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HIGHLIGHTS

e TPT was removed by the joint effect of biosorption, degradation and accumulation.

e TPT intracellularly degraded to produce diphenyltin and monophenyltin successively.
® TPT increased Cl-, Na*, arabinose, glucose and protein release.

® TPT increased the cellular membrane permeability.

e K* and PO,43~ use, and intracellular protein level declined during TPT degradation.
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Triphenyltin (TPT), an endocrine disruptor, is polluting the global environment through its worldwide
use. However, information concerning the mechanisms of TPT biodegradation and cellular metabolism is
severely limited. Therefore, these processes were elucidated through experiments involving TPT biosorp-
tion and degradation, intracellular metabolite analysis, nutrient use, ion and monosaccharide release,
cellular membrane permeability and protein concentration quantification. The results verified that TPT
was initially adsorbed by the cell surface of Stenotrophomonas maltophilia and was subsequently trans-

gfg:g?g:is;n ported and degraded intracellularly with diphenyltin and monophenyltin production. Cl-, Na*, arabinose
Biodegradation and glucose release, membrane permeability and the extracellular protein concentration increased dur-
Triphenyltin ing TPT treatment, whereas K* and PO43- utilization and intracellular protein concentration declined.

The biosorption, degradation and removal efficiencies of TPT at 0.5mgL-! by 0.3 gL~! viable cells at 10d
were 3.8, 77.8 and 86.2%, respectively, and the adsorption efficiency by inactivated cells was 72.6%.
© 2014 Elsevier B.V. All rights reserved.

Stenotrophomonas maltophilia

1. Introduction biomasses and revealing the biodegradation mechanisms [9,10].
However, the long half-life of TPT, varying from weeks to years,

Triphenyltin (TPT) is primarily used as a fungicide, herbicide, has demonstrated that it takes time for biomasses to tolerate and

pesticide and antifouling paint worldwide [1]. As an endocrine dis-
ruptor, TPT is detrimental to various organisms with a wide range of
toxicological properties, seriously disturbing the endocrine system,
preventing enzyme expression and causing reproductive toxicity
[2-4]. Thus, it is necessary to remove TPT from biota, water and
sediment.

TPT can be removed by biodegradation [5], photolysis [6], bio-
logical uptake [7], sedimentation and flux [8]. Biological methods
with low energy or chemical requirements have recently attracted
attention on increasing the biodegradation capacity of effective
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subsequently degrade TPT [11]. Moreover, the majority of studies
merely attempting to investigate the biodegradation process have
ignored the contribution of biosorption and bioaccumulation to TPT
removal.

To explore the mechanisms of TPT biodegradation thoroughly,
revealing the interaction between cells and TPT and further
illustrating the relation among biosorption, biodegradation and
bioaccumulation are necessary because biosorption is the ini-
tial reaction in TPT transport and degradation, which primarily
occurs intracellularly [10]. Although biosorption is an innovative
technology using biomass to remove heavy metals and dyes from
wastewater, only a small number of studies have attempted to
clarify organotin binding by cells. For example, the tributyltin (TBT)
adsorbed by a single cell of Pseudoalteromonas sp. was approxi-
mately 107> molecules [12]. TPT and coexisting heavy metals in
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solution could be adsorbed effectively by Brevibacillus brevis [10].
Subsequently, TPT transported through the cell membrane due
to its hydrophobicity and metabolism, which caused intracellular
accumulation and biodegradation. Because TPT transport and
transformation steps are metabolically mediated activities [7,13],
the limited information regarding the cellular metabolism during
these processes, for example, nutrient use and ion metabolism,
hinders the understanding and improvement of TPT bioremoval.
Therefore, it is critical to determine the relation between degrada-
tion and cellular metabolism, verify the rate-limiting reaction, and
clarify whether dearylation during TPT degradation occurs succes-
sively or synchronously. Moreover, examining material transport
into and out of the cell is vital for clarifying the links among TPT
lipid solubility, transmembrane transport and degradation.
Stenotrophomonas maltophilia can effectively adsorb and trans-
form heavy metals, polycyclic aromatic hydrocarbons, insecticides
or their mixtures [14]. Revealing the interactions between its phys-
iological response and organotin treatment will accelerate the
application of S. maltophilia on the removal of organotin in the
environment, as well as various coexisting pollutants. Therefore,
the S. maltophilia activity in TPT biosorption, biodegradation and
bioaccumulation was investigated in the present study. Cl—, SO42~,
PO,43-, Na*, Mg2*, K*, arabinose and glucose uptake and release,
total and intracellular metabolites, cellular membrane permeabil-
ity and protein concentration changes during TPT treatment were
also analyzed to elucidate the mechanisms of TPT biodegradation.

