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CHAPTER 1

INTRODUCTION



1.1 Sour ces of Organotinsin the environment

Organotins are ubiquitous and persistent orgamollutants in
aguatic and terrestrial environment which includéttyltin oxide
(TBTO), tributyltin chloride (TBTCI), tributyltin fuoride (TBTF),
tributyltin hydroxide (TBTH), tributyltin naphthana (TBTN),
triphenyltin chloride (TPTCI) and tris(tributyl smayl) phosphate
(TBTP). Among these, Tributyltin (TBT) is a potebtocide used in
marine antifouling paints to paint the submergedfaae of ships
and boats, cooling water pipes, docks, aquacultages and buoys along
with fishing nets and marina platforms to prevemtfduling caused by
barnacles, algae, mussels, tube worms and sevénal onarine organisms
(Corbin 1976; Clark et al. 1988; Seligman et al.869 1988;
Dowson et al. 1996; Dubey and Roy 2003; Bangkedpdtoal. 2009;
Sousa et al. 2010; Sampath et al. 2012; AyandaleR@l2; Lee et
al. 2012; Pagliarani et al. 2013; Bernat et al. 201The tributyltin
compounds belong to a subgroup of trialkyl organofamily and
are the main active ingredients used to control wgio of broad
spectrum of organisms (Suzuki et al. 1994). Due tbeir
antimicrobial activity they are used in textile imstry and industrial
water systems, as a biocide in agriculture, as ereative for wood,
leather and paper and as a catalyst for making padthane foam
and silicon rubber tube (Clark et al. 1988; Whiteag. 1999; Hoch
2001; Dubey and Roy 2003; Antizar-Ladislao 200B)is interesting

to note that TBT significantly inhibits biofoulingcaused by
2



adhesion of invertebrates (crustaceans), macraalgad microbes
on ship hulls and their submerged surfaces whicheowise would
significantly reduce the speed of ships and boatdsequently
increasing the fuel consumption and severely afiegtthe economy
of a country. Organotins are tetra or divalent tiompounds having
or more organic group(s). They form chemically demlzompounds
with with aliphatic as well as aromatic groups (Fig.1). TBTCI
used in antifouling paints is chemically bound irca-polymer resin
system via an organotin-ester linkage but theraislow release of
this biocide as the link gets hydrolysed when seatew comes in
contact with paint’s surface. This antifoulant bide finally ends up
in marine environment as a result of hydrolytic ddéang and
adversely affects the marine biota (Clark et al889 Suzuki et al.

1994; Ayanda et al. 2012)

30/\/\ /\/\CHg
cr \“’\/CHg

Fig. 1.1 Chemical structure of Tributyltin Chloride (TBTCI)

A large market exists for organotins in antifiowg paints for ships
and boats. The most common organometallics usethése antifouling
paints include Tribultyltin oxide, Tributyltin chkéde and Tributlytin

3



methacrylate. These paints can protect biofoulimg Mmore than two
years and is superior to copper- and mercury-bageahts. Currently
TBT based paints have been manufactured as copalymoé€ chlorides,
oxides and bromides which control the release ofTT&nd result in
longer and effective life of the paint as an antifant (Clark et al.
1988; Bennett 1996; Champ and Seligman 1996; Ayaatal. 2012).
Due to these important attributes of TBT based familing paints, the
U.S. Navy in the year 1984 proposed its applicattonpaint hulls of
naval ships. According to the U.S. Navy, use of TB@sed paints as
compared to other antifouling paints, would not wynteduce fuel
consumption by 15% but would also increase time adiom between
repainting from less than 5 years to 5 -7 years dodts stability in
marine environments (Page et al. 1996). Such paira¢e been shown
to be an effective and relatively long-lived detemt to adhesion of
barnacles and other fouling organisms. Thus duétgodurability, high
efficiency and reasonable cost, the usage of TBTamifouling paints
had increased in the past. The use of TBT in aniliffog paints on
ships, boats, nets, crab pots, docks, and wateticgdowers probably
contributes most to direct release of organotindointhe aquatic
environment. This proves to be a serious problemtas released from
fishing boats and nets into marine and estuarindewsa along with
sediments as a result of leaching and degrades Igloasulting in its
global distribution in the marine environment (Sghan et al. 1986;
1988; Gadd 2000; Bangkedphol et al. 2009; Sousale010; Sampath

et al 2012; Ayanda et al. 2012).



The most important sources of organotin polbmtiare the ports,
dockyards and marinas where TBT levels are appfdagiahigh
(Seligman et al. 1988; Page et al. 1996). Thus, theéernational
Maritime Organization (IMO) prohibited the use ofich organotins as
antifouling biocides after & January 2008, in order to prevent
terrestrial and aquatic pollution (IMO 2001). Althgh the use of TBT
has been controlled in several European countrig¢sited States and
Japan, developing countries including India are g@®timpose any such
ban against the usage of TBT as an antifouling courm. Therefore

TBT is still found in the marine environment in lrad

L ocation Concentration

Suva harh Fiji 38 .ggt
Vancouvégnada 10.78 ny.g

Boston Harhdu.S.A. 518 ng'y
Lake Lucer®ayitzerland 400 ng'g
PugetSound, U.S.A. 380 ng' g
Dona PaBhy, India 133 ng'g

Table. 1.1 Noticeable levels of organotinsin the world

1.2  Toxicity of Organotins

While inorganic forms of tin are of relativelpw toxicity, the more
lipid soluble organotins are highly toxic to badterand fungi.
Organotins belong to the most toxic pollutants kmoso far to aquatic
life forms due to high toxicity, high environmentglersistence, and

often high mobility, resulting in groundwater comieation (Florea



and Busselbergh 2006). It is interesting to mentitdmt the high
lipophilicity of organotin compounds, resulting ihs bioaccumulation
in food chains and food web. Although it has provenbe effective in
controlling colonization of submerged surfaces lbhe tZebra mussel,
Dreissena polymorpha and barnacles, but it shows high toxicity to a
variety of non-target organisms at levels as low 1&a40 parts per
trillion Sn (Page 1989; Stab et al. 1995). Bentliganisms are also
affected by TBT because it is preferentially adssdbonto clays and
clay rich sediments. It's persistence in the mari@evironment has
lethal, immunosuppressive, carcinogenic and teratng effects on
non-target organisms (Bryan et al. 1988; Clark ét B988; Cooney
1989; Florea 2005; Antizar-Ladislao 2008; Ayanda at. 2012,
Pagliarani et al. 2013; Arp et al. 2014). It hasalbeen reported to
induce larval malformations in oysters (Gibbs et d4991). TBT is
toxic to both prokaryotes and eukaryotes includimgnans. Molluscs are
unusually sensitive to TBT because they have lowvities of cytochrome P-450 and
mixed function oxidases, leading to TBT accumulatio tissues since TBT is
metabolized slowly. Accumulated TBT in molluscs @21 a significant increase in
testosterone leading to a condition known as imposeherein female animals

develop male sex organs and the population caepobduce.

Because organic tin compounds accumutatbjomagnify, in the food web to
some degree, they may eventually end up in humahsen food containing them,
such as oysters and fish, are consumed (Gibbs #9@1; Maguire 2000; Hoch 2001;

Antizar-Ladislao  2008). Three factors contribute the extent of organotin
6



biomagnification in a food-chain: i) persistencedanon-degradation in the
environment; ii) food chain energetics; iii) nongdedation and non-excretion of the
organotins from the internal environment of theamigms due to its hydrophobicity.
The most common mode of TBT uptake and accumulati@rganisms is generally
thought to be via the diet or nutritiat the sediment—water interface (Maguire 2000).
Human exposure in general to TBT is through seafagtich is the
most prominent source of TBT contamination in thearme and
estuarine environment (Miller and Cooney 1994; Meatal 2003; Eggleton and

Thomas 2004).

Organotin toxicity in microorganisms increaswgh the number and
chain length of organic moiety bonded to the timrat The tri- and di-
substituted derivatives are the most toxic organsti The acute
toxicity of tri-alkyltins rapidly declines with thelecrease in length of
the alkyl radical, mostly because of their lower sgaintestinal
absorption (Stoner et al. 1955; Barnes and Ston&b69). Tetra-
alkyltins becomes toxic after the loss of one alkgtoup. Tetra-

organotins and inorganic tin compounds possesstlaagcity.

In general organotins are membrane permeablee do their
lipophilicity. Therefore, the site of action of cagotins is mostly at the
cytoplasmic membrane and intracellular level. Hencsurface
adsorption and/or accumulation of organotins withie cell might lead
to severe toxic effects in the living organisms (Méhet al. 1999;

Florea 2005). There exist four different types ofganotin toxicity
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based on the target organ: neurotoxicity, hepatdayicimmunotoxicity,
and cutaneous toxicity (Snoeij et al. 1987). Organ® have several
lethal effects on microorganisms thereby preventhigfouling due to

them (Table. 1.2).

Effects of TBT that have commonly been reportediude:
membranes, disturbingheir

physomjical

(i) Interference with biological

integrity and ultimately compromising their
functions in prokaryotic and eukaryotic organisms.

(i)  Disruption of endocrine system in oysters.

(iii) Inhibition of the uptake of amino acids and cellogtth in
bacteria. For exampleE. coli membrane bound ATPase and
energy dependent pyridine dinucleotide transhydroge (TH)
are inhibited by TBT.

(iv)  Growth inhibition, immune suppression and imposex Higher

animals.
Process Affected Organisms I nhibitory Concentration
Respiration Bacteria 0.04-1.7 uM
Photosynthesis Cyanobacteria 1uM
Nitrogen Fixation Anabaena cylindrica 1uM
Primary productivity Microalgae 0.55-1.7 uM
Growth Microalgae 0.17-8.4 uM
Energy Linked Reaction E.coli 0.15-50 uM
Growth/Metabolism Fungi 0.28-3.3 uM
Growth/Metabolism Bacteria 0.33-16 uM
Photophosphoryraltion & ATP Synthesis Chloroplast 0.56-5 uM
ATPase activity on plasma membrane Neur ospora crassa 0.06 uM
ATPase activity on Mitochondria Neur ospora crassa 0.01 uM

Table. 1.2

Toxic effects of TBT on microorganisms




However, a number of reports have documertatidince 1980s, extremely low
environmental levels of TBT can cause lethal anid-lsthal effects on non-target
organisms, e.g., imposex or intersex in severatispef gastropods; malformation in
oysters Crassostrea gigas), increased mortality and retardation of growthairvae of
blue musselsMytilus edulis) and disappearance of clanfcrpbicularia plana) in

UK waters (Antizar-Ladislao 2008).

