one major pathway to metabolite triclosan.
For the biodegradation of halogenated aromatic compounds, the cleavage of the
halogen-carbon bond was regarded as a critical step [46]. Hydrolytic, reductive
and oxygenolytic dehalogenation was described as the initial step in the
biodegradation. But the removal of the halogen substitute could also occur after
the hydroxylation reaction of the halogenated compounds [49]. In this present
work, reductive dechlorination of triclosan was observed in algae C. pyrenoidosa
and Desmodesmus sp., both of which were green algae isolated from local
environment. However, reductive dechlorinated triclosan was not detected in S.
obliqnus that obtained commercially. Green algae have the most diversity of
habitats in all the various different species of algae. The algae would evolve
different characteristics for adaption to various environments. The reductive
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dechlorination capability of the two algae might be developed for the tolerance of
the surrounding environment. Dechlorination of chlorinated compounds has been
reported to occur in sediments through the bacterial biodegradation [153, 154].
Anaerobic bacteria from contaminated sediments were found to be able to
reductive dechlorinated tetra-dichlorodibeno-p-dioxin (TeCDD) and tri-CDD into
tri- and di-chlorinated products, providing a promising method for the treatment
of the notorious environmental pollutants [154]. Dehalococcoides ethenogenes
Strain 195 and dehalococcoides sp. strain CBDB1 were isolated from the
reductive-dechlorinating mixed microbial culture [153, 155], used for the
dechlotination of poly-CDD and other chlorinated pollutants [156]. There were at
least 15 reductive dehalogenase gene homologues observed in this genus for
encoding diverse enzymes for dechlorination of various substrates [157]. However,
there was little information about the metabolic pathway about the reductive
dechlorination by algae. In our work, green algae C. pyrenoidosa and
Desmodesmus sp. isolated from local environment were observed to dechlorinate
triclosan that with chemical structural similarity to some of typical persistent
organic pollutants, which might have extendable application in the detoxification
of environmental toxic contaminants.
Most of the metabolites of triclosan catalyzed by algae Desmodesmus sp. and S.
obliqnus were results from the combination of phase I reaction hydroxylation and
phase II reactions including methylation and glucosylation, etc. For example,
there were 5 isomers of glucose conjugate of monohydroxylated triclosan. One
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isomer of them was determined as the major metabolite in Desmodesmus sp.
Phase I transformation usually introduce or reveal a reactive functional groups
through oxidation, reduction and hydrolysis reactions, which would increase the
polarity and hydrophilicity of the xenobiotics and thus facilitate the excretion of
the toxic compounds. Hydroxylation, the most widespread phase I reaction,
catalyzed by the Cyt P450 monooxygenase for the detoxification [44]. Thies et al.
proved the presence of P450 monooxygenase in the green algae C. fusca and C.
sorokiniana and their involvement in the activation of herbicide followed by
N-demethylation [102]. Ke et al. reported that the alga Selenastrum capriornutum
oxidized

recalcitrant

polycylclic

aromatic

hydrocarbons

PAH

into

monohydroxylated PAHs and dihydrodiols via the monooxygenase pathway
and/or the dioxygenase pathway [31]. However, Warshawsky et al. found that the
biodegradation of benzo(α)pyrene by Selenastrum capricornutum was initialized
with a dioxygenase pathway, proceeding with subsequent conjugation of sulfate
and glucose, and excretion [158]. Products of phase I metabolism would be
conjugated with glucose, or glutathione etc. by the action of their respective
transferases in phase II reactions, which would further increase the
water-solubility of the xenobiotics. At the same time, the large and polar
compounds could also be directly added to the parental compounds with the
functional groups (-OH, -COOH, -NH2, etc.) for direct metabolism [159].
Glucosylation is the most important biotransformation of xenobiotics in plants,
which is catalyzed by N-glucosyltransferase or O-glucosyltransferases [45]. The
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marine

microalga

Tetraselmis

marina

2,4-dichlorophenyl-β-D-glucopyranoside

transformed

2,4-DCP

into
and

2,4-dichlorophenyl-β-D-(6-O-malonyl)-glucopyranoside, where 2,4-DCP was
conjugated with glucose by the action of O-glucosyltransferase and followed by
malonylation of 2,4-DCP-glucoconjugate by O-malonyltransferase [100]. In the
case of phenolic xenobiotics, their metabolism in higher plants most commonly
proceeds with the formation of β-O-glucosides by the action of uridine
diphosphate (UDP)-glucosyltransferases. In this study, the hydroxylation of
triclosan could be results from the action of Cyt P450. Aside from the oxidative
reaction with subsequent conjugation, the glucose could be added directly to the
hydroxyl group present in the phenolic ring of triclosan. Therefore, the various
choices of the positions on both ring of trilosan for hydroxylation and the two
hydroxyl groups for glucosylation contributed to the four different isomers of this
metabolites. Glucose conjugate of monohydroxylated triclosan was the major
metabolite in alga Desmodesmus sp., however, one of the other minor metabolite
was identified as pentose conjugate of hydroxylated triclosan. The conjugation
with pentose (mainly xylose and ribose) and hexose (glucose) was reported as the
predominant way in the detoxification of chemicals especially with phenolic
hydroxyl groups by fungi [160, 161]. The pentose conjugate was usually treated
as the form of xylose. The conjugation of phenolic hydroxyl group with xylose
was catalyzed by uridine diphosphate (UDP)-xylosyltransferase for detoxification.
The xylosylation was also observed in the biotransformation of triclosan by
131

Trametes versicolor and Pycnoporous cinnabarinus [3]. Monohydroxylated
dechlorinated triclosan with glucose conjugate was also observed in the
cultivation of Desmodesmus sp.
Most of the metabolites detected in the two algae Desmodesmus sp. and S.
obliqnus were glucose conjugates of methoxylated triclosan (MeO-triclosan) or
diMeO-triclosan, originating from the consecutive reaction of phase I and phase II.
The consecutive hydroxylation and methylation have been described in the
secondary metabolism of flavonoids in plants, catalyzed by their respective
enzymes [162]. As mentioned above, the hydroxyl groups could be introduced via
hydroxylation reaction occurred multiple times by the action of Cyt P450
monooxygenase

and/or

dioxygenation

by

the

dioxygenase

[163].