2. Materials and methods
2.1. Strain and chemicals

S. maltophilia was preserved in the laboratory of the School of
Environment at Jinan University. This strain was isolated from the
sediment samples collected at Guiyu in Guangdong Province, China.
The samples contained high levels of organotins, heavy metals,
polycyclic aromatic hydrocarbons and other toxic pollutants [15].

TPT was obtained from Sigma-Aldrich (St. Louis, MO, USA).
The concentrations of beef extract, peptone, NaCl and MgSQ4 in
cellular culture medium were 3, 10 and 5gL-! and 10mgL-1,
respectively. The TPT treatment solution contained (in mgL~1) 100
NayHPO4-12 H,0, 50 KH,PO4, 50 NaCl, 20 NH4NO3, 10 MgSO4 and
10 tea saponin. Among these compounds, tea saponin was used as a
carbon source and surfactant to encourage TPT emulsification and
enhance TPT affinity in S. maltophilia.

2.2. Microbial culture

S. maltophilia was inoculated into the culture medium at 37°C
on a rotary shaker at 100rmin~—! for 2 d to an optical density (OD)
of 1.5. Subsequently, the cells were separated by centrifugation at
3500 x g for 5min and washed three times with sterile distilled
water before use in further experiments. The cellular growth phases
were determined by the OD at 600 nm. Briefly, cultures were diluted
to an OD of less than one to fall into the linear range of measure-
ment. The actual OD was determined by multiplying by the dilution
factor. The relation between the cellular growth phases and TPT
treatment was investigated by setting the culture time from 3 h to
6d.

2.3. TPT removal, biodegradation and biosorption by S.
maltophilia

The removal and biodegradation of 0.5 mgL~! TPTby 0.3gL-!S.
maltophilia were performed in the dark at 25°Cin 20 mL treatment
solution shaking on a rotary shaker at 100 r min—!. After treatment,

cells were separated by centrifuged at 3500 x g for 5 min. Resid-
ual TPT in the resultant supernatant was detected to determine the
removal efficacies, and the total residual TPT in the supernatant and
cells was used to determine the biodegradation efficacies. To clar-
ify the trend of TPT biosorption, the TPT-loaded cells were washed
by phosphate buffer solution (PBS) for 20 min. Subsequently, TPT
in PBS was detected to determine the TPT absorbed by cellular sur-
face. Nutrient use, intracellular ions and monosaccharide released
by cells, the metabolites of TPT biodegradation and the change in
cellular membrane permeability were detected after degradation
for0.5h to 10 d.

To reveal the contribution of metabolism-independent adsorp-
tion to TPT bio-removal, 0.5 mgL~! TPT was treated with 0.3 gL'
dead cells, which were inactivated by 2% glutaraldehyde for 24 h.
After adsorption for 0.5h to 10 d, the cells were separated by
centrifugation at 3500 x g. The residual TPT in supernatant was
detected to determine the adsorption efficacies. The controls were
run in parallel in flasks with solutions that were not inoculated.

The ratios of TPT biosorption, adsorption, degradation and
removal are calculated as follows:

(Cc—GCr)x 100
Ce
where Q represents the ratio (%), C. stands for the TPT concentration

shown in the control experiment, and C; is the final concentration
of TPT after bio-treatment.