1.3 TBT as a Persistent Organometallic Pollutant (POP)

Antifouling paints prevent biofouling by contious release and formation of a thin
layer of highly concentrated hydrated organotinuacb the ship hull. Organotin
compounds leach out continuously from the shipshiatespective of whether the ship
is sailing or docked at the harbor. Rate of hydroljeaching of organotins is also
controlled by paint characteristics, mainly duéiteding chemicals (Thouvenin et al.
2002). Organotins have high tendency to adsorb saspended clay-rich sediments
and organic matter (Poerschmann et al. 1997; Armldal. 1998; Hoch 2001).
Approximately 95% of tributyltin in the water columis bound to suspended
particles, including plankton and sediment parsiciehile the remainder is largely
bound to specific ligands on dissolved organic eratrior to the total ban of TBT
for painting ship hulls the concentration of TBTtie water columns ranged from 1-
200 ng I* in harbors and marinas around the world (Seligetaal. 1988; Fent 1996;
Harino et al. 1997; Antizar-Ladislao 2008). Howevttre concentration of TBT is
approximately three orders of magnitude higherea f#ioor sediments than in the
water columns (Valkirs et al. 1986). In additios,the hulls of ships are refinished or

subjected to other physical scraping, organoti8T@) get detached from the ship
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hulls and rapidly settle down in the marine seditndinvironmental Protection
Agency (EPA), U.S.A. issued an ‘Ambient Water Quyalcriteria document for
Tributyltin (TBT)’ on August 7, 1997 which statdsat the permissible chronic level
of TBT in aquatic environment should not exceedgllh Despite the bans and
several other restrictions in force, this biocidaltifouling agent is still present in
appreciably high concentrations in water columng asediments of aquatic

environments with high ship building activitiestire coastal areas.

Ship building industry in Goa is one of the arandustries and aquatic organisms
viz. fish, shrimps, shell fish and oysters arertiest common sea foods consumed by
the people of Goa along with domestic and inteometi tourists. It has been reported
that the total concentration of butyltins from fBena Paula Bay of Goa, India in the
surface waters ranged from 21-89 flg in biofilm samples 10-822 ng’gand in
tissues of marine organisms 58-825 nydyy weight (Bhosle et al. 2004). This is
almost 20-800 times higher than the toxic levelsorteed by EPA. Therefore the
chances of TBT contamination and biomagnificatioa high in this region along
with other coastal cities of India exposed to tdeiels of organotins. Similarly levels
of organotins in Zuari estuary sediment of Goajdr{dadhav et al. 2009) ranged from
20-7621 ng Sn Ywhich was 70-90% of the total butyltins. The Blityldegradation
index (BDI) for the Zuari sediments was not verpmssive that ranged from 0-2.7
indicating a lot of fresh input of butyltins in tlestuary and a lower degradation rate
(Jadhav et al. 2009). Butyltin concentration in Mavi and Zuari estuaries in water
ranged from 12-73 and 0.5-77 ng Shrespectively whereas, the concentration of
butyltin in sediment ranged from 15-118 and 6-14%m ¢* dry weight respectively

(Garg et al. 2010). These reports suggest slowadetjon of this biocidal antifoulant
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resulting in its persistence in the marine watdurmms and sediments. TBT and its
degradation products dibutyltin (DBT) and monobititylMBT) present in water
columns and sediments are of environmental conteiinteresting to mention that

these degradation products are less toxic than TBT.

1.4  Mechanismsof TBT degradation

TBT is a persistent, recalcitrant organic pednt which is degraded
very slowly in the estuarine and marine environmehte to its long
half life ranging from several months to years (klaet al. 1988;
Rajendran et al. 2001; Ayanda et al. 2012). Itnseresting to mention
that there are several factors which govern the TH&gradation
process in the aquatic environment. These factoes he categorized

in two major categories viz. biotic and abiotic.

1.4.1 Abiotic Factors

Abiotic factors which are responsible for dedagdion of TBT in the
environment include UV and gamma rays, hydrolydiggh temperature
(above 200°C) and treatment with strong acids or electrophidigents.
Photolysis and hydrolysis are abiotic processes,imuhe temperature- and pH-
conditions of natural water environments only phais is significant as an abiotic
degrader in breaking down organic tin compoundsdéR2003). The Sn-C bond is
stable up to temperatures of 200°C (Kotrikla 200®photocatalytic degradation, UV
light and the resulting hydroxyl-radicals degrad&TT However, water turbidity often
effectively blocks photocatalytic degradation. Iddaion to photolysis, chemical

degradation is also an abiotic degradation prod¢essng some significance in natural
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conditions (Gadd 2000; Kotrikla 2009). Strong acasl electrophilic substances are
capable of cleaving the bond between tin and carbois interesting to note that
organic tin compounds can also be transformed byhyfetion or dismutation

(Rantala 2010).

The solubility of TBT compounds in water is lnénced by factors
viz. oxidation-reduction potential, pH, salinity,emhperature, ionic
strength, concentration and composition of the diged organic matter
(Corbin 1976; Clark et al. 1988). The solubility ofibutyltin oxide in
water also varies with the highest solubility beiray acidic pH
(Maguire et al. 1983). An increase in NaCl conceniton has also
known to reduce TBT toxicity in microorganisms. Theesence of Na
and CI ions causes an osmotic response in the organishenging
their intracellular compatible solutes and membragemposition
(Cooney et al. 1988). The carbon-tin covalent baloks not hydrolyze
in water (Maguire et al. 1983), and the half-liferfphotolysis due to
sunlight is greater than 89 days (Maguire et al839Seligman et al.
1986). In estuarine waters the typical half life ®BT is 6-7 days at
28°C. However in deeper anoxic sediments degradatiomich slower
(i.e. 1.9 — 3.8 yrs) resulting in persistence of TTBor several years.
Thermal cleavage is also one of the mechanisms BT Tegradation
which occurs only above 20Q. Whereas chemical cleavage is a rare
phenomenon occurring in natural environments withibutyltin
contamination. Only the near UV spectrum (300-350)ns likely to

cause direct photolysis of TBT. Although due to tloav transmittance
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of UV light, this process occurs only in the upplewyer of the water
columns.This clearly indicates that abiotic factomdso play an
important role in degradation of TBT but the raté a@egradation is
slow and varies with reference to different abiotactors.Since abiotic
pathways of tributyltin degradation are time consogiand poor, with
tributyltin having half-lives of several days to eles in water, and
from several days to months or more than a yeasadiments (Maguire
and Tkacz 1985; Stang and Seligman 1986; Clarklel@88; Seligman
et al. 1989; Maguire 2000; Stang et al. 1992), ®gdadation proves to
be the major and most reliable breakdown pathwaydetoxification of

TBT in water and sediments.

14.2 Biotic Factors

Biotic factors play an important role in biodadation of TBT which includes
various microorganisms including bacteria. UptakeéTBT by microorganisms has
been largely overlooked when considering the fate effect of organotins in the
aquatic environment (White et al. 1999; Gadd 2008gse interactions are important
because microorganisms are at the base of thevielidand mediate a number of
important environmental processes for bioaccunanasind degradation of TBT. Few
studies have focused on the uptake mechanismsgainotins even though their
accumulation is a prerequisite for subsequent toedfects. Microbial uptake
mechanisms may be based on the cationic and/goHifjo properties of organotin
compounds. Non-metabolizing cells may accumulatetaim@éns by processes
frequently termed as biosorption i.e. the bindinfy metals by ion exchange,

adsorption, complexation, precipitation and crysation within the cell wall (Tobin
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et al. 1984; Gadd 1990; lyer et al. 2004). Orgarsotilso participate in lipophilic
interactions with cellular membranes. Uptake ofofibilic metal complexes by
membrane diffusion mechanisms may occur in additomr in place of biosorption
processes. Microorganisms may also posess cetateimg which may attribute to
TBTCI degradation in the contaminated environmefitable. 1.4). Several such
mechanisms have been proposed by researchers howelatively little is known

about the exact mechanisms of organotin-cell iotevas (White and Tobin 2004;

Antizar-Ladislao 2008).

15 TBTCI Resistant and Degrading Microor ganisms

The degradation of TBTCI in natural environmeappears to be
mainly governed by microorganisms. These may betdmaa, fungi,
cyanobacteria and green algae from terrestrial asll vas aquatic
environments. Microorganisms capable of TBT bioamadation and
degradation include certain fungi, vi£oniophora puteana, Trametes
versicolor, Chaetomium globosum, Aureobacidium pullulans and
Cunninghamella elegans and bacteria viz. Alcaligenes faecalis,
Flavobacterium sp. Vibrio sp., Pseudoalteromonas sp. several
Pseudomonas spp., Klebsiella sp.(Table. 1.3). Breakdown products of
tributyltin include dibutyltins (DBT), monobutyltish (MBT) and tins
have also been transformed into methyltins by stefareducing
bacteria, Desulfovibrio sp. (Cooney 1988; Wuertz et al. 1991;
Yonezawa et al. 1994; Kawai et al. 1998; Pain ando®ey 1998;

Dubey and Roy 2003; Suehiro et al. 2006; Antizadisdao 2008;
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Bangkedphol et al. 2009; Sakultantimetha et al. 20@ousa et al.

2010; Ayanda et al. 2012).

It has been demonstrated that the susceptitmliTBT varies in bacteria according
to the structure of the cell wall. It was showntthBT is less toxic to Gram negative
bacteria since growth is observed up to 900 ng $h in case of Gram negative
bacteria whereas Gram positive bacteria showedresgipn of growth above 400 ng
Sn mi* (Mendo et al. 2003). Gram negative bacteria rasigb organotins includg.
coli, Pseudomonas fluorescens, P. aeruginosa, Proteus mirabilis, Serratia
mar cescens and Alcaligenes faecalis, and the Gram positives inclu@aphyl ococcus
aureus, S. epidermidis, Bacillus subtilis, Mycobacterium phlei andVibrio spp. (Dubey
and Roy 2003). Microbial degradation of TBTCI Hasen reported as a major
process in sea water (Seligman et al. 1988) thexdfimlogical treatment of TBTCI —

contaminated wastewaters has got greater potéotibloremediation.

TBT Resistant Microbes

Pseudomonas aeruginosa
Pseudomonas stutzeri
Pseudomonas fluorescens
_ Pseudomonas chlororaphis
Bacteria Alteromonas sp.

Vibrio sp.