The

O-methylation reaction that the methylation of the hydroxyl group was detected as
a ubiquitous reaction in the bacterial metabolism of halogen-substituted phenols
[164]. The O-methylation reactions was catalyzed by S-adenosylmethionine
dependent methyltransferase, which had been purified from fungi [165]. The
consecutive hydroxylation and methylation of polychlorinated phenols has been
well documented. For example, the metabolism of polychlorinated phenols by
Rhodococcus sp. and Mycobacterium sp. strains was initialized with
para-hydroxylation into para-hydroquinones, followed by parallel pathways
including

degradation

and

O-methylation

[49].

O-methylation

of

the

para-hydroquinones into the methoxyl or dimethoxyl products was suggested as
detoxification of polychlorinated phenols. The rot fungi Pycnoporus was found to
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be able to transform triclosan to MeO-triclosan and the glucose conjugate [3].
MeO-triclosan has been detected as biomethylation product of triclosan in surface
water, wastewater as well as fish [139]. MeO-triclosan might be formed through
O-methylation in liver of fish or via transformation by intestinal microflora.
MeO-triclosan in fish might also be a result of bioaccumulation via uptake from
surrounding aqueous environment. Triclosan and its methyl derivative was
detected in the plasma of fish from the Detroit River contaminated with high
levels of organochlorine chemicals [166]. In addition, structural analogous to
triclosan,

hydroxylated

polybrominated

diphenyl

ethers

(OH-PBDEs),

methoxylated PBDEs (MeO-PBDEs) and PBDEs were also observed in the
sample. As we known, OH-PBDEs has the property of disrupting thyroid
hormone homeostasis due to their structural similarity to the thyroid hormone
thyroxin [167]. Therefore, there have been amounts of research about these
contaminants detected in surface water, precipitation, algae, fish, mammals and
humans [166, 168-171]. These brominated compounds have been reported as
marine natural products [172]. MeO-PBDEs and OH-PBDEs were detected in red
algae, which might be produced by red algae or the its associated microflora
and/or microfauna [169]. A peroxidase, isolated from the red alga Cystoclonium
purpureum,

catalyzed

the

hydroxylation

and

bromination

reaction

of

hydroxybenzyl alcohol [173]. Wang et al. observed that there was significant
correlation between total MeO-PBDEs and total OH-PBDEs, demonstrating the
formation of MeO-PBDEs from OH-PBDEs and vice versa [174]. Besides natural
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origin, OH-PBDEs have been found from biotransformation of PBDEs in fish,
mammals [175]. MeO-BDEs and their hydroxylated derivatives, diMeO-BDEs
and have been detected in marine sponges and algae, regarded as natural products
[171, 176]. The source of MeO-PBDEs and OH-PBDEs and their relationship
with anthropogenic PBDEs has attracted great attention due to the high potential
bioaccumulation of MeO-PBDE and OH-PBDE in fish, animal and humans [170].
However, algae are widespread in aquatic environment, serving as primary
producers for the aquatic food chain. The investigation of the metabolic pathway
of PBDEs by algae might provide information for the MeO-PBDEs and
OH-PBDEs occurrence in marine. The above papers were all about the
hydroxylation and methylation of halogenated aromatic compounds, while the
products of triclosan as result of consecutive hydroxylation and methylation, and
glucosylation reactions were detected in this study. The methylation of the
hydroxyl group would increase the lipophilicity of the xenobioctics, hence higher
potential of bioaccumulation. The conjugation of the methoxyl products with the
polar glucose reversed the polarity of the metabolites of triclosan. Therefore, most
of the products were detected in aqueous medium. However, the intermediates
MeO-triclosan and diMeO-triclosan were not detected. When the alga
Desmodesmus sp. was exposed to triclosan, glucose conjugation of hydroxylated
triclosan were detected in the 1 h cultivation (supplement information), while the
glucose conjugation of MeO-triclosan and diMeO-triclosan were detected in the
following culture time, indicating that hydroxylation and methylation might occur
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to triclosan after the reaction of glucosylation. At the same time, the glucosyl
conjugation of hydroxylated triclosan was detected with decreasing trend after 1 d
in the cultivation of S. obliqnus with the concomitant increase of the glucose
conjugation of MeO-triclosan and diMeO-triclosan, which might result from
further hydroxylation and methylation of hydroxylated triclosan glucoside.
Diglucoside conjugate of the hydroxylated and methoxylated triclosan were
detected in S. obliqnus due to the glucosyl extension, forming the disaccharide
derivative [177]. The glycosyl extension with glucose or pentose to form
oligosaccharide involved in the xenobiotic detoxification in plant. A metabolite in
S. obliqnus was identified as the glucuronic acid conjugate of the hydroxylated
derivative of MeO-triclosan. Following conjugation, the conjugates were exported
into the cell wall or in the vacuole in phase III metabolism, decreasing the
bioavailability of triclosan and hence its toxicity [44].
Most of the metabolites were observed as the methoxyl and glucosyl derivatives
due to the immediate glycosylation and methylation via the hydroxyl group of the
aromatic ring. Enzymatic oxidative degradation that introduced oxygen into the
chemical was phase I reaction in the detoxification of organic pollutants by plants.
Hydroxylation was catalyzed by Cyt P450 monoxoygenase. In plants, the products
from aromatic ring hydroxylation would immediately be subjected to
glycosylation via the hydroxyl group formed [52]. Therefore, it is not easy to
isolate the hydroxylation products. There were two isomers of the glucose
conjugate of hydroxylated triclosan identified but without the detection of the
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intermediate hydroxylated triclosan after 30 min incubation of algal cells with
triclosan. The hydroxylated triclosan might immediately undergo conjugation
reactions with glucose. Since there was a hydroxyl group present in triclosan, the
endogenous molecule could directly bind to the hydroxyl group in parent
compounds, or to the hydroxyl group introduced. At the same time, there were
several positions on the aromatic ring of triclosan for hydroxylation, leading to the
detection of 2 isomers in the present experiments. In our previous work, it was
observed that when the green alga C. pyrenoidosa was exposed to a seriea
concentration of triclosan from 100 to 800 ng/mL, more than 50% of triclosan was
removed by algal cells from the culture medium during the first 1h exposure,
which indicating that algal cells had high efficiency to uptake the pollutant [150].
In this experiment, the metabolites were detected during the first 30 min
cultivation, demonstrating the potential of algal cells to transform organic
chemical.
2×(hydroxylation and methylation)+glucosylation products of triclosan and its
hydroxylated derivative, were detected after 3 h cultivation. These metabolites
were from the reactions of glucosylation and the consecutive hydroxylation and
methylation. As discussed above, glucose could directly conjugate with hydroxyl
group in triclosan. In addition, their presence was later than that of glucose
conjugate of hydroxylated triclosan. Based on these data, it was postulated that
glucose conjugate of triclosan or hydroxylated triclosan could go through the
reaction