Q=

2.4. Extraction and derivatization of extra- and intracellular
phenyltins (PTs)

After degradation, 10 mL hexane was added to 20 mL treatment
solution. PTs in the mixture were sonicated for 20 min in an ultra-
sonic bath and allowed to set until phase separation. After the
organic phase was removed, 10 mL hexane was added into the
aqueous phase, and the operation was repeated again. The organic
part was collected, followed by concentrating using a rotary evap-
orator at 30°C. The residues containing the extracellular PTs were
dissolved by 5 mL methanol and derivatized in pH 4.5 acetate buffer
with 2 mL of 2% sodium diethyl dithiocarbonate.

To obtain the intracellular fraction, the aqueous phase with cells
was collected after the above extraction in a glass vessel and was
subsequently kept in an ice bath during the cell disruption to pre-
vent overheating. Cell disruption was performed at 650 W for 5 min.
Next, the intracellular PTs were extracted and derivatized using the
same methods as the extracellular ones.

2.5. Analytical methods of TPT and its metabolites

PTs were analyzed according to previously published meth-
ods by gas chromatography-mass spectrometry (GC-MS)
(QP2010, Shimadzu) equipped with a type Rxi-5MS GC column
(30m x 0.25mm x 0.25 wm) [10]. Briefly, helium at 1.1 mLmin~!
was used as the carrier gas. The column temperature program
started at 50 °C for 1.5 min. The oven was heated to 300 °C at a rate
of 10°Cmin~! for 4 min. The solvent cut time was set to 2.6 min.
Mass spectra were recorded at 1scans~! under electronic impact
with electron energy of 70eV and mass range from 50 to 650
atoms to mass unit.

2.6. Analytical methods of ions and monosaccharides

After TPT degradation by 0.3 gL~ viable cells for 0.5h to 10 d,
the treatment solutions were centrifuged at 3500 x g for 10 min.
The resultant supernatant was filtered using a 0.22-pm polyether
sulfone filter, and the concentrations of Cl-, PO43~, SO42~, Na*, K*
and Mg2* were detected by an ICS-900 ion chromatography system
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(Dionex, Sunnyvale, USA). Arabinose, glucose, mycose, rhamnose,
galactose, xylose, mannose and fructose were detected by an ICS-
2500 ion chromatography system (Dionex, Sunnyvale, USA).

2.7. Cellular membrane permeability

Membrane permeability was determined by measuring the con-
centration of [3-galactosidase released into the culture medium
using o-nitrophenyl-[3-p-galactoside (ONPG) as a substrate [16].

2.8. Statistical analysis

All of the experiments were performed in triplicate, and the
mean values were used in the calculations. The statistical analysis of
the correlation between TPT treatment and cellular physiochemical
characteristics was performed by SPSS version 13.0 using Pearson
correlation tests.

3. Results and discussion
3.1. Cellular growth phases and TPT treatment

The cell density in the culture medium at different culture times
was detected to determine the cellular growth phase. Fig. 1a shows
that there was almost no lag phase, indicating that S. maltophilia
adapted to the environment in a short time and then grew expo-
nentially between 3 and 26 h, followed by an apoptotic phase from
the 4th day. To determine the optimal culture time to harvest cells
for TPT degradation, cells cultured at different time were sepa-
rated from the culture medium and were used to remove TPT in
the treatment solution. The tendency of the degradation curve was
similar to that of the growth curve (Fig. 1b), which implied that
there was a significant correlation between TPT degradation and
cellular growth. However, TPT removal did not correlate with cel-
lular growth. The Pearson correlation analysis also demonstrated
that TPT degradation had a much better correlation with cellular
growth than did TPT removal (P<0.01).