Serratia marcescens
Staphylococcus aureus
Aeromonas molluscorum
Coniophora puteana
Trametes versicolor
Fungi Chaetomium globosum
Aureobacidium pullulans
Cunninghamella elegans

Table. 1.3 TBT Resistant Microorganisms
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16  Mechanismslinvolved in TBTCI Resistance
Despite its toxicity to majority of organismEBT resistant bacteria have been
reported from TBT contaminated estuarine and masnesystems (Suzuki and
Fukagawa 1995; Jude et al. 2004; Krishnamurthyl.eR@07, Cruz et al. 2007).
Bacteria play an important role in biogeochemicatles along with toxic organic
matter degradation and recycling in marine ecosysteis important to understand
the TBT resistance mechanisms operational in bact€BT resistant bacteria
tolerate high levels of this biocide by virtue dietir several inherent
biochemical and molecular mechanisms which include:
(i) Transformation/ Degradation of TBT into less toxderivatives
viz. di- and mono-butyltin through debutylation mmss.
(ii) Exclusion/ efflux of TBT to the cell exterior medied by
membrane proteins.
(iti) Metabolic utilization of TBT as carbon source.
(iv) Intracellular sequestration/Bioaccumulation of TBwWithout
breakdown, mediated by metallothionein like protein
(Blair et al. 1982; Fukagawa et al. 1994; Harino &t 1997;
Kawai et al 1998; Dubey and Roy 2003; Inoue et 2003a, b;

Ramachandran and Dubey 2009; Sampath et al. 2012)

1.7  TBTCI Resistance M echanisms Adopted by Microor ganisms

TBT resistant microorganisms possess seveharamt mechanisms to withstand
high concentrations of TBT which may range fromewdtions in cell morphology,
exclusion of TBT outside the cell, intracellulacamulation to metabolic degradation

into less toxic derivatives viz. DBT and MBT anahdlly their utilization as sole
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carbon source (Blair et al. 1982; Kawai et al. 19R8y et al. 2004; Jude et al. 2004;
Suehiro et al. 2006; Mimura et al. 2008; Ramchamdirzd Dubey 2009; Shamim et al

2012; Sampath et al. 2012).

1.7.1 Degradation and Transformation of TBTCI

Microbial degradation is one of the most pred@mt processes for breakdown of
TBT in near shore waters with dibutyltin being tim@jor degradation product (Page
1989). Microbes may degrade TBTCI by utilizing & a sole source of carbon.
Several reports have demonstrated good growth cteba in minimal media
supplemented with  TBTCI which clearly confirms tA&8TCI has been utilized as a
sole carbon source (Dubey and Roy 2003; Cruz e2@)7; Krishnamurthy et al.

2007; Sakultantimetha et al. 2010; Sampath etCdl1p

Although several reports suggest degradatidreta crucial mechanism for TBTCI
resistance in bacteria but very few studies hawigh@nted the exact chemical nature
of TBTCI degradation product. It has been repotted TBTCI may be broken down
into its less toxic derivatives viz. dibutyltin diloride and monobutyltin trichloride
(Krishnamurthy et al. 2007; Cruz et al. 200Bjodegradation and biotransformation
of TBTCI occurs through successive sequential rexhof/organic moeity attached to
tin atom through debutylation steps involving cel of butyl groups and thus
decreasing the toxicity of TBTCI (Cooney 1988kfmes such as dioxygenases
present in microorganisms may play a key role is guccessive biodegradation/
biotransformation process (Table 1.4).

TBTCI — DBTCl, —> MBTCl; — Tin (Cooney 1988)
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Degradation of TBT via successive dealkylation

Compound Chemical structure Enzyme Formula Molecular weight
Tributyltin, TBT H;C—\_\ CHy CiaHySn* 290.06
Sn*-/_/
H ' TBT dioxygenase
R-hydroxybutyl-dibutyltin He Cy7H:;08n" 306.06

OH
Hacvﬂbn:/k,%
¢

Dibutyltn, DET 2 DBT dioxygenase C3Hys80% 23294
s A Methyl ethy etone)
t
p-hydroxybutykbutyltin OH GH08® 24394
A S CHy
|
Moncbutyltin, MBT 3 MBT dioxygenase gt 17583
utyltin, 8N _-CH; (+ Methyl ety ketone) XYg CyHy
i
Hgsﬂ 3+
B-hydroxybutyl ) C4H;,080 194.85
HO _\—cua
b
Sn  (+ Methyl ethyl ketone) Sn** 18.1

Table. 1.4  Pathway for degradation of TBT

(Antizar-Ladislao et al. 2008)

1.7.2. Intracellular Sequestration and Biosor ption of TBTCI in Microor ganisms

It is interesting to note that feWwseudomonas spp. have been reported to
bioaccumulate tributyltin up to 2% of its dry weigiBlair et al. 1982; Gadd 2000).
Several gram negative bacteria possess capalolitgctumulate tributyltin oxide
without its breakdown (Barug 1981). The high ligdlubility of organotin ensures
cell penetration and association with intracellukites, while some cell wall
components also play an important role (Gadd 2000jus it is evident that site of
action of organotins may be both at cytoplasmic tmme and at intracellular level.
TBT biosorption studies in fungi, cyanobacteria angtroalgae indicate that cell

surface binding alone occurs in these organismsreme@vidences of intracellular
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sequestration is reported. While on the other tsdndies on effect of TBT on certain
bacterial strains indicated that it can also irdevéth cytosolic enzymes (White et al.
1999). Being a hydrophobic substrate, TBT uptakeld/@epend on its dispersion/
dissolution into the aqueous phase brought abousuyactants and emulsifiers

produced by the TBT resistant bacteria.

1.7.3 Molecular Basisof TBTCI Resistance in Microor ganisms

Although many studies are available on the tiotyi of tributyltin
compounds, little is known about the genetic medkars governing
tributyltin resistance in bacteria. Chromosomal gerhave dominated
tributyltin resistance in bacteria and no reports plasmid encoded
tributyltin resistance genes have been documentedas although the
presence of plasmids in TBT resistant bacteria hdeen reported
(Fukagawa and Suzuki 1993; Miller et al. 1994; Jude al. 2004;
Fukushima et al. 2009; Cruz et al. 2010; Fukushietaal. 2012).The
TbtRABM operon ofPseudomonas stutzeri strain 5MP1 associated with
TBT resistance regulates efflux of toxic organofiom the bacterial
cells. TBT resistance in this isolate was foundb® associated with the
presence of the operofbtABM, which is homologous to the resistance-
nodulation-cell division (RND) efflux pump familyTbtABM was found
to exhibit homology with proton dependent efflux rppp belonging to
the RND (analogous td@btB gene), membrane fusion (analogotUbtA
gene) and outer membrane (analogousTtwiM gene) proteins which
function together to extrude substrates across nramdéds of Gram-

negative bacteria (Fig. 1.2). This was the verysfireport of MDR
19



efflux pump in P. stutzeri, on an organotin substrate like TBT
belonging to the RND family of transporters sugdegtremoval of this
biocide out of the resistant bacterial strain (Jwedeal. 2004). Similarly a
chromosomal gene responsible for TBTCI resistamcélieromonas sp. M-1 was
cloned by Fukugawa and Suzuki (1993) which posesser open reading frame
(ORF) of 324 bps and 108 amino acids. Homology shaof this ORF with
reference to amino acid alignment indicated that tbroduct is

homologous to transport proteins suggesting itsoilement in efflux

of TBTCI.

Insert of pTRT10 L1 ! ] | J— L | ]
(10.6 kb) ‘ h I\ \ 1 kb
;;””R l thtd \I theB | \_I tbeM |\
Primers f lblR4 btAl lb; B3 thiB4
PCR products 1 = = = =
1.75kb 1.423 kb
Primers [ ttBD  (btBS
RT-PCR product 1 =23
259 bp

Fig. 1.2 TbtRABM operon in TBT resistant Pseudomonas stutzeri

strain 5SMP1 (Jude et al. 2004)

. In Aeromonas molluscorum Av27, sugE gene has been reported
which encodessugE protein belonging to small MDR family, a
lipophillic drug transporter (Cruz et al. 2010). RACR analysis
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demonstrated that enhanced expressionSo§E gene was noticed in
Aeromonas molluscorum Av27 when the cells were grown in the
presence of high concentration of TBT. Interestinghis bacterial
strain uses TBT as a carbon source. In recent tjmreesiovel TBTCI
resistance gendA0320 of Psuedomonas aeruginosa 25W having an
amino acid sequence homologous t&giW proteins of E. coli and
Salmonella enterica has been reported to play an important role in
stress tolerance against TBTCI| iRPseudomonas aeruginosa 25W
(Fukushima et al. 2012)Although reports are available on TBT resistance
encoding genes in bacteria which regulate effluXBT but nothing is known about
genes which encode enzymes for TBT degradation amdbiotransformation.
Studies in the field of molecular genetics of TBEsistant bacteria
continue to be of great importance as they hold Bnse scientific
value in devising biological systems for bioremedom and

biomonitoring of TBT contaminated sites.