hydroxylation

and

methylation,
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forming

the

metabolites

2×(hydroxylation and methylation)+glucosylation products of triclosan and its
hydroxylated derivative. The consecutive hydroxylation and methylation has been
observed in the secondary metabolism of flavoniods in plants [162]. As has been
discussed in the Chapter 5, the consecutive hydroxylation and methylation has
been well documented in microbial biodegradation of polychlorinated phenols.
For example, the metabolism of polychlorinated phenols by Rhodococcus sp. and
Mycobacterium sp. strains was initialized with para-hydroxylation into
para-hydroquinones, followed by parallel pathways including degradation and
O-methylation [49]. O-methylation of the para-hydroquinones into the methoxyl
or dimethoxyl products was suggested as detoxification of polychlorinated
phenols. However, the consequent metabolic reactions glucosylation and
consecutive hydroxylation and methylation during the biodegradation of triclosan
by green algae were observed for the first time. Triclosan was cleaved at the ether
bond, generating the product 2,4-DCP that detected in during the cultivation
period from 3 to 12 h, which proved the possibility of the transformation of
metabolites with m/z at 383 from 2,4-DCP. Just as the metabolism of triclosan by
algae, 2,4-DCP would immediately undergo glucosylation reaction, followed by
double consecutive hydroxylation and methylation, generating 2×(hydroxylation
and methylation)+glucosylation product of 2,4-DCP.
The transformation products were hydrophilic, and thus excreted into the aqueous
medium by algal cells. The metabolites showed much less toxicity to algal cells
than triclosan. The previous experiment showed that the faster the speed of the
137

transformation of triclosan into other metabolites through phase I and/or phase II
metabolic reaction, the less sensitivity of the algae to triclosan toxicity. However,
the metabolites from phase II metabolic reaction might be conversely transformed
to triclosan, which still possessed the potential risk in environment.
Simultaneously with these transformation, degradation of the xenobiotics
associated with the mineralization to CO2 or incorporation into biomass might
also existed [52]. 2,4-DCP was detected in the 6 to 24 h culture medium of
Desmodesmus sp. with low intensity, but not detected in the following culture
time, suggesting that the produced 2,4-DCP was immediately transformed into
other metabolites or mineralized. In accordance with the biotransformation of
triclosan, the glucose conjugate of diMeO-2,4-DCP was in both the cultivation of
Desmodesmus sp. and S. obliqnus. 2,4-DCP was produced from the ether bond
cleavage of triclosan, which was catalyzed by monogenase or peroxidase in plants
[178]. The detection of 2,4-DCP as a intermediate metabolite has been reported in
the biodegradation of triclosan by Sphingomonas sp. PH-07 [51]. At the same
time, other metabolites including monohydroxylated and dihydroxylated triclosan,
4-chlorocatechol, 3,5-dichlorocatechol and its methylated were also detected. The
bacterial degradation of halogenated diphenyl ether was usually initialized with
oxygen attack to the aromatic ring to form diphenyl ether dihydrodiols, followed
by ring cleavage and subsequently the cleavage of the ether bond. In this study,
the identification of 2,4-DCP and reductive dechlorinated triclosan evidenced the
degradation of triclosan, which might proceed with slow rate since the
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competition from the conjugation reaction. However, besides 2,4-DCP, other
excepted intermediates in the degradation pathway of triclosan were not detected
in the present experimental conditions.
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4.5 Chapter Summary
Three different micloralgae including C. pyrenoidosa and Desmodesmus sp.
isolated from local environment, and S. obliqnus obtained commercially, was
applied for the removal and degradation of triclosan. The susceptibility tests
showed that the sensitivity of C. pyrenoidosa, Desmodesmus sp., and S. obliqnus
to triclosan toxicity was in decreased order. When the three different species of
green algae were exposed to 400 ng/mL triclosan in aqueous medium, a remove
percentage of 62.4%, 92.9% and 99.7% were obtained in 1 d cultivation for C.
pyrenoidosa, Desmodesmus sp., and S. obliqnus, respectively. Bioaccumulation
was determined as the predominant mechanism for the removal of triclsaon by C.
pyrenoidosa, while, biotransformation of triclosan via hydroxylation and
methylation, glucose conjugation accounted for the elimination of triclosan by
Desmodesmus sp. and S. obliqnus. Reductive dechlorinated triclosan was detected
as metabolite of triclosan in the algae C. pyrenoidosa and Desmodesmus sp., but
not in S. obliqnus. The capability of reductive dechlorination may be evolved in
the long term adaption to local environment. In addition, various different
metabolites as conjugates with glucose, diglucose or xylose were detected in the
culture medium of Desmodesmus sp. and S. obliqnus. The main metabolic
pathway of triclosan by algae was concluded like that the intermediates from
hydroxylation, reductive dechlorination, or ether bond cleavage were immediately
subjected to glucosylation and/or methylation via the hydroxyl group of triclosan
or introduced. The metabolic action methylation and conjugation with polar
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endogenous molecular contributed to the detoxification of chlorinated aromatic
phenols. Thus, the less susceptibility of algae Desmodesmus sp. and S. obliqnus to
triclosan resulted from the rapid biotransformation of triclosan into low
bioavailability metabolites. Although most of the metabolites identified were in
the conjugation, the detection of the metabolic reaction hydroxylation of triclosan,
and phase I metabolites including 2,4-DCP and reductive dechlorinated triclosan,
demonstrated the possibility of the xenobiotic biodegradation involving in the
mineralization to CO2 or incorporation into biomass, which need further research.
This study evaluated the potential of green algae in the application biotreatment of
pollutants, providing useful information about the metabolism of triclosan by
algae in aqueous environments and also during wastewater treatment.
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Chapter 5
Reductive dechlorination of triclosan by Chlorella pyrenoidosa