The above outcomes primarily resulted from the fact that TPT
removal was attributed to the joint effect of biosorption, biodegra-
dation and bioaccumulation because TPT removal in the present
study was determined by the total TPT decrease from the treat-
ment solution, which included TPT transformed to catabolites by
cell metabolism, adsorbed by the cell surface, and accumulated
intracellularly. TPT removal did not significantly correlate with
cell growth because it depends more on metabolism-independent
biosorption, which relied on the cellular binding capacity by com-
plex processes that comprise electrostatic interactions, van der
Waals forces, covalent bonding, ion exchange, extracellular pre-
cipitation, or a combination [15,17]. TPT biosorption by B. brevis
revealed that TPT binding was a rapid process because hydropho-
bic TPT tends to interact with lipids and proteins, which are the
primary constituents of the cellular membrane [10]. Nevertheless,
TPT biodegradation depends on the activity of relevant enzymes,
which are metabolism-dependent. For example, cytochrome P-
450 enzymes in Streptomyces sp., rat, hamster, porpoise and
human hepatic microsomes have been confirmed to be applica-
ble metabolic systems for TPT and TBT biodegradation [13,18].
Cells cultivated for 2 d were used for further experiments because
high cell density and optimal efficiencies of TPT degradation and
removal were attained at this time.

3.2. TPT removal and biosorption

Residual TPT in the control solution was in the range of
0.91-0.96 mgL-1, indicating that abiotic loss was not the main

route of TPT degradation (Fig. 2a). Initially, the TPT removal effi-
ciency by viable cells was far more significant than biodegradation,
and it reached its peak value of 95.4% at 0.5 d, whereas biodegra-
dation was still low. Subsequently, the biodegradation efficiency
continued to increase to 77.8%, narrowing the gap to a small
value. This finding suggests that the removal process was ini-
tially dominated by either biosorption or bioaccumulation, and
biodegradation gradually prevailed. The decreasing tendency of
TPT biosorption from 43.7% to 3.8% confirmed that biosorption
activity removed the majority of TPT initially. Although the removal
efficiency was stable around the peak value, it generally displayed
aslight decline and decreased to 86.2% at the 10th d. This trend was
likely caused by TPT desorption, intracellular TPT release, cellular
metabolism change, or a combination. To verify this inference, TPT
adsorption by dead cells inactivated by 2% glutaraldehyde for 24 h
was conducted. Fig. 2b shows that 32.9% TPT was adsorbed within
0.5 h, and the adsorption efficiency slowly increased thereafter to
72.6% at the 10th d.

These results further confirmed that TPT biosorption was pri-
marily dependent on the physicochemical interactions between
TPT and S. maltophilia. Active sites on the cell surface for TPT binding
were quickly occupied during the initial rapid phase. This is consis-
tent with TPT biosorption by B. brevis, in which more than 97% TPT
was adsorbed within 1h [10]. Moreover, approximately 85-95% of
TBT at 0.3 mgL~! was almost instantaneously adsorbed by dead
cells of Chlorella miniata, Chlorella sorokiniana, Scenedesmus dimor-
phus and Scenedesmus platydiscus [19]. As the cell active sites and
TPT in solution decreased, the chances of residual TPT to contact
cells reduced accordingly, which correlated with the subsequent
slow increase in TPT biosorption with time. The results shown in
Fig. 2 revealed that TPT biosorption occurred and that it played a
major role in the early stage of TPT removal.

Considering that TPT adsorption by dead cells did not decline
with time, surface desorption may not have contributed to the
decrease of TPT removal by viable cells exhibited in Fig. 2a, suggest-
ing that it might be the release of intracellular TPT or the changes of
cell metabolism or morphology under TPT and its metabolites expo-
sure that made the removal efficiency decline. Furthermore, the
sum of the TPT biosorption and biodegradation efficiencies in Fig. 2a
was significantly lower than the TPT removal efficiency, indicating
the existence of TPT transport and intracellular accumulation. The
following experiments separately examined the contribution of the
transport, accumulation and biodegradation to TPT removal.