1.7.4 Proteomicsof TBT Resistant Bacteria

Bacterial proteins specifically membrane praoteiplay a pivotal role
in regulating resistance to heavy metals viz. Cdy, Zn, Cu including
TBT. Some heavy metal resistant bacterial straim® &nown to
synthesize cysteine and histidine rich low moleculaveight
polypeptides which are responsible for intracellulgequestration of
toxic metals, ultimately resulting in their immobzhtion in order to
protect their vital metabolic processes catalysgdelnzymes (Highman

et al. 1984; Pazirandeh et al. 1995; Gadd 2000).il&Vmvolvement of
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microbial dioxygenases has been suggested in TBBbCéakdown
(Antizar-Ladislao 2008); involvement of transglyasle enzyme in
tributyltin resistance has also been demonstratedTBTCI| resistant
Alteromonas sp (Fukagawa and Suzuki 1993). A significant chamge
protein profile of microorganisms resistant to TBITthas been
observed while in presence of the toxic biocide,end the resistant
bacteria showed increased protein production wheljected to TBTCI
stress (Sampath et al. 2012; Bernat et al. 2014 SugE-like proteins
show affinity towards lipophillic drugs inAeromonas molluscorum
Av27 thus they may regulate the transport of TBTtsade the cell since
TBT is a lipophillic organic biocide. The periplasenspace is involved
in various biochemical pathways including nutrierdcquisition,
synthesis of peptidoglycan, electron transport amtteration of
substances toxic to cells. Protein profiles @éfteromonas sp. M1
clearly showed that biosynthesis of 30 kDa and 1IR2akpolypeptides
increased drastically when cells were exposed tcb 1PM TBTCI
(Fukagawa et al. 1992). The expression of TBTClugedl three periplasmic
proteins (43, 63 and 68 kDa) were also reportec iiBTCI - resistant marine
sediment isolateAlcaligenes sp. which is responsible for TBTCI resistance
(Ramachandran and Dubey 2009). Presence of anaaddib2 kDa outer membrane
protein in TBTCI resistanPseudomonas stutzeri strain 5SMP1 also indicates its

involvement in transport of TBT to the cell exter{dude et al. 2004)

As mentioned earlier, bioaccumulation of TBT withoits breakdown by

metallothionein proteins is proposed as a possimehanism of TBT resistance in
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microorganisms (Barug 1981; Blair et al. 1982; Ga2a60). Metallothioneins are low
molecular weight cysteine or histidine rich proteiplaying an important role in
immobilisation of toxic heavy metals (Blindaueraét2002). Majority of the available
experimental data available in literature on methlbneins relates to cyanobacterial
metallothionein, SmtA, fronBynechococcus PCC 7942 mediating resistance to Zinc
in the bacterial strain (Robinson et al. 2001).tBaa resistant to a particular heavy
metal many a times are found to show cross resistan other metals and
organometals also (Adelaja and Keenan 2012; Na@t 2012; Shamim et al. 2012).
Supposedly, by the virtue of these metallothionsimsh multiple resistance may be
observed in some bacteria. Similarly bacterial ffetaoneins (bmtA) also confer
resistance to heavy metals. Cyanobacterial andebalkcstrains such a8nabaena
PCC 7120Pseudomonas aeruginosa andPseudomonas putida have been reported to
possess bacterial metallothioneins (bmt) to mainjtosolic metal homoeostasis
(Turner et al. 1996; Blindauer et al. 2002). A leezbistant bacterial isolate
Psuedomonas aeruginosa strain WI-1 showed presence BmtA gene encoding 11
kDa bacterial metallothionein protein responsibler fsequestration of lead.
Interestingly, this bacterial isolate also showsuks tolerance to other toxicants such
as CdC4, HgCL and 0.2 mM TBTCI (Naik et al. 2012). Although teeis little
reported on bioaccumulation of TBTCI in bacterfgde findings suggest the possible
involvement of metallothioneins in conferring TBTGEsistance in them by
facilitating intracellular bioaccumulation of theoxic biocide. Thus bacteria
possessing metallothioneins are an ideal tool foremediation of heavy metal and

organometal contaminated environmental sites.
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1.7.5. Surface Adsorption and Mor phological Alterations

Bacterial viability analysis in presence of TB3o far suggests
peculiar morphological changes in the bacteriall€eds shrinkage in
size and clumping (Cruz et al. 2007). This is amplagd energy saving
mechanism exhibited by resistant bacteria when egploto TBT for
long duration. It has been noted that TBT stimufatn increment in
cell number. It has also been reported, that a@gposure to lethal
concentration (10mM) of TBTCI, certain bacterial llse became
wrinkled and rough in appearance, as opposed toreated cells
(control) showing a smooth surface (Mimura et a008). Changes in
cell surfaces appear to contribute to an increaseurface area of the
cells resulting in an increase in the adsorptiompaaty of the cell
surface towards TBT. It is the function of the celirface rather than
its structure that plays an important role in adsoon of TBT (Mimura
et al. 2008) as proven by reports of acceleratomalasis of TBT
adsorbed onto the bacterial cell surface. It hasodleen observed that
when cells ofAeromonas caveyii were exposed to high levels of TBT a
very unique response as long chain formation watceal (Shamim et

al. 2012).

1.7.6 Production of Siderophores

Various other mechanisms have been revealedbacteria like
Pseudomonas under TBT stress which showed enhanced productbn
extracellular pigment which could possibly be a elede mechanism for

cells against TBT stress. The role of pyoverdine Pseudomonas
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chlororaphis CNR15 in organotin degradation, and pyochelin and
pyoverdine involving Triphenyltin decomposition ifPseudomonas
aeruginosa CGMCC 1.860 has confirmed the potential of such
extracellular products in decomposition of orgamati (Inoue et al.
2000; 2003 a; Sun et al. 2006). Although, sideromEs are mainly
responsible for chelating iron but they also playnsjor role in
conferring tributyltin resistance in bacteria.Simil to iron binding,
they also chelate many other heavy metals and ewganotins thereby
aiding in survival of bacteria in environments withigh tributyltin
contamination. Tributyltin is taken up by sideropkostructures of
Aeromonas sp. and then gradually exported as DBT after polesi
degradation inside the cells (Cruz et al. 2007)midar findings were
reported by Inoue et al. (2003b) iBurkholderia sp. where role of
siderophores was significant in tributyltin degraida. These reports
suggest that extracellular substances like sideooph secreted by
TBTCI resistant bacteria may also play a role inetldegradation

process of tributyltin in the environment.

1.7.7 Production of Exopolysaccharides

Many bacteria produce EPS under various enwirental stresses
viz. metals, toxins and nutrient limitations, thpsovide a mechanism
to protect cells from its toxic effects. Besidesxdpolysaccharides
create a microenvironment around the organisms vahg it to
metabolize and reproduce more efficiently. Being hydrophobic

substrate, TBT uptake would depend on its disparkidissolution into
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the aqueous phase. This may be brought about byastants or
emulsifiers. Microorganisms are known to producerfagtants and
emulsifiers to increase the bioavailability of orga compounds. TBT
resistance by sequestration is proposed as one ha&f important
mechanisms rendering many bacteria the capacitythtove in TBT
contaminated sites. In the marine environment, bngdof heavy metals
by microbial EPS (dissolved or particulate) can @avar-reaching
implications on its dynamics, removal of these nigtdrom water
column and subsequent transfer to marine organig®sffle et al.
1998). These exopolysaccharides are chemically i®@eand are mostly
acidic heteropolysaccharides with functional groups. hydroxyl,
carboxyl, amides and phosphoryl which exhibit higffinity towards
heavy metals (Bhaskar and Bhosle 2006; Bramhactledrial. 2007;
Braissant et al. 2007; Morillo et al. 2008). EPSvlagreater binding
capacity for metals than any other known mineraftbemt (Quigley et
al. 2002) and form multiple complexes with metalnso Microbial
exopolymers chelate heavy metals present in theewablumns as well
as sediments thus regulate the bioavailability oxit heavy metals in
the aquatic environment. Interestingly, TBT residtabacteria are
known to show enhanced production of EPS when eggdoso high
levels of this biocide. It has also been observidt maximum yield of
EPS was obtained from TBT degradingibrio sp. in a medium
containing TBT as compared to tributyltin deficiemedia (MSM)
(Krishnamurthy et al. 2007; Ramachandran and DuB@9%9). Several

reports have demonstrated that majority of bacterpgoduce
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exopolymers (EPS) which are involved in heavy mesalquestration
outside the cell, cell adhesion, biofilm formaticand cell survival
(Bhaskar and Bhosle 2006). Enhanced EPS productgnorganotin
resistant bacterial strains may play an importasierin immobilization
of TBT outside the cell through binding of TBT wideveral functional
groups of EPS. Thus EPS production in TBT resistaac¢teria is one of

the several interesting resistance mechanisms.

1.7.8 Heavy Metal and Antibiotic Resistance

As it is known that most of the antifouling mas contain many
biocides including heavy metals, it is always expxt and observed
that these organotin resistant bacteria would deped mechanism of
resistance to heavy metals that are commonly preserthese paints.
Bioremediation involving bacterial strains needs ath the
microorganism should be resistant to target conteent as well as
other contaminants. Many reports of tributyltin r&t&nt bacteria have
so far been documented showing cross tolerance dvemal heavy
metals including one organometal viz. Hg, Pb, Gy, Zn, methyl
mercury (Wuertz et al. 1991; Suzuki et al. 1992 kkgawa et al. 1994;
Pain and Cooney 1998; Cruz et al. 2007; Shamimlet2812). It may
be thus presumed that the resistance mechanismptadidby bacteria
against tributyltin could be very similar to thoselapted against other
heavy metals. The heavy metal resistance genesganerally located
on plasmids and transposons with their counterpamschromosomal

genomes as well (Naik and Dubey 2011; Naik et &1D).
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Antibiotics are essential drugs to treat baa&t@roducing infectious diseases.
Majority of currently used antibiotics are no longffective because of emerging
drug resistance, which is mainly caused by uncdiattphaphazard and extensive use
of antibiotics and anti-microbial drugs in hospstalaquaculture farms prawn
hatcheries and poultry farms has become a majaroemental problem due to their
ultimate release and persistence in the natureddgial and aquatic environments
(Khetan and Collins 2007). Long term exposure otrobes to these residual
antimicrobial compounds leads to evolution of dragistance which is conferred by
genetic determinants on plasmids, transposons tegrons (Okeke et al. 2000;
Martinez 2008). These mobile elements are knowncaoy several antibiotic
resistance genes, and thus their transfer resultemediate multidrug resistance in
recipient strains (Horizontal DNA transferl. monocytogenes isolated from
environment and food products showed multi-drugugffpump MdrL) which
governed resistance to multiple antibiotics (Meetglet al. 2000). The same efflux
pump was reported to mediate antibiotic as welead resistance in bacteria (Naik et
al. 2013). InEnterobacteriaceae, the expulsion of antibiotics is currently asstsia
with efflux pump encoded bycrAB-TolC gene family. This pump contributes to a
multi-drug resistance (MDR) phenotype often asgedido modification of the outer
membrane permeability (Baucheron et al. 2004). MueL efflux pump has been
reported in lead resistafseudomonas stutzeristrain M-9 andVibrio harveyi strain
M-11 which clearly revealed significant involvemesft genes encoding multi-drug
efflux pumps in heavy metal resistance also (Na#&l.e2012)Organotin resistant
natural bacterial communities invariably demons¢ratesistance to
commonly used antibiotics. Although it is yet to keown how these

bacteria develop resistance to antibiotics whicte arot commonly
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present in organotin contaminated waters. It cobh&dattributed to the
fact that water bodies serve as reservoirs for tbkease of industrial
and domestic effluents containing inorganic and arig pollutants.
The presence oTbtABM operon which encodes the proteins regulating
MDR efflux pump is associated with TBT resistances aell as
antibiotic resistance inPsuedomonas stutzeri showed resistance to
antibiotics viz. nalidixic acid and chloramphenic@lude et al. 2004).
The mechanism of antibiotic resistance in bacteidathrough efflux
pump which is facilitated by membrane proteins extihg out the
antibiotics. Similar type of resistance mechanismalso found in TBT
resistant bacteria. Thus it is evident that resis& to both metals and
antibiotics are wide spread among TBT resistantamigms possibly
due to common location of genes encoding heavy mata antibiotic

resistance.