5.1 Introduction
Triclosan is an antimicrobial agent due to its ability to inhibit the enoyl-acyl
carrier protein reductase for fatty acid synthesis in bacteria [81, 82, 179].
Triclosan is widely used in a variety of personal care products. The concentration
of triclosan is in the range of 0.1-0.3% by weight in some cosmetic products,
while as high as 5% in products used in hospitals [180]. After normal application,
the majority of triclosan is released into the sewage treatment plants. Triclosan has
been detected in wastewater influent with concentrations up to μg/L [139, 181].
However, triclosan is a relatively stable, lipophilic compound (log Kow =4.8). Its
accumulation into organic matter may lead to higher concentrations of μg/L to
mg/L [182, 183]. In a wastewater treatment plant, as high as 95% of triclosan
could be removed [184, 185]. Triclosan has been detected in streams, lakes and
seawater at relatively high levels [84, 85].
The environmental fate of triclosan has received significant attention due to its
chemical structural similarity to some of typical persistent organic pollutants
including chlorinated and brominated diphenyl-ethers. Photochemical degradation
of triclosan to toxic compounds in environmental waters has been reported.
Sanchez-Prado et al. reported the formation of triclosan into 2, 8-DCDD, DCDD
congener, dichlorophenols, isomers of dichlorohydroxydiphenyl ether under UV
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light and sunlight irradiation [12]. Products of reductive and oxidative
dechlorination of triclosan were detected in wastewater containing triclosan as a
result of natural sunlight irradiation [91].
Due to the significant occurrence of triclosan and its degradation in aquatic
environments, it is of vital importance to eliminate the pollutants from
environment. Biological treatment might be an environmentally favorable and
economic choice for the removal of triclosan. It was found that the removal of
triclosan in wastewater treatment was mainly attributed to triclosan sorption onto
sludge and biological degradation, with biodegradation as the major removal
mechanism [83, 143]. In a continuous-flow activated sludge systems, more than
90% of triclosan was removed, 97% of which was biodegraded [186]. The
biodegradation of triclosan involved in the mineralization to CO2 or incorporation
into biomass [142].
Algae have many advantages in the application of wasterwater treatment due to
their ubiquitous distribution, eutrophication importance and the capability of
heterotrophy [24]. However, the application of algae in the biotreatment of
triclosan remains elusive. In this work, C. pyrenoidosa was applied for the
removal and biodegradation of triclosan. UPLC-ESI-MS was applied for the
determination of triclosan in the algae samples. Major metabolites were identified
from various LC-MS analyses.
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5.2 Material and Methods
5.2.1 Chemicals and cultivation medium
Triclosan and

13

C12-labeled triclosan were purchased from Wellington

Laboratories (Ontario, Canada). Stock solutions of these standards were prepared
as 1 mg/mL in ethanol and stored at 4 °C prior to use. Acetonitrile (ACN) in
ABSOLV grade was supplied by Tedia Company (Fairfied, OH, USA). Water
was purified by employing a Milli-Q Reagent Water System (Millipore, Billerica,
USA). TAP medium was prepared for cultivation of algae according to the report
from Gorman & Levine [112].
5.2.2 Cultivation condition and algal growth
C. pyrenoidosa, isolated from a pond in Zhuhai, China, was maintained by
periodic transfers in 50 mL TAP medium in a 100 mL flask, which was shaken on
a shaker at 120 rmp under axenic conditions at 22 °C with a 16/8-h light /dark
photoperiod under a light intensity of 4000 lux. 100 mL TAP medium in 250 mL
flask was used to supply alga cells for the triclosan removal. Before experiments,
the alga cells at late exponential growth phase (3 d) were harvested by
centrifugation at 5000 rpm for 5 min. To remove any alga exudates present in the
initial alga pellet, the collected cells were washed two times with sterile deionized
water through centrifugation and finally resuspended in TAP medium to obtain
concentrated alga suspension [187]. The alga growth was expressed as cell
density, which was interchangeable with optical absorbance at 680 nm.
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5.2.3 Removal of triclosan
The experimental samples were divided into three groups. The first group was
algal group for the study of algal ability to remove triclosan, in which the
concentrated algal suspension was inoculated into 50 mL TAP medium, exposed
to tricloan with a series concentration of 100, 200, 400, 800 ng/mL. The
concentrations were selected based on the level of triclosan in wastewater. The
control samples were the medium containing the same concentration of triclosan
but without inoculation of the alga to provide the information on the potential
abiotic loss of triclosan. The third group was the blank samples containing the
culture medium with the same density of alga cells without the addition of
triclosan for monitoring the growth of alga. The experiments were carried out
under aseptic conditions to diminish any other loss or degradation of triclosan.
The initial cell density of algal group and blank group were 3.0×106 cells/mL.
Flasks were tightly covered with aluminum foil to reduce evaporation losses of
triclosan. Then all the samples were cultivated under the same condition described
in section 2.2. A portion of sample from all group were collected from each flask
for analysis of triclosan concentration and detection of algal growth after 1, 3, 6,
12, 24 h incubation. Three independent incubations were carried out for each set
and concentrations were calculated as mean ±SD.
5.2.4 Biodegradation of triclosan
Based on the results of biosorption experiments (Section 5.2.3), algal cells were
exposed to 800 ng/mL of triclosan with an initial cell density of 3.0×107 cells/mL
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for the investigation of biodegradation of triclosan. Control group and blank group
were set for monitoring the abiotic loss of triclosan and the growth of algal cells,
respectively. Triplicate samples from each group were collected after 6, 12, 24, 48,
72 and 96 h exposure.
In the biodegradation experiments, the effects of triclosan on the algal growth and
cell ultrastructure of C. pyrenoidosa was detected. When the algal cells were
exposed to triclosan for 96 h, ultrastructure damage in the cells was observed
under a TEM. A portion of the algal samples were also collected and fixed with
2.5% glutaradehyde in cacodylate buffer (0.1 M sodium cacodylate-HCl buffer pH
7.4) for 1 h at 4-8 °C and followed by post-fixation with 1% osmium tetroxide
(OsO4) in cacodylate buffer for 30 min at room temperature. Then the cells were
mixed with 2% agar below 60 °C. The solidified agar was cut into 1 mm cubes
and then dehydrated with a graded ethanol series and infiltrated with epoxy
resin/propylene oxide (1:1) mixture. 60 nm sections were cut and mounted on
copper grids. Samples were then analyzed by a Tecnai G2 20 S-TWIN TEM (FEI
Company, Hillsboro, Oregon, USA) at an acceleration voltage of 80 kV.
5.2.5 Sample preparation for LC-MS analysis
The alga samples and blank samples were centrifuged at 6000 rpm for 20 min for
the separation of alga cells and the medium. The samples were stored at –20 °C
prior to analysis. For the determination of residual concentration of triclosan the
sample was extracted using DCM through LLE as described in Section 4.2.5 in
Chapter 4. The metabolites were extracted with SPE method as in Section 4.2.5.
146