3.3. TPT biodegradation and bioaccumulation

Fig. 3 shows that TPT was transferred, accumulated and
degraded in the cells accompanied by minimal release of TPT and
its metabolites from the cell. After the rapid biosorption process,
TPT was transferred across the cell membrane through active trans-
port and interactions with the membrane [20] because TPT tends to
interaction with membrane lipids and proteins. The lipophilic and
ionic properties of organotins result in their accumulation in vari-
ous organs. The binding of TBT and its catabolites to the membrane
of Aeromonas veronii was found during TBT degradation [21]. The
change in the TPT, diphenyltin (DPT) and monophenyltin (MPT)
concentrations and their sum values (PTs) during the treatment
process indicated that DPT production lagged behind TPT degra-
dation (Fig. 3a) but responded to it followed by MPT generation.
For example, a fast decreasing trend of residual TPT was observed
at 0.5-12 h, whereas high levels of produced DPT in the range of
72.3-74.7 pg L1 were attained at 0.5-2 d. Higher concentrations of
MPT appeared at 2-5 d, indicating that the cleavage of the benzene
ring occurred successively not synchronously. The slow increas-
ing tendency of the TPT degradation speed with time correlated
with the degradation of the produced metabolites and with the
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Fig. 1. Effect of culture time on biomass and treatment of 0.5 mgL-! TPT by S. maltophilia at 25°C for 5 d. (a) Cell density in the culture medium at different culture times;
(b) TPT removal and degradation in treatment solution by cells separated at different culture times.
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Fig. 2. Biosorption, degradation and accumulation of 0.5 mgL-! TPT by S. maltophilia at 25 °C. (a) TPT biosorption, degradation and removal by viable cells; (b) TPT adsorption

by dead cells inactivated by 2% glutaraldehyde for 24 h.

reduced contact of residual TPT with enzymes. In addition, the pro-
longed exposure to TPT and its metabolites might negatively affect
the metabolic activity of S. maltophilia because TPT inhibited vari-
ous organisms with its toxicological properties [2-4]. Similar to the
decreasing TPT, the downward trend of PTs confirmed that a large
part of TPT was transformed to inorganic tin.

The intracellular concentration of TPT within 2h was low
(Fig. 3b), but at the same time, most of the TPT had been removed
from the liquid (Fig. 3a). Thus, initially TPT was mainly adsorbed
by the cell surface and little was transported across the membrane.
After 0.5 d, the majority of the residual TPT was detected inside
S. maltophilia, illustrating that TPT was transferred into the cyto-
plasm and degraded intracellularly. The release of DPT and MPT
stemmed from either active release resulting from the detoxifica-
tion of PTs by living cells or from efflux from damaged or dead
cells caused by PT stress. However, most of the produced DPT
and MPT still accumulated in the cells, implying that bioaccumu-
lation also partially contributed to the removal of TPT from the
environment.
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3.4. Nutrient utilization and ion release by cells during TPT
removal

The ion concentration changes in these experiments were mea-
sured as the experimental minus the control concentrations, so
a negative value meant ion use and a positive value implied ion
release by S. maltophilia. Fig. 4 shows that Na* and Cl- were released
throughout the entire process, K* and PO43~ varied with similar
trends, and SO42~ and Mg2* hardly changed. The ions that exhib-
ited an elevated trend with time implied that TPT stress increased
membrane permeability or triggered apoptosis in certain cells [22].

The concentration of Na* and Cl~ in the cells, which were sep-
arated from the culture medium containing 5 gL~! NaCl, was very
high; hence, the cells were the sources of the released Na* and
Cl~. Cl~ uptake and release is mainly determined by the concentra-
tion gradient and regulates cellular osmotic pressure [23]. During
the TPT removal process, the osmosis of the surroundings was
always lower than that of the cytoplasm, as well as the exposure
to PTs. Hence, Cl~ release was induced. Triorganotins mediate the
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Fig. 3. Biodegradation metabolites of 0.5 mgL~! TPT by S. maltophilia at 25 °C. (a) Total concentrations of TPT, PTs, DPT and MPT; (b) Intracellular concentrations of TPT, PTs,

DPT and MPT.
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Fig. 4. Nutrient utilization and ion release by S. maltophilia at 25 °C during TPT removal. (a) Anion concentration change; (b) cation concentration change.

exchange diffusion of halides and other inorganic anions across
biological and model membranes [24].

Combined with the K* variation, the joint effect of osmotic
pressure, pollutant stress and Na*/K* pump may explain the Na*
curve. Na*/K*-ATPase is activated by binding to intracellular Na*
and extracellular K* and changes the conformation to let Na* out
and K* in. During this process, matter that cannot easily cross
the membrane, such as TPT, enters cells by co-transport [25],
which was proven by the TPT uptake exhibited in Fig. 3b. Thus,
the Na* value was always positive, but K* was negative at the
beginning.