Tributyltin is one of the most toxic compounds wigdeused as
antifouling paints and wood preservatives due t® biocidal property.
Despite of the ban on its usage as a biocide impghaints in many
countries, it still persists in the water columnsdasediments of ship
docks. Of particular significance, tributyltin chide is toxic even at
nano molar concentrations to non-target organisiAsgreat deal of
work describing various bacteria resistant to ttydtin chloride is
available in literature. However, there are few ioeid reports on the
mode of resistance employed by the bacteria agaihetse antifouling

biocides. Ban on the extensive use of tributyltm antifouling paints
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for ships and boats is essential and its releast ithe marine
environment needs to be restricted/avoided. The ceonration of
tributyltin chloride persistent in marine environme needs to be
reduced and this can be done by imposing effectiveremediation
measures involving several highly TBT resistant teaa as biological
tools in organotin contaminated sites. In order accomplish this
objective, biochemical and genetic resistance mecras of these TBT
resistant microorganisms need to be explored andeustood so that
they can be employed to combat its seriously daogsereffects to
aquatic biota and subsequently to human beingshaugh it is much
evident that bacteria serve as promising tools toordmediate
tributyltin chloride contaminated environmental est but the possible
preventions and remediation strategies using thieseteria are yet to
be implemented. The scope for the removal of thagerous biocide
from environmental sites is still ample and new eggches employing
biological tools including microbes and microbialroglucts would

facilitate environmental clean-up of this toxic loide. Very little

research work has been done to study resistancehargsms of TBT
resistant microbes including bacteria (Fukugawa &uauki 2003; Jude
et al. 2004; Cruz et al. 2010; Fukushima et al. 201Therefore it is
imperative and promising to isolate and characteritdBTCI resistant
bacteria from estuarine sites of Goa, India withference to their

biochemical and molecular mechanisms of TBT registsa
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Keeping in view these interesting facts anddiings, | have isolated
and biologically characterized several potential T8 resistant and
degrading estuarine bacterial isolates from Goahwiference to their

biochemical and molecular mechanisms of TBTCI resnse.
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1.8 Specific objectives of research
» Isolation and identification of TBTCI resistant lbaa.
» Morphological and biochemical characterization efested TBTCI resistant
bacterial isolates

* Molecular biological characterization of TBTCI refsint bacterial isolates
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CHAPTER I1I

ISOLATION AND
IDENTIFICATION OF
TBTCl RESISTANT
BACTERIA
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MATERIALSAND METHODS
2.1  Collection of environmental samples
211 Detailsof sampling sites

In the present study five sampling sites wsetected for collecting water and
sediment samples from Zuari estuary of Goa. Thedede, Western India Shipyard
Ltd. (WISL), Goa Shipyard Ltd. (GSL), Dempo ShipgaMarmon Shipyard, Garson
Shipyard and Abhishek Shipyard, located in GoaialijBig. 2.1, 2.2).

Surface water and sediment samples were tetlecom different sites of Zuari
estuary viz. ship building yards, ship paintingdsaand vicinity of anchored ships.
All the samples were collected in sterile polycandie bottles and used within 24
hours of collection for bacteriological analysifhieTbottles containing water samples
were thoroughly shaken and kept for 10 minutedltwahe heavy particles to settle
down prior to use. Physicochemical analysis of watenples was done to determine
pH (using digital pH meter), temperature (using cney thermometer) and salinity
(using salinometer) as per the standard proceduitesappropriate volume (100 p1-

10 ml) of sample was taken for physiochemical aactdriological analysis.

2.2  Isolation of TBTCI resistant bacteria

TBTCl-resistant bacteria were isolated fromfate water and sediment samples
from various sampling sites of Zuari estuary Godlid viz. Western India Shipyard
Ltd. (WISL), Goa Shipyard Ltd., Dempo Shipyard, Man Shipyard, Garson
Shipyard and Abhishek Shipyard. Water samples vwggmead plated on Zobell
Marine Agar (ZMA) plates and Minimal Salt Media (MI$ agar plates (Appendix
A.3) amended with 0.1 mM TBTCI (Sigma, Aldrich, UpAy dilution plating

technique (Zobell 1941A total volume of 2.7 pl of filter sterilized TBTGkock (3.2
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M) was added to the growth media (100 ml) subseigioemedia sterilization to attain
the desired concentration of 1 mM TBTCI. Plateseniacubated at 28 °C + 2 for 48
hours. Based on morphological differences, theatsol bacterial colonies which
appeared on plates were further spot inoculateftesh Zobell marine agar plates
amended with different concentrations of TBTCI (8Mm 6 mM) and the colonies
which appeared on the plate with the highest canagon of TBTCI were selected
for further characterization. Viable count of TBT@sistant bacteria was also
determined as colony forming units (cfu)/ ml in Zdbmarine as well as MSM agar

plates supplemented with 0.1 mM TBTCI.

2.3  Screening of potential TBTCI resistant bacteria

Bacterial isolates showing conspicuous growth agar plates amended with
highest concentration of TBTCI in ZMA were selectedstudy their growth response
in liquid media viz. Zobell marine broth (ZMB) amiSM broth supplemented with 1
mM TBTCI at 28 °C £ 2, 120 rpm, and growth was releal after 48 hrs as
absorbance at 600 nm. Media without amendment of AIBserved as control.
Bacterial isolates showing highest absorbance 48édrs of incubation were selected

for identification and further characterization.

2.4  ldentification of potential TBTCI resistant bacterial isolates

Identification of the potential TBTCI-resistaracterial isolates which showed best
growth in solid as well as liqguid media amendedhwitBTCI| was subsequently
carried out based on morphological and biochemidadracteristics following
Bergey’'s manual of systematic bacteriology (Kriegl &lolt 1984) (Appendix C) and

16S rDNA sequencing followed by BLAST search (Atst et al.1990).
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Identification of one of the isolates was confirnigdFatty acid methyl ester (FAME)

analysis (Sherlock version 6.0B).

2.4.1 Identification based on morphological and biochemical tests

Morphological characterization of bacterialoléges is based on colony
morphology, pigmentation and motility. Further iti&oation of isolates is based on
gram staining followed by several biochemical teStaining revealed cell wall
composition whereas oxidative-fermentative testemeines whether organism is
oxidative, fermentative or facultative anaerobe.rbBhydrate fermentation test
confirms fermentative utilization of sugars withoguction of acid and gas. Methyl
Red test detects formation of large quantities @fl an the medium resulting from
fermentation of glucose and Voges-Proskauer's destcts the production of non-
acidic or neutral end products i.e. butanediol aceétoin. Citrate utilization test
determines that a bacterium can use citrate assalee carbon source and indole
production test determines ability of bacteria twnwert tryptophan into indole.
Production of several microbial enzymes viz. ureaseylase, catalase, gelatinase,
oxidase and nitrate reductase by the test bactealdtes was also determined. Based
on morphological, biochemical characteristics aotloWving Bergey’s manual of
systematic bacteriology (Krieg and Holt, 1984) gotential TBTCI resistant isolates

were identified tentatively.

2.4.2 Molecular identification of the potential TBTCI resistant isolates
Molecular identification of the potential TBT@esistant bacterial isolates was
performed using 16S rDNA. Total genomic DNA wasrasted as per procedure by

Jones and Barlet (1990) and 16S rDNA of the badtexolates was PCR amplified.
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The PCR primers used for amplification of 16S rDai& as follows:
Forward Primer: 8F (5'-AGAGTTTGATCCTGGCTCAG-3’)
Reverse Primer: 1492R (5-ACGGCTACCTTGTTACGACTT}-3

PCR amplification reaction was performed ugd@R amplification kit (Bangalore
Genei, India) and sequencing was done at Xcelbier&tories, Ahmedabad, Gujarat,
India. Thel6S rDNA sequence data of bacterial isslavas compared with 16S

rDNA data base of GenBank using NCBI- BLAST sedg®ltischul et al. 1990).

243 ldentification of TBTCI resistant bacterial isolate based on FAME
analysis

Bacterial isolate DN2 was grown in trypticasg broth (TSA) at 28 °C + 2, 120
rpm for 24 hrs. Whole cell fatty acids were extegctrom cells according to the MIDI
protocol (Sasser 1990). Overnight grown bacteniluce was harvested (8000 rpm, 4
°C) and cell pellet (approximately 40 mg) was tfaned in a clean screw capped
glass tube after adding 1 ml of reagent | (Appergl¥). The tube sealed with teflon
lined screw cap was vortexed gently and immersed imoiling water bath for 5
minutes. The tube was vigorously vortexed againlfbseconds and immersed in the
water bath (100°C) again for 30 minutes (Saponificastep). The tube was taken out
of the water bath, incubated at room temperatuceZaml| of Reagent Il was added
(Appendix B.3). The tube was capped again and lpriedrtexed for few seconds.
After vortexing, the tube was incubated in watethbar 10 minutes at 80° C. This
methylation step is critical with time and temparat Addition of 1.25 ml of Reagent
[l (Appendix B.3) to the cooled tube was followky recapping and gentle tumbling
on a clinical rotator for about 10 minutes. Theetwias uncapped, organic phase was

retained in a clean tube and the aqueous phasedisesrded (extraction step).
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Approximately 3 ml of Reagent IV (Appendix B.3) wadded to the organic phase,
the tube was recapped, tumbled on rotator for Gitei Approximately, 2/3volume

of the organic phase was pipette out into a GCanal GC analysis was performed on
a GC Sherlock microbial identification system 4Mey York, USA) fitted with
cross-linked methyl silicon fused capillary colunf®s m, 0.2 mm i.d.), flame
ionization detector (FID) and a sampler. Helium wasd as carrier gas. The sample
was injected at oven temperature of 50°C. After ih, the oven temperature was
raised to 170°C at the rate of 30°C/min and theR7@°C at the rate of 2°C/min and

finally to 300°C at 5°C/min.