5.2.6 Analysis of triclosan and its metabolites
The analysis of triclosan and internal standard was performed on an UPLC
(Waters ACQUITY UPLC system, Waters Corporation, Milford, MA, USA) with
a reversed phase Ethylene Bridged Hybrid C18 column (1.7 μm, 2.1 mm × 50
mm). A gradient elution program with water and ACN as the mobile phases A and
B, respectively, was employed for the separation. The gradient program started
with 10% B and held for 0.5 min, then changed to 95% B within 5.5 min, at which
point it was held for 2 min before being returned to initial condition. The flow rate
was 0.45 mL/min. The sample volume was 10 μL.
The UPLC was coupled to a Waters ACQUITY TQ Detector equipped with ESI
source (Waters Corporation, Milford). Instrument control and data acquisition
were conducted using the Waters MassLynx V4.1 SCN562 software package.
Nitrogen (99.99% purity) for ESI-MS was produced by the on-line nitrogen
generation system. Triclosan and internal standard were detected using
ESI-MS/MS under negative mode by monitoring their precursor-product
transition ions in MRM mode. The [M-H]- (m/z: 287) of triclosan was the
dominant primary ion under negative ESI-MS condition. The transition ion pair of
[M-H]- and fragment ion [Cl]- was selected for the quantification of triclosan and
its internal standard. The MS parameters were optimized by using triclosan
standard solution at the concentration of 200 ng/mL. The optimal MRM
conditions were described as follows: the capillary voltage was 2.5 kV; the cone
and collision voltages were 28 and 13 V, respectively; temperatures of the
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negative ESI source and desolvation gas were 140 and 500 °C, respectively; the
cone gas and the desolvation gas flows were 30 and 750 L/h, respectively; the
dwell time was 0.05 s; the extractor voltage was 2.5 V.
The metabolite identification was performed by using an ACQUITYTM UPLC
system (Waters, Milford, MA, USA) equipped with a quadrupole-time of flight
Premier mass spectrometer (Waters Micromass, Manchester, UK). The
chromatographic separations were performed on a reversed-phase BEH C18
column (1.7 μm, 2.1 mm × 100 mm) with a flow rate of 0.45 mL/min. The mobile
phases for UPLC-MS analysis consisted of phase A (water, 5 mM ammonium
acetate) and B (ACN). The gradient elution program was the same as that for the
quantification of triclosan. The negative ionization mode was applied for the MS
spectra with full MS scan range from m/z 100 to 800 and MS/MS from m/z 50 to
800. The capillary was 3.5 kV. The collision energy was in the range of 10 to 30
eV. The source and desolvation temperature were 120 and 350 °C, respectively.
The sampling cone and extraction cone voltage were 18 and 3 V, respectively. The
cone gas and the desolvation gas flows were 50 and 700 L/h, respectively.
LC-ion trap-MS analysis was also applied for the identification of metabolites,
which was composed of a Bruker Esquire 4000 ion trap mass spectrometer
(Bruker-Fransen, Bremen, Germany) and an Agilent Series 1100 liquid
chromatography (Palo Alto, CA, USA). Negative ion mode was used for the
determination of triclosan metabolites. The following conditions were used for the
ESI-MS analysis: nebulizer pressure was 40 psi; drying gas flow was 9.0 L/min;
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drying gas temperature was 325 °C; capillary voltage was 3000 V. The samples
were separated on the same Symmetry-ShieldTM RP8 column. A gradient elution
program with water (4 mM ammonium acetate) and ACN as the mobile phases A
and B, respectively, was employed for the separation. The gradient program
started with 35% B and held for 1 min, then changed to 95% B within 5 min and
held for 6 min. The flow rate was 0.2 mL/min. The sample injection volume was
10 µL. The effluent of the first 3 min was diverted to waste to minimize the
contamination of the ion source.
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5.3 Results
5.3.1 Elimination of triclosan
Algal cells with an initial cell concentration of 3.0×106 cells/mL were exposed to
triclosan in the range of 100 to 800 ng/mL with the set of control group and blank
group simultaneously. Triclosan concentrations in medium of the four control
groups were stable over the 24 h with final concentration at 95.4 ± 6.7, 193.0 ±
8.1, 398.2 ± 26.8, 782 ± 59.6 ng/mL. However, significant decrease of triclosan
concentration in medium was observed in all of the four algal groups with more
than 50% of triclosan removed (Fig. 5.1). A rapid decline in triclosan
concentrations was detected within the first 1 h culture, while only slight
difference between the triclosan concentrations in the 6 and 24 h culture samples
was observed.
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Fig. 5. 1 Triclosan concentrations in medium after the treatments with C.
pyrenoidosa. Triclosan with initial concentrations of 100, 200, 400 and 800 ng/mL
was cultivated with C. pyrenoidosa cells in TAP medium for 24 h.
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5.3.2 The algal growth
The aquatic toxicity of triclosan has been studied with aquatic organisms. Major
concern has focused on toxicity of triclosan to algae in aquatic environment. It
was found that bacterium, crustacean and fish had similar sensitivities towards the
toxicity of triclosan, with EC50 in the range of 260 to 390 μg/mL, while microalga
was about 30 to 80-fold more sensitive to triclosan toxicity than bacterium and
fish [97, 107, 108]. Therefore, the growth of C. pyrenoidosa was tested with