After 5 d, K* started to exit rather than enter the cells. This was
likely caused by a membrane permeability increase or release from
dead cells. Na*/K*-ATPase transports Na* and K* in opposite direc-
tions; it does not specifically explain the sudden change. On the
contrary, the fact that cell disruption or a membrane permeabil-
ity increase will enhance intracellular material release explains the
abrupt rise in both the Na* and K* curves.

Mg2* began with increased intake and ended with relatively
reduced uptake, which correlated with its functions. Mg2* is an
important constituent of various enzymes and can transport in
association with other ions. In these ways, Mg2* was assimilated
more at the beginning when reactions for TPT transport, degrada-
tion and accumulation were efficient, as shown in Figs. 2a and 3b.
Subsequently, the declining speed of TPT degradation was partially
responsible for the decreased Mg2* uptake.

The PO43~ curve stayed below the axis until 3.5 d and then
rose above it. During the TPT removal process, energy is needed
to transport TPT and degrade it, as well as support all types of
cellular activities; hence, ATP and other P-containing polymers,
which need PO43~ as a Pi source, are consumed quickly. Regarding
the positive section of PO43~, TPT stress increased membrane per-
meability, inducing damage and death of some cells. TPT can also
alter the molecular organization of the membrane [26], triggering
a spontaneous efflux of certain ions.

Sulfur, another essential element in organisms, not only exists
as a structural constituent but also plays specific functions in
metabolism, especially because it is embedded in certain nec-
essary proteins [27]. The oxygenolysis of the sulfur-containing
biomolecules induced by TPT, as well as the alteration in mem-
brane permeability, may be related to the stable release of SO42~
during the degradation process.

3.5. Monosaccharide release by cells during TPT removal

Arabinose was not added to the degradation system, so its
appearance in the solution could only come from the cells. Apart
from cellular release, glucose might also be a metabolite of tea
saponin degradation because tea saponin can serve as a nutrient
for cell metabolism due to its bioavailability. Fig. 5 shows that the
fastest increase of glucose and arabinose in solution was in the first

2 d, but glucose continued to be released or generated, whereas
arabinose was consumed by the cells later on. In most situations,
monosaccharides are easily assimilated unless the cells are abnor-
mally influenced by stresses. Thus, monosaccharides’ increasing
concentrations illustrated that TPT exerted a suppressive effect on
the cell membrane, driving certain intracellular monosaccharides
out or inhibiting their reuse by viable cells.

The pentose phosphate pathway is the major pathway of arab-
inose and glucose, in which the GAL gene plays a dominant role in
their transport [28]. In the current study, once TPT posed a detri-
mental effect on this pathway, these two monosaccharides were
released from the cells and potentially had difficulty reentering
the cells, which is reflected in the initial fast ascending tendencies
of arabinose and glucose. Because transcription of the GAL regu-
lon requires the presence of arabinose at a certain concentration
[29], after the arabinose level reached this value, transcription of
the GAL regulon began, triggering reuptake of the released arab-
inose into the cells. These findings explain the decrease in the
arabinose concentration in the solution observed after 2 d (Fig. 5).
Arabinose exhibits a suppressive effect on glucose uptake [30],
which may partially explain the continued increase of glucose in
the treatment solution during the degradation process after 2 d.
Additionally, no other monosaccharides were detected, implying
that TPT did not induce severe damage or apoptosis in S. mal-
tophilia, which would trigger a significant efflux of other cytosolic
monosaccharides.