2.4.4 Phylogenetic analysis of TBTCI resistant isolates

Based on 16S rDNA sequence data phylogenetitysis of the TBTCI resistant
isolates was done to study their phylogenetic ieahip with already known
bacterial isolates using ClustalWw and MEGA 4.0.2itg®u and Nei 1987; Tamura et
al 2007). The phylogenetic tree was constructethgushe neighbor joining and
bootstrap methods which are commonly used to detradesvolutionary relatedness
between different taxonomic groups. The percentalyeeplicate trees in which
associated taxa are clustered together in bootssi@are shown next to the branches

at the joint.

RESULTSAND DISCUSSION
25  Collection of environmental samples

Coastal region of Goa has been extensively exploved several years as an area
with high potential for mining, shipping and shipilding activities. Ten major mines

are located in the Zuari basin of Goa generating0@;4,000 tons of mine
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rejects/day/mine (Dessai and Nayak, 2009). Therenwiental pollutants generated
by Goan mines and shipyards include heavy metalsRéa, Mn, Hg, Cr, As, Pb, Zn,

Sn, and organometals such as Tributyltin (TBT) Bxloutyltin (DBT) (Meena et al.

2003; Alagarsamy 2006; Bhosle 2007; Dessai and Naga9; Turner 2010; Atri and

Kerkar 2011). Goa shipyard Itd. (GSL) and Westandid shipyard Itd. (WISL)

situated at Vasco-da-gama, Goa (Zuari estuarypareng the biggest shipyards in
the west coast of India, which substantially cdnite several heavy metal and
organometal pollutants (eg. TBT) in the surroundiegtuarine and marine
environment of Goa (Fig. 2.1, 2.2). These enviromt@epollutants are often found to
be toxic with high persistence levels and are comlynmon biodegradable thus
entering food chains and higher food webs causiogagnifications of serious toxic
compounds. The TBTCI resistant bacteria were isdldtom coastal waters and
sediments of the Zuari estuary, Goa, India sincasitreported to be highly

contaminated with TBTCI (>1.3 ng Sn/g) (Jadhavle2@09; Garg et al. 2011). These
TBTCI contaminated estuarine sediments with extenship building activities, are
responsible for natural enrichment of TBTCI resisteicrobes including bacteria.
There have been reports demonstrating presencetefitial TBTCI resistant bacteria
in the estuarine ecosystems worldwide (Miller arab@y 1994; Mendo et al. 2003,
Krishnamurthy et al. 2007; Ramachandran and Dulf@@2Sampath et al. 2012). As
microbial degradation is observed as a predomibebgical process for breakdown
of TBTCI in coastal waters (Suzuki et al. 1992; &gdwa et al. 1994; Dowson et al.
1996; Harino et al 1997; Krishnamurthy et al. 20Raguire 2008; Dubey and Roy
2003; Mendo et al. 2003; Suehiro et al. 2006; Ayaetl al. 2012; Sampath et al.

2012), it is imperative and interesting to investey the mechanisms of resistance
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adapted by the bacterial microflora towards TBT@iriving in such unique
econiches.

Physicochemical analysis of estuarine sanpéssly revealed variation in pH
ranging from 7.3 to 7.8, temperature from 28 ° G1c® C and salinity from 19.34
PSU to 20.46 PSU respectively at different samditagions (Table. 2.2). It is
interesting to note that pH of estuarine water dasy@nged from neutral to slightly
alkaline and maximum alkalinity i.e. 7.8 £ 2 wdsserved for samples collected from
Dempo Shipyard Ltd. and Goa Shipyard Ltd. posdillg to the fact that these sites
are situated close to open sea. Similarly salindyg also comparatively higher for

these samples (i.e. 20.43 - 20.67 = 2 PSU).

2.6 Viable Countsof TBTCI resistant bacteria
26.1 Viablecount of bacteriain estuarine water samples

The total viable count ofTBTCI resistant baieten all the water samples from
Zuari estuary ranged from 20 — 44 + 2 ¥ g¢fu/ml when plated on Zobell marine
agar amended with 0.1 mM TBTCI whereas viable cdanZuari estuary water
samples on Zobell marine agar in the absence ofCTBahged from 50 - 70 + 3 x 10
cfu/ml (Table. 2.3). These studies clearly dematstt that more than 50 % of natural
bacterial population from Zuari estuary is TBTClsistant due to TBTCI
contamination through ship building, mining, indiet and other anthropogenic
activities. Several reports on TBTCI resistant baathave been documented till date,
which include TBTCI resistant bacteria viPseudomonas spp., Alteromonas sp.,
Aeromonas sp, andvibrio sp. among many others (Fukagawa and Suzuki 1996, C
et al. 2007; Krishnamurthy et al. 2007; Ramachndramd Dubey 2009;

Sakultantimetha et al. 2009; Sampath et al. 20TBg viable count of TBTCI
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resistant bacteria on MSM agar supplemented withniM TBTCI ranged from 2 —

11 + 2 x 16 cfu/ml which clearly revealed that approximately.6.9 of isolated

TBTCI resistant bacterial population is capablele§rading TBTCI since they utilize
it as a sole source of carbon (Table. 2.3). Exmosfibacterial isolates to high levels
of TBTCI facilitates selective enrichment of TBT@sistant isolates in estuarine
environment and culminates in evolution of novekis@nce mechanisms to
counteract TBTCI stress (Blair et al. 1982; Wueitial. 1991; Dubey and Roy 2003;

Ramachandran and Dubey 2009; Sampath et al. 2012).

2.6.2 Viable count of bacteriain estuarine sediment samples

The total viable count of TBTCI resistant laaiz in all the sediment samples from
Zuari estuary ranged from 18 - 402 x 1G cfu/ml when plated on Zobell marine
agar amended with 0.1 mM TBTCI whereas the vialoent of bacteria in Zobell
marine agar without TBTCI ranged from 28 - 5@ x 1 cfu/ml (Table. 2.3). These
studies clearly indicated that approximately 69.4oftatural bacterial population
from sediments of Zuari estuary is resistant to TBTnterestingly, the viable count
on MSM agar supplemented with 0.1 mM TBTCI rangeshf 2 — 10 + 2 x 19
indicating that approximately 21.9 % of bactersdlates was capable of degrading
TBTCI by utilizing it as a sole carbon source. Idtition of TBTCI as a sole source of
carbon is one of the resistant mechanisms commoinéerved in TBTCI resistant
bacterial strains (Barug 1981; Roy and Dubey 2@8z et al 2007; Krishnamurthy
et al. 2007; Sakultantimetha et al. 2010; Sampathl.e2011).These studies have
clearly demonstrated that population density of TBTesistant bacteria is higher in
the sediment samples as compared to the water samplthis estuarine econiche.

Sediments often serve as enrichment zones of TB/GIclay and sediment particles
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being bound to the organic toxicant. Hence bactesotated TBTCI rich sediments
may show greater adaptability to TBTCI rich envirenmt (Miller and Cooney 1994;
Page et al. 1996; Eggleton and Thomas 2004). Thiklde attributed to the presence
of TBTCI in estuarine sediments for longer duratohre to their hydrophobicity and
occurrence of extensive ship building activitiesuléing in enrichment of TBTCI

resistant bacteria.

2.6.3 TBTCI tolerance limits of bacteria

Bacteriological analysis of several water aediment samples of Zuari estuary
interestingly revealed 36 morphologically differ&f@TCl resistant bacterial isolates.
Out of these, 17 isolates tolerated even up to 6 MBWCI on Zobell marine agar
plates (Table. 2.4) which clearly demonstrated thase isolates possess biochemical
and molecular mechanisms to withstand such a higicentration of this antifouling
biocide. There are several other reports of TBT&3ligtant bacteria from different
terrestrial and aquatic environments worldwide (Barl981; Cooney and Miller
1994; Suzuki and Fukagawa 1995; Dubey and Roy 20@8g et al. 2002; Jude et al.
2004; Cruz et al. 2007; Sakultantimetha et al. 200% has been reported that
Aeromonas molluscorum Av27 is capable of tolerating TBTCI in Trypticas®yS
Broth (TSB) upto 3 mM (Cruz et al. 2010). TBTCl isgant bacteria with capability
of utilizing it as sole source of carbon even atl2 have been isolated from a marine
ecosystem (Bhosle et al. 2004). Sediment and v&teples from Bowling Basin,
Glasgow, UK interestingly showed presence of b&ctapable of degrading TBTCI
upto 135uM in glycerol containing media (Sakultargtha et al. 2009). Similarly, a
TBTCI degradingVvibrio sp. was isolated from Bombay High Oil Field, Inavaich

showed tolerance to TBTCI upto 0.1 mM in ZMB (Knistmurthy et al. 2007). Thus
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it is evident that tolerance to TBTCI is varialbfedifferent bacterial isolates possibly

due to variation in resistance mechanisms opetiarthem.

2.7  Screening of potential TBTCI resistant bacteria

Out of the 17 selected bacterial isolates #tatwed good growth on ZMB at
concentration of TBTCI up to 6 MM, eight isolateig.\SD5, SD9, DP1, DP2, DP3,
DP4, DP5 and DN2 showed best growth in presendenofMTBTCI in ZMB as well
as MSM broth as compared to the remaining isol@fable. 2.4). Thus it is evident
that these bacterial isolates are resistant to TBIr€sent in liquid media where
exposure to this biocide is maximum.lt is intemggtito note that these bacterial
isolates showed better growth on Zobell marine agad MSM agar plates
supplemented with 1 mM TBTCI than in liquid medTdis conspicuous variation in
the growth response is due to less bioavailabiity TBTCI in solid media as
compared to liquid media.There are similar reptivéd bioavailabilty of heavy metal
toxicants in liquid media is higher as comparedatd media since the solidifying
agent, agar binds to metal cations thereby makifess bioavailable to the bacteria,
resulting in reduction in its toxicity (Jonas etl@®84; Wuertz et al. 1991; Rathnayake
et al. 2013). Therefore the potential TBTCI resistaacteria were screened in liquid

media (ZMB and MSM broth) which was supplementeth\&imM TBTCI.

2.8 I dentification of TBTCI resistant bacterial isolates
28.1 Identification of potential TBTCl resistant isolates based on
mor phological and biochemical characteristics
Based on morphological characteristics ancch®mical tests as per Bergey's

manual of systematic bacteriology (Kreig and H&84), the eight potential TBTCI
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resistant bacterial isolates were tentatively idieat Bacterial isolate SD9 was
tentatively identified aKlebsiella sp. while isolate SD5 was tentatively identified as
Alteromonas sp. TBTCI resistant bacterial isolated DN2, DP1d abP4 were
tentatively identified ad”seudomonas sp. respectively. Bacterial isolate DP3 was
tentatively identified as Vibrio sp. while isolates DP2 and DP5 were tentatively

identified asAeromonas sp. respectively.