elimination experiments. The algal growth was detected with spectrophotometer,
which was interchanged into cell density. In the absence of triclosan, the algal
cells grew quickly up to 3.0 × 107 cells/mL in 1 d time with an initial cell density
of 3.0×106 cells/mL. However, the growth of alga was decreased when the algal
cells was exposed to different concentrations of triclosan. Fig. 5.2 showed the
growth curve of both blank sample and algal samples. The percent inhibitions
based on specific growth rate of C. pyrenoidosa caused by 100, 200, 400, 800
ng/mL triclosan in 1 d were calculated according to the OECD guidelines 201 as
45.8%, 53.3%, 68.4% and 85.0%, respectively [125], from which it might be
concluded that triclosan affected the growth of C. pyrenoidosa significantly at the
concentration above 200 ng/mL.
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Fig. 5. 2 Growth of C. pyrenoidosa after exposure to triclosan in 24-h culture.
The algal cells were exposed to triclosan with a series concentration of 0 to 800
ng/mL and cultivated under the same conditions and initial cell density.
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The triclosan sample at concentration of 800 ng/mL was selected for the
degradation experiments. The results of triclosan elimination by algal cells
showed that the growth of algal cells with an initial cell density of 3.0×106
cells/mL was inhibited severely by 800 ng/mL triclosan, which might reduce the
algal biomass and thus affect the capability of green algae for biodegradation and
removal of contaminants. It was reported that cells with lower density would
accumulate higher amount of organic compounds at the same concentration in
medium. The adsorbed pollutants might be available for cells, which could lead to
an increase of toxicity [188]. But higher cell density was more efficiency in
removing and degrade organic pollutants [189]. Nevertheless, the obtained
experimental data showed that higher initial cell density were more resistant to
triclosan toxicity and gave better results for biodegrading and removing triclosan.
Therefore, 3.0×107 cells/mL was selected as the initial cell density for the
degradation experiments.
The average specific growth rate of C. pyrenoidosa in blank group during 4 d was
calculated as 0.29, while there was a percent inhibition of 51.2% based on average
specific growth rate caused by 800 ng/mL triclosan in the algal group. The
ultrastructures of algae cells in the blank group and algal group was observed
under TEM. As shown in Fig. 5.3B1 and 5.3B2, in the blank sample, the cell
structure was clear and organized, including the rigid cell wall, lobed chloroplast
with thylakoids, a pyrenoid surrounded by a ring of starch granules and nucleus
opposite to the pyrenoid. Fig. 5.3A1 to 5.3A4 shows the TEM images of algal
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cells in algal group treated under the same experimental conditions. After
exposure to triclosan for 96 h, in some algal cells, the chloroplast membrane
disappeared and the inner stroma spilled out, resulting in a mixture between
cytomatrix and stroma (Fig. 5.3A1 and 5.3A2). In Fig. 5.2A, the cytoplasm had
become vacuolated. Disorganized chloroplast lamellae distributed in all over the
cell were observed in some cells (Fig. 4.3A3). Fig. 5.3A4 shows the TEM image
of algal cells with the algal cell wall damaged, and the disordered thylakoids and
cytoplasm released into aquatic environment (Fig. 5.3A4).
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Fig. 5. 3 TEM micrographs of algal cells after the 96-h growth.
B1 and B2 were algal cells from the blank sample; A1, A2, A3 and A4 were algal
cells from the algal sample treated with triclosan.
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5.3.3 The biodegradation of triclosan and metabolite identification
After the 4 d cultivation, the concentration of triclosan in medium in the control
group was unchanged. In the algal group, however, the concentration of triclosan
decreased from 800 to 174.8 ng/mL. In the 6 h cultivation time, triclosan was
quickly eliminated from the medium with a removal percentage of 72.3%. And the
4 d removal percentage of tricloan caused by C. pyrenoidosa was calculated as
77.2% based on the elimination of the abiotic loss of the parallel settings in the
control group.
Analysis of the medium samples from the algal groups revealed the formation of
potential metabolite of triclosan (Fig. 5.4). Besides the parent contaminant, there
was a potential peak detected with retention time at 5.0 min. The metabolite with
a dichlorine isotopic pattern at m/z 253/255 was identified as the reductive
dechlorination product of triclosan with a mass error of -3.9 ppm (Fig. 5.5A). The
replacement of chlorine atom o f triclosan by a hydrogen atom has been reported
as the photodegradation products by Sanchez-Prado et al. [12], which has three
different isomers varying with the position of the eliminated chloride and
identified as dichlorohydroxydiphenyl ether. The identified metabolite was further
confirmed from the analysis by using LC-ion trap MS. Three fragment ions at m/z
235, 217 and 163 were generated from precursor ion at m/z 253 (Fig. 5.5B). The
presence of fragment ion at m/z 235 and 217 could be interpreted as the neutral
loss of H2O and HCl from molecular ion at m/z 253, respectively. The ion peaks at
m/z 161 and m/z 163 corresponded to deprotonated dichlorophenol and associated
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with