3.6. Cellular membrane permeability

ONPG in solution cannot transport across the mem-
brane and thus cannot induce the generation of intracellular
[3-galactosidase. The presence of o-nitrophenol in solution implies
the hydrolysis of ONPG by [(3-galactosidase. Considering the OD
value increased with time (Fig. 6), it is likely that the cell membrane
altered with time; thus, ONPG could be transported into the cell,
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Fig. 5. Arabinose and glucose release by S. maltophilia at 25 °C during TPT removal.
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Correlation between TPT removal and cellular physiochemical characteristics.
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Fig. 6. Membrane permeability change of the control cells and TPT-treated cells
with time.

inducing [-galactosidase and being hydrolyzed [31]. The high OD
value of the TPT-treated solution confirmed that TPT, which was
responsible for the increased release of ions (Fig. 4), arabinose
and glucose (Fig. 5) significantly increased cell membrane per-
meability. Furthermore, the membrane permeability change may
be one of the reasons for the partial release of intracellular PTs
into the extracellular environment, as shown in Figs. 2a and 3.
The membrane permeability of the control cells also increased
with time but was lower than that of TPT-treated samples due to
deficiency of the exotic organic nutrients in the treatment solution.

3.7. Change in the protein concentration during TPT removal

As shown in Fig. 7, the extracellular protein concentration first
increased and then slightly decreased, whereas the intracellular
protein level decreased gradually. Considering protein functions,
as well as TPT properties, it is not difficult to explain the decreasing
trend of the intracellular protein concentration. Because TPT has
been reported to act as an inhibitor of some enzymes [32], this
result could be attributed to TPT exposure and nutrient insuffi-
ciency in the solution, where the metabolic activity of S. maltophilia
was repressed, reducing the biomass of living cells accordingly.
Moreover, the TPT toxicity obstructs protein synthesis, changes
protein structures and degrades some inactive proteins [33]. In
addition, the exposure to stress, including toxic pollutants, induces
the expression and transport of some proteins that are responsi-
ble for environmental adaptation [34]. Hence, the release of some
proteins, induced by membrane permeability increase or environ-
mental stress (Fig. 6), was partially related to the decrease in the
intracellular proteins and the increase in extracellular proteins.
With the decline of the residual TPs, fewer proteins needed to be
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Fig. 7. Change in the intracellular and extracellular protein concentration during
TPT removal.
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expressed and transported to the exotic solution, thereby triggering
the decrease of extracellular proteins. The reduction of intracellular
proteins represented the decrease of viable cells, which was par-
tially related to the decrease of extracellular proteins at the 10th d.
The up-regulated expression of intracellular proteins at the 2nd d
indicated upward cell production because of diauxic growth [35].

3.8. Correlation between TPT removal and cellular
physiochemical characteristics

Consistent with the finding that the cellular membrane per-
meability increased with time, the correlation between the TPT
treatment time and the release of intracellular materials, including
Na*, K*, Cl=, PO,43~, arabinose and glucose, was significant, withap
value of 0.05 or 0.01 (Table 1). The significant correlation between
degradation and biosorption illustrated that TPT degradation was
primarily dependent on biosorption because TPT binding by S. mal-
tophilia was the initial process. Furthermore, both degradation and
biosorption exhibited a significant correlation with the efflux of
Na*, Cl-, PO43-, arabinose, glucose and protein, the increase in
membrane permeability, and the decrease in intracellular protein,
revealing that TPT exposure and transformation exerted suppres-
sive effects on cellular metabolism. However, PTs did not trigger
severe damage or apoptosis in S. maltophilia because PTs exhibited
a declining trend, Mg2* was used by the cells and the intracellular
protein concentration remained at a relative high level during the
entire process (Fig. 7).

4. Conclusions

TPT was initially adsorbed from solution by S. maltophilia and
was subsequently transported and intracellularly degraded with
diphenyltin and monophenyltin production. After treatment for 0.5
d, residual TPT and produced diphenyltin and monophenyltin were
detected intracellularly. Cl-, Na*, arabinose and glucose release, the
cellular membrane permeability, and the extracellular protein con-
centration increased during TPT treatment, whereas K* and PO43~
utilization and the intracellular protein concentration declined.
The biosorption, degradation and removal efficiencies of TPT at
0.5mgL-1 by 0.3gL-! viable cells at 10 d were 3.8, 77.8 and 86.2%,
respectively, and the adsorption efficiency by inactivated cells was
72.6%. These findings help to elucidate the TPT biosorption, trans-
port and degradation mechanisms through the analysis of cellular
physiological response and metabolites.
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