2.8.2 Molecular identification of potential TBTCI resistant isolates

TBTCI resistant bacterial isolates were id@di asAeromonas salmonicida strain
DP2, Pseudomonas mendocinastrain DP4,Pseudomonas stutzeri strain DP1,Vibrio
sp. DP3,Alcaligenes faecalis strain SD5,Klebsiella pneumoniae strain SD9 and
Chromohalobacter salexigens strain DP5 based on morphological, biochemical
characteristics along with 16S rDNA sequence ama(j&@ble. 2.8)

The BLAST search data obtained after compatitgg 16S rDNA sequences of
these TBTCI resistant bacterial strain to alreadgvikn sequences of other bacterial
strains showed a distinct homology with bacteridomhging to same genera
respectively. Bacterial strains SD5 and SD9 shoteswhology of 99 % and 98 %
with Alcaligenes faecalis strain AU02 and Klebsiella pneumoniae strain
ARCC13884T respectivelyBacterial strain DP1 showed 98 % homology with
Pseudomonas stutzeri strain HMGM while strain DP2 showed 91 % homolagyh
Aeromonas salmonicida strain TDR17. While bacterial strain DP3 was hargols to
Vibrio sp. VIB 411, showing 98 % homology with the strddacterial strains DP4
and DP5 showed homology of 98 % and 91 %P$sudomonas mendocina strain

PMLR1 andChromohal obacter salexigens strain SSB-7 respectively (Table. 2.8).
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The data obtained after 16S rDNA sequencing ofetlsesen TBTCI resistant isolates
has already been submitted to GenBank and accessioiers have been allotted

(Table. 2.8).

2.8.3 Identification of TBTCI resistant bacterial isolate based on FAME
analysis

Based on FAME analysis one TBTCI resistanttdréad isolate (DN2) was
identified asPseudomonas stutzeri strain DN2 as it showed a similarity index of 0798
to Pseudomonas stutzeri (Fig 2.4).

Several other bacterial isolates showing ta&sce to TBTCI have been extensively
studied and documented. These includdteromonas sp. M1, Pseudomonas
aeruginosa 25W, Pseudomonas stutzeri, Vibrio sp., Aeromona smolluscorum Av27,
Citrobacterbracii, Burkholderia sp., Klebsiella spp. (Suzuki and Fukagawa 2003;
Dubey and Roy 2003; Jude et al. 2004; Krishnamuwethal. 2007; Sakultantimetha et

al. 2009; Cruz et al. 2010; Ayanda et al. 2012; (satimet al. 2012)

2.8.4 Phylogenetic analysisof TBTCI resistant isolates

Phylogenetic analysis of the TBTCI resistaattbrial isolates using neighbor
joining method showed evolutionary relationshiphaather closely related species of
bacteria belonging to the same genétaaligene sfaecalis strain SD5 showed closest
evolutionary relationship withAlcaligenes faecalis strain AUO02, Klebsiella
pneumoniae  strain SD9 with Klebsiella pneumoniae strain  ARCC13884T,
Pseudomonas mendocina strain DP4 withPseudomonas mendocina strain PMLR1,
Chromohalobacter salexigens strain DP5 withChromohal obacter salexigens strain

SSB-7,Vibrio sp. strain DP3 witlvibrio sp. VIB 411,Aeromonas salmonicida strain
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DP2 with Aeromonas salmonicida strain TDR17 andPseudomonas stutzeri strain

DP1 with Pseudomonas stutzeri strain HMGM respectively (Fig. 2.5 a-g).
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Fig. 2.1 Map of Goa showing various sampling sites

Site Symbol Sampling Site Sample Number Sample Type
[ J Dempo Shipyard Ltd. 1 We.lter Sample
2 Sediment Sample
Western India Shipyard Ltd. 3 We.lter Sample
4 Sediment Sample
o Goa Shipyard Ltd. > We.lter Sample
6 Sediment Sample
Garson Shipyard Ltd. ’ Wa.ter Sample
8 Sediment Sample
[ J Marmon Shipyard Ltd. 9 Wa.ter Sample
10 Sediment Sample
® Abhishek Shipyard Ltd. 11 Water Sample
12 Sediment Sample

Table. 2.1

Details of sampling sites
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Fig. 2.2 Estuarine ship building sites of Goa
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Sr. Mo. Sampling Stations pH Temperature {(°C) | Salinity {PSU)
1 Dempo Shipyard Ltd.
Water Sample 7.8+0.2 28+ 2 20.43+2
Sediment Sample
2 Western India Shipyard Ltd.
Water Sample 7.5+0.2 30+2 21.46+ 2
Sediment Sample
3 Goa Shipyard Ltd.
Water Sample 7.8+0.2 31+2 20.67+2
Sediment Sample
4 Garson Shipyard Ltd.
Water Sample 7.4+0.2 28+ 2 19.34+ 2
Sediment Sample
5 Marmon Shipyard Ltd.
Water Sample 7.4+0.2 28+ 2 10,44+ 2
Sediment Sample
B Abhishek Shipyard Ltd.
Water Sample 7.3+0.2 30+ 2 10.49 + 2
Sediment Sample
Table. 2.2 Physicochemical characteristics of sangs
Viable Count in cfu/ml (Mean = SD)
Sample ZMA + 0.1mM MSM + 0.1mM
TBTCI ZMA TBTCI MSM
1 44 +5x 16 50 +5x 16 11+2x168 No Growth
2 20+2x16 39+2x18 6+2x108 No Growth
3 20+4 x16 70+5x 168 4+2x168 No Growth
4 21+3x16 48 +2 x 16 2+2x168 No Growth
5 40 +5x 18 62+3x168 4+2x168 No Growth
6 32+3x18 30+2x18 6+2x108 No Growth
7 30+2x16 45 +5x 16 3+2x168 No Growth
8 40 +5x 10 50 +3x 18 10+2x168 No Growth
9 22+4x16 55+4x18 2+2x168 No Growth
10 18 +2 x 18 28+2x168 3+2x168 No Growth
11 21+2x1H 53+3x18 11+2x168 No Growth
12 33+3x1H 41 +4x 16 9+2x18 No Growth
Table. 2.3 Viable count of bacterial population irestuarine water and

sedimensamples
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Table. 2.4  Tolerance of bacterial isolates to TBTKZoncentrations in ZMA
Isolate TBTCI Concentration in mM in ZMA
Nos. 0.5 1 15 2 2.5 3 4 5 6
SD1 +++ | +++ +++ +++ +++ + + + -
SD2 +++ [ 4+ +++ +++ +++ + + + +
SD3 +++ | +++ +++ +++ ++ + + + -
SD4 +++ [ ++ ++ ++ ++ + + + +
SD5 +++ | +++ +++ +++ +++ +++ +++ +++ ++
SDeé +++ | +++ ++ ++ + + + + +
SD7 +++ | ++ ++ ++ + + + + +
SDS8 +++ | ++ ++ ++ + + + + +
SD9 +++ | +++ +++ +++ +++ +++ ++ ++ ++
SD10 | +++| +++ ++ ++ ++ + + + +
SD11 | +++ | +++ ++ ++ ++ ++ + + -
SD12 | +++| +++ ++ ++ + - - - -
SD13 +++ | +++ ++ ++ + + + - -
SD14 | +++| +++ ++ ++ + + - - -
SD15 | +++| +++ ++ ++ + + + - -
SD1€ | +++ | +++ ++ ++ + - - - -
SD17 +++ | +++ ++ ++ + - - - -
SD18 | +++ | +++ ++ ++ + - - - -
SD19 +++ | +++ + - - - - - -
SD20 | +++| +++ + - - - - - -
SD21 +++ | +++ + - - - - - -
SD22 | +++| +++ + - - - - - -
SD23 | +++ | +++ + - - - - - -
SD24 | +++| +++ + - - - - - -
SD25 | +++| +++ + - - - - - -
SD26 | +++| +++ + - - - - - -
SD 27 | +++| +++ ++ + + - - - -
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Isolate TBTCI Concentration in mM in ZMA
Nos. 0.5 1 15 2 2.5 3 4 5 6
SD28 +++ +++ + - - - - - -
SD29 +++ +++ + - - - - - -
SD30 +++ +++ + - - - - - -
DP1 +++ +++ +++ | ++ ++ ++ ++ ++ | ++
DP2 +++ +++ +++ | ++ ++ ++ ++ ++ ++
DP3 +++ +++ +++ | ++ ++ ++ ++ ++ | ++
DP4 +++ +++ +++ | ++ ++ ++ ++ ++ | ++
DP5 +++ +++ +++ | ++ ++ ++ ++ ++ | ++
DN2 +++ +++ +++ | ++ ++ ++ ++ ++ | ++
Table. 2.4  Tolerance of bacterial isolates to TBTCconcentrations in ZMA

+
+
+

s Cyurallant Gy
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Absorbance at 600 nm
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Growth of TBTCl resistant isolates in ZMB with and without TBTCI

SD1 SD2 SD3 SD4 SD5 SD6 SD7 SD8 SD9 SD10SD11 DP1 DP2 DP3 DP4 DP5 DN2

Bacterial Isolates

0ZMB BZMB+1mMTBTCI

Fig. 2.3 (@) Growth of TBTCI resistant bacterial solates in liquid media ZMB

Absorbance at 600 nm
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1.2 1

0.8 1

0.6 1

04 1

0.2 1

Growth of TBTCl resistant bacterial isolates in MSM with and without TBTCI

SD1 SD2 SD3 SD4 SD5 SD6 SD7 SD8 SD9 SD10SD11 DP1 DP2 DP3 DP4 DP5 DN2
Bacterial Isolates

| BMSM EMSM +1mM TBTCI |

Fig. 2.3 (b) Growth of TBTCI resistant bacterial solates in liquid media MSM

broth
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Colony
SD5 SD9 DP1 DP2 DP3 DP3 DP4 DN2
morphology
Size (cm) 0.2 0.4 0.4 0.1 0.2 0.2 0.2 0.2
Shape Circular Circular Circular Circular Circular Circular Circular Circular
Colour Cream White Cream Cream Cream Cream Cream Ceam
Opacity Translucent | Translucent Opagque Translucent | Transluent | Translucent | Translucent | Translucent
Elevation Convex Convex Convex Convex Convex Convey Convex Convex
Surface Smooth Smooth Smooth Smooth Smooth Smoothh  mBoth Smooth
Margin Entire Entire Entire Entire Entire Entire En tire Entire
Consistency Butyrous | Butyrous | Butyrous| Butyrous Bwgrous | Butyrous | Butyrous | Butyrous
Pigment
production ) ) ) ) ) ) ) )
Motility Motile Motile Motile Motile Motile Moatile Motile Motile
r%rair,:?;sn Negative Negative Negative Negative Negative Negetti [ Negative Negative
Arrangement Short Short Short Short Short Short Short Short
rods rods rods rods rods rods rods rods
Table. 2.5 Morphological tests of TBTCI resistanbacterial isolates
TESTS SD5 SD9 DP1 DP2 DP3 DP4 DP5 DN2
Sugars
Arabinose - + + - + -
Xylose - + + - + - - -
Adonitol - + - - - - -
Rhamnose + + + - + - + -
Cellobiose - - + - + - - -
Melibiose + + + - + -
Saccharose + + + - + - + -
Raffinose + + + - + - + -
Trehalose - + + - + - - -
Glucose + + + + + + + +
Lactose + + + - + - -
Table. 2.6 Sugar fermentation by TBTCI resistant bcterial isolates
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TESTS SD5 SD9 DP1 DP2 DP3 DP4 DP5 DN2
ONPG + + + + + + + +
Lysine ) + ) ] ] ) ] ]
Utilization
Ornithine -
Utilizations - + - - - - R
Urease - - - - - - - -
Phenylalanine
Deaminase - - - - - - - -
test
Nitrate
Reduction * * + + - + + +
H2S i i i ) ) ) ] ]
Production
Citrate
Utilizations * * + + - + + +
Voges + + i N N ] N N
Proskauer
Methyl Red - - - - - - - -
Indole - - + - - + - -
Ma.'lon.ate + + + + + + + +
Utilizations
Esculin
, - + + - + + - -
Hydrolysis
Amylase + + + + + + + +
Gelatin - + - - - - - R
Mac conkey's + + + + + + + +
Oxidase + + + + + + + +
Catalase + + + + + + + +
O/F Test ) O @) @) OF @) o) 0
Tentative Alteromonas Klebsiella Pseudomonas Aeromonas Vibrio Pseudomonas Aeromonas Pseudomonas
Identification sp- sp. sp. sp. sp. sp. sp. sp.
Table. 2.7 Biochemical tests of TBTCI resistant erial isolates |~ Negative result

+

Positive result
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Fig. 2.4

FAME profile of TBTCI resistant Pseudomonas stutzeri strainDN2

Bacterial Isolates Homology with % Homology | GenBank Accession Number
DP1 Pseudomonas stutzeri strain HMGM 98 GU596989
DP2 Aeromonas salmonicida strain TDR17 91 GU596990
DP3 Vibrio sp.VIB411 98 GU586591
DP4 Pseudomonas mendocina strain PMLR1 98 GU596992
DP5 Chromohalobacter salexigens strain SSB-7 91 GU596993
SD5 Alcaligenes faecalis strain AU02 99 J0993101
SD9 Kiebsiella pneumoniae strain ARCC13884T 98 JQ993102

Table. 2.8 TBTCI resistant bacterial isolates showing maximunhomologywith
other bacterial strain and their allotted GenBank accession number
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Fig. 2.5 (a-g) Dedrograms of TBTCI resistant bacterial strains showing
phylogenetic relationship with other closely relatd bacterial strains (Neighbor-
joining method shows the percentage of replicate trees in which ¢hassociatec
taxa are clustered together in a bootstrap test whh is shawn next to the
branches The number at the node indicates the bootstrap wae at which a given
branch was supported)
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(d)
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CHAPTER III

MORPHOLOGICAIL AND
BIOCHEMICAIL
CHARACTERIZATION OJF
TBTCl RESISTANT
BACTERIAL I[SOLATES
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MATERIALS AND METHODS
3.1 Growth studies of TBTCI resistant bacteria
3.1.1 Growth response of TBTCI resistant bacterial strairs in MSM

Growth behavior of the selected eight poténtRATCI resistant bacterial strains
was studied in MSM broth (100 ml) supplementechvdifferent concentrations of
TBTCI. Inoculum of bacterial cells (2%) was addedMSM broth amended with
varying concentrations (0.5 — 4 mM) of TBTCI anadsks were incubated at 28 °C + 2
at 120 rpm. Growth response was recorded for 4&hregular intervals of 4 hrs as
absorbance at 600 nm using UV-Vis spectrophoton{8temadzu, UV-2450, Japan).
Similarly, bacterial isolates were also inoculai@dSM broth (100 ml) using equal
inoculums without any carbon source which served asntrol. A graph was plotted

between absorbance at 600 nm v/s time in hrs.

3.1.2 Growth response of TBTCI resistant bacteriadtrains in ZMB

Growth behavious of the selected eight paaé¢MBTCI resistant bacterial strains
was also studied in ZMB supplemented with differenncentrations of TBTCI.
Inoculum of bacterial cells (2%) was added in ZMignended with varying
concentrations (0 — 4 mM) of TBTCI and flasks wareubated at 28 °C + 2 at 120
rpm. Growth was recorded at regular intervals bfas absorbance at 600 nm using
UV-Vis spectrophotometer (Shimadzu, UV-2450, JapBaterial isolates grown in
ZMB with 0 mM TBTCI served as control. A graph walstted between absorbance

at 600 nm v/s time in hrs.
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3.2 Morphological characterization of TBTCI resisant bacterial strains under

TBTCI stress

In order to reveal whether any morphologid&drations and adaptations occur in
bacteria when subjected to TBTCI stress, scannliectren microscopy (SEMJEOL
JSM-5800LV, Japan) was performed on bacterial @flRseudomonas stutzeri strain
DN2 andKlebsiella pneumoniae strain SD9 which were grown separately in MSM
supplemented with 2mM TBTCI. Culture smear was greg on glass slide, air dried
and then fixed in 3 % glutaraldehyde overnight wsth mM Potassium phosphate
buffer. The slide was gently washed thrice withggtate buffer (Appendix B.2 ) and
dehydrated in gradually increasing concentratidnstieanol i.e., 10, 20, 50, 70, 80,
90, 95, and 100% for 15 min each, air dried andlfiinstored in vacuum chamber

prior to SEM analysis (Naik et al. 2011).

3.3  Analysis of TBTCI Degradation Product
3.3.1 Extraction and thin layer chromatography (TLC) of degradation products
TBTCI resistant bacteria viRseudomonas stutzeri strain DN2 andKlebsiella
pneumoniae strain SD9 were grown separately in 250 ml Ehrlenmeyaiski
containing 100 ml MSM (starting inoculum size; shwgvabsorbance at 600 nm of
0.025 which is equivalent to 0.007 gms/I) with THES a sole source of carbon at 28
°C in an incubator shaker at 150 rpm for 1 weele Toncentration of 2 mM TBTCI
for growth was selected fdtlebsiella pneumoniae strain SD9 since it grew best at
this concentration. Similarly, an uninoculated Kl@®ntaining MSM (100 ml) with 2
mMMTBTCI was used as a control. The same was regefte TBTCI resistant
Alcaligenes faecalis strain SD5 with concentration of TBTCI used bethgnM, as

this strain showed best growth in presence of 3 "B CI. After incubation the cell
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pellet was harvested by centrifugation at 8000 gird the cell free supernatant was
separated. The cell free supernatants were extrasieag double volume of distilled
chloroform. The organic layer was collected in aical flask. The chloroform extract
was reduced under vacuum and the concentrated samwglre then loaded on a pre
activated TLC plate. Similarly a mixture contaigiiBTCI, DBTCL, and MBTC}
served as control which was loaded on a separategiivated TLC plate. All the
samples were run using the solvent system, petrolether : acetic acid (9.5:0.5).
The TLC plates were subsequently exposed to iogapers to develop the spots. The
locations of the spots ware marked and recorded.

The concentrated residual extract was furtheified by silica gel H-20 column
chromatography (SIGMA, 30 x 2 cm glass column).n§lwf silica gel H-20 was
prepared by mixing 9 gm of silica in 20 ml of eti{d® — 60 °C). A glass column
(15.5 cms) was packed by adding the slurry withtibk of a glass rod and gently
tapped to avoid any void volume. The concentragsidual extractwas added to the
column and chloroform was passed through the coluhme same procedure was
repeated for the control flask containing uninotadaMSM broth with TBTCI. The
eluent obtained after purification by column chreoggaphy was further concentrated
under vacuum and dried. The purified product wagsestin a glass screw capped vial

at £C until use subsequently used for further iderdifion studies.

3.3.2 FTIR analysis of purified TBTCI biotransformation p roducts
The purified biotransformation product (2 mg)f Pseudomonas stutzeri strain
DN2 was analyzed in the region 400 — 4,000"amsing (SHIMADZU-FTIR 8201 PC

instrument, Japan) in order to find out differeansformation products of TBTCI.
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3.3.3 NMR spectrometric analysis of purified TBTCI biotransformation
products

Nuclear magnetic resonance spectrum analggidNR) of the control product
and purified biotransformation products @&fseudomonas stutzeri strain DN2,
Alcaligenes faecalis strain SD5 andKlebsiella pneumoniae strain SD9 were recorded
with the help of an NMR spectrometer (BRUKERWT, 3BMHz) in deuterated
chloroform (CDC}$) with tetramethylsilane (TMS) as an internal stad Sample (5
mg) to be analyzed was dissolved in 0.6 ml of datkel CDCJ and placed in an
NMR tube (5 mm diameter). The NMR tube was thenr@yppately positioned in a
spinner and introduced into the NMR spectrometdirth®e reagents were purchased

from Sigma Aldrich,USA (Devi et aR010).

3.3.4 Mass spectrometric analysis of purified TBTC bioransformation
products

Subsequent to NMR spectroscopic analysiscoh@énn purified biotransformation
products ofAlcaligenes faecalis strain SD5 andlebsiella pneumoniae strain SD9
were further analyzed by mass spectrometer to monfthe presence of
biotransformation products. In a typical experimepurified biotransformation
product was mixed with cyclohexane prior to injentiof 2 ul into Mass Selective
Detector (Applied Biosystem QSTAR XL Canada) for algsis. In Mass
spectrometry, a sample is ionized, for example daylarding it with electrons. This
may cause sample molecules to break into chargeginints. These ions are then
separated according to their mass-to-charge rgfically by accelerating them and
subjecting them to an electric or magnetic fietohs of the same mass-to-charge ratio

will undergo the same amount of deflection. Thesiamne