non-phenolic

part

of

triclosan.

Therefore,

the

metabolite

dichlorohydroxydiphenyl ether resulted from the reductive dechlorination at the
phenolic ring of triclosan and had two chlorides located at the same benzene ring.
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Fig. 5. 4 Extracted ion chromatogram for m/z 287 and 253
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Fig. 5. 5 UPLC-QTOF-MS (A) and ESI-ion trap-MS/MS spectra of the reductive
dechlorination product of triclosan (B).
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For the quantification of dichlorohydroxydiphenyl ether, ion pair of m/z 253 and
m/z 35 was selected for MRM analysis in negative ion mode. The reductive
dechlorination metabolite was detected in the cultivation medium after the 6 h
exposure. Its peak area increased with the increase of incubation time. The peak
area ratios between m/z 253 and m/z 299 for
0.14 during the 4 d period (Fig. 5.6).
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C12-triclosan increased from 0 to

Fig. 5. 6 Biodegradation of triclosan and dichlorohydroxydiphenyl ether
generation by alga C. pyrenoidosa. A: triclosan concentration in medium from
algal sample and control sample; B: dichlorohydroxydiphenyl ether generation in
medium from algal sample.
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5.4 Discussion
When the algal cells were exposed to 800 ng/mL triclosan for 4 d, a percent
inhibition of 51.2% was obtained based on average specific growth rate,
indicating that high concentration of triclosan affected the algal growth.
Meanwhile, the cell ultrastructural response to the exposure to triclosan was also
observed. The results indicated that cell chloroplasts were the main targets of
triclosan. The chloroplast membrane was damaged, with the inner stroma spilling
out and the ordered triple-layered lamellae of the chloroplast becoming unevenly
spaced double or single lamellae. Triclosan is a broad-spectrum biocide that
blocks the lipid synthesis with target being enoyl-acyl carrier protein reductase
which involved in the cycle of fatty-acid elongation [95]. However, fatty acids
synthesis is an important source of metabolic precursors of biological membranes.
It was found that triclosan inhibited bacterial growth at lower concentration and
induced cell lysis at higher concentration. Escalada et al. investigated the
interactions between bacteria and triclosan with different concentrations [190].
They found that triclosan at low concentration affected the bacterial growth
arising from specific inhibition of the fatty acid biosynthetic pathway, but had
lethal effects at higher concentrations with multiple targets. Villala n et al.
reported that triclosan destabilized the cell membrane structures and thus
disturbed the membrane functional integrity by incorporating into phospholipid
membranes [191]. Phan and Marquis discovered that triclosan inhibited the
membrane F (H+)-ATPase of the oral pathogen and thus disrupted the membrane
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permeability [192]. These were reports about the mechanisms for the inhibition of
bacterial growth and the effects on the bacterial membrane. However, the lipid
synthesis inhibition by triclosan may also occur in algae because of the existence
of enoyl-acyl carrier protein reductase in higher plant [193]. The exposure of algal
cells to triclosan would cause the accumulation of triclosan in cell membranes due
to the lipophilic properties, which might affect the membrane biological activities,
such as the permeability, the activity of membrane enzymes. The disruption of
algal chloroplast membrane might be result from inhibition of the fatty acid
synthesis or the interaction of triclosan with phospholipids of membrane.
However, the exact mechanisms need further investigation. The damage of algal
chloroplast structure would affect the photosynthesis and thus reduce the energy
production for algal growth and reproduction, leading to the growth rate inhibition
of 51.2% detected when C. pyrenoidosa cultivated with 800 ng/mL triclosan. Cell
lyses and organic material release into the aquatic environment were also
observed. When algal cells were exposed to triclosan, the membrane integrity and
enzyme activity related membrane was affected. Organic material might be
excreted under stress condition to decrease the bioavailability of toxic pollutants
in medium and within the cell [98, 194].
In the biosorption experiment, triclosan in the culture medium was rapidly
removed by algal cells and reached equilibrium after 6 h. The concentrations of
triclosan in medium decreased rapidly in the 1 h incubation, accounting for about
50% of the concentrations of triclosan added in the medium, which could be
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attributed to uptake of triclosan by algal cells. It was reported that the mechanism
responsible for uptake was a physical adsorption/absorption process [195].
Adsorption was supposed to be the primary mechanism by affinity of the organic
compound to interfaces [36] , which was a rapid and passive physicochemical
process. Although absorption was slow, active and related to the organic
compound’s Kow [37], it was proved to be the main mechanism of uptake. The
lipophilic compounds could penetrate cell wall depending on its solubility in
water and lipid phase. Triclosan is easily dissolved in lipid with low solubility in
water (10 μg /mL). Microalgae especially unicellular algal cell with high ratio of
surface area to volume has high efficiency to absorb the organic pollutants. The
difference of triclosan concentrations in medium was not significant between 6 h
and 12 h cultures. The exposure to triclosan posed an environmental stress to algal
cells, which might induce the excretion of organic compounds by algal cells
[194]. The excretion of organic compounds was also proved by TEM observation
of algal cells. The composition of organic material varied enormously under
different growth and environmental conditions, which could be carbohydrates, or
lipids, etc. [194, 196, 197]. They might bind heavy metals and organic
contaminants [98]. The combination of toxic chemicals with excreted organic
compounds in the aqueous phase would reduce the bioavailability of the
pollutants, which was regarded as a self-protective mechanism.
In order to investigate the biodegradation of triclosan by green algae, triclosan at
high concentration of 800 ng/mL was cultivated with green algae for 96 h when a
165

removal percentage of 77.2% was obtained. Same as the biosorption experiments,
the concentration of triclosan in medium decreased from 800 to 212.3 ng/mL in
the 6 h period as a result of rapid uptake by algal cells. While no big difference
between 6 h and 24 h cultures was observed, the concentration of triclosan
declined from 200.1 to 174.8 ng/mL from 24 h to 96 h, which could be attributed
to biodegradation. At the same time, reductive dechlorination product of triclosan,
dichlorohydroxydiphenyl ether, was found to be formed and accumulated in the
growth medium. Dichlorohydroxydiphenyl ether was detected in the 6 h culture.
The peak area ratio at m/z 253 for the reductive dechlorination metabolite to at m/z
299 for

13

C12-triclosan increased as culture time increased. However, the

formation of the detected metabolite did not account for the whole depletion
observed for triclosan, which might be due to the formation of other metabolites
that were not detected under the current analytical conditions or the mineralization
of triclosan and its metabolites. In addition, the triclosan may also be uptaken by
the algal cells and accumulated in the cells, which would be further investigated in
future. Although the formation of reductive dechlorination products from
photodegradation of triclosan has been reported [12, 93], reductive dechlorination
of triclosan via biodegradation might be observed for the first time in our current
work.
Dechlorination through biodegradation, however, has been reported on some
chlorinated compounds. Triclocarban used as biocide in detergents and personal
care products was reported to be reductively dechlorinated in aged, deep estuarine
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sediments by dehalorespiring microorganisms at a very slow rate [198].
Tetra-CDD (TeCDD) and tri-CDD (TrCDD) were biotransformed into tri- and
di-chlorinated products through reductive dechlorination by anaerobic bacteria
from contaminated sediments, which was a promising method for detoxification
of the notorious environmental pollutants [199]. However, these PCBs and
poly-CDD (PCDD) were dechlorinated in sediments and by mixed organisms
from sediments. Bunge et al. applied a polymerase chain reaction-based approach
to isolate a PCDD-dechlorinating bacterium, which has identical sequence with
sequence of Dehalococcoides sp. strain CBDB1 that capable of reductive
dechlorination of chlorobenzens and 98.5% identity with the sequence of strain
195 that dechlorinates tetrachloroethene [153-155]. Strain CBDB1 succeeded to
dechlorinate 1,2,3,7,8-pentra-CDD into TrCDD or DCDD with an albeit slow rate
of 2.8 mol/% within 104 d. There were at least 15 reductive dehalogenase gene
homologues detected in this genus, indicating diverse enzymes for different
chlorinated substrates. For example, strain 195 has been proved to have the ability
to dechlorinate various chlorinated aromatic compounds [157], and thus might
have potential in the application of bioremediation of sediments with chlorinated
pollutants. However, all these reports were about the reductive dehalogenation of
chlorinated compounds by bacteria. Limited information related to dechlorination
by algae has been reported. In this study, the products of dechlorination of
peri-chlorine at the phenolic ring of triclosan were observed.
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5.5 Chapter Summary
When the algae species C. pyrenoidosa was exposed to triclosan at concentrations
from 100 to 800 ng/mL, more than 50% of tricosan in all groups was quickly
removed through algal uptake within 1 h. In the 96 h exposure of algal cells to
800 ng/mL, 77.2% of triclosan was eliminated from the medium. A reductive
dechlorination product of triclosan with the removed chlorine on the phenolic ring,
was formed and accumulated in the growth medium. However, the growth of algal
cells was affected due to the toxicity of triclosan to microbiology. The algal cell
chloroplast was damaged and thus decreased the energy supply for algal growth,
which gave an adverse effect on the effectiveness of removal and biodegradation
of triclosan. The obtained results might have extendable significance in the
application of reductive dechlorination ability of C. pyrenoidosa on detoxification
of environmental toxic contaminants, such as PCBs and PBDEs which has similar
chemical structure to triclosan.
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Chapter 6
Conclusions and Future Studies

In the first part, two axenic pure algae have been isolated from local environment
using the solid agar method. Two algal species were isolated as pure and axenic
culture. Based on the morphology, life cycle, one of the algal species was
identified as Desmodesmus sp. The other one was identified morphologically as C.
pyrenoidosa by accredited authority. At the same time, alga S. obliqnus was
obtained commercially. All the three green algae were cultured in TAP medium,
and applied for the removal and biodegradation of 3,4-DCA and triclosan.
The experiments about the removal and biodegradation of 3,4-DCA demonstrated
that the alga C. pyrenoidosa has the potential for removal and biodegradation of
pollutants in aquatic environment. When C. pyrenoidosa was exposed to 3,4-DCA
at the level of 4.6 μg/mL, 78.4% of the 3,4-DCA added in medium was removed.
With

the

decrease

of

3,4-DCA

concentration,

two

metabolites

3,4-dichloroacetanilide and 3,4-dichloroformylanilide were identified by using
LC-ESI-MS and –MS/MS, which was confirmed by comparison with the
authentic standards. The two metabolites were reported to be less phtotoxic, which
might served as a mechanism for the detoxification 3,4-DCA.
In order to investigate the mechanisms for the removal of triclosan by algal cells,
three algal species were compared. The results showed that cellular uptake was
determined as the predominant mechanism for the removal of triclsaon by C.
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pyrenoidosa, while, biotransformation of triclosan via hydroxylation and
methylation, glucose conjugation accounted for the elimination of triclosan by
Desmodesmus sp. and S. obliqnus. When the three different species were exposed
to 400 ng/mL triclosan in aqueous medium, the remove percentage of 62.4%,
92.9% and 99.7% were obtained in 1 d cultivation for C. pyrenoidosa,
Desmodesmus sp., and S. obliqnus, respectively. Reductive dechlorinated triclosan
was detected as metabolite of triclosan in the algae C. pyrenoidosa and
Desmodesmus sp., but not in S. obliqnus. However, different metabolites as
conjugates with glucose, diglucose or xylose were detected in the culture medium
of Desmodesmus sp. and S. obliqnus. The metabolic action methylation and
conjugation with polar endogenous molecular contributed to the detoxification of
chlorinated aromatic compounds. The rapid biotransformation of trilcosan
contributed to the less susceptibility of algae Desmodesmus sp. and S. obliqnus,
which was in accordance with the susceptiblity test. Based on the detection of
phase I metabolite, 2,4-DCP and reductive dechlorinated triclosan, it was
postulated that the xenobiotic biodegradation involving in the mineralization to
CO2 or incorporation into biomass proceeded simutanously with the rapid
transformation of triclosan. The results about the metabolism of triclosan might
provide information for the removal and biodegradation of triclosan in wastewater
and environment.
The alga C. pyrenoidosa was tested for the removal and biodegradation of
triclosan. When algal cells were exposed to triclosan with increasing
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concentrations from 100 to 800 ng/mL, more than 50% of triclosan in all groups
was removed through algal uptake within 1 h. The biodegradation experiments
during 96 h illustrated that triclosan was biodegraded to a reductive dechlorination
product with the removed chlorine on the phenolic ring. The reductive
dechlorination capability of C. pyrenoidosa might have extandable significance
for the detoxification of environmental toxic contaminants. The effect of triclosan
on algal cellular ultrastructure was observed with TEM. And chloroplast was
detected as the main target, which would reduce the efficiency of triclosan
removal and biodegradation.
In conclusion, the experimental results proved that algae had high potential for
removal and biodegradation of organic pollutants, which also provided
information for the risk assessment of the organic pollutants in environment. The
reductive dechlorination of capability of C. pyrenoidosa to triclosan may
significant application of the bioremediation of POPs including PCB and PBDE
that with similar chemical structure to triclosan, which is an environmental
problem difficult to solve. It takes a long time such as several month or years to
degrade these POPs with available method, whatever chemical method or
biodegradation by bacteria strain CBDB1 as mentioned in Chapter 5. Therefore, C.
pyrenoidosa could be applied for the biodegradation of PCBs and PBDEs,
investigating the possibility of biodegradation of POPs with higher efficiency.
However, it is noted that when algae Desmodesmus sp., and S. obliqnus were
exposed to triclosan, many different metabolites were detected as products from
171

multi-reactions of hydroxylation, methylation and glucosylation of triclosan but
without the eluciation of the positions on the molecule structure for modification,
which would be conducted in future. The alga Desmodesmus sp. was identified
through the information in literature and the morphagical observation of the alga,
which would be confirmed by accredited authority. In addation, only 3,4-DCA
and triclosan were used as the target pollutants, other pollutants would be tested in
future.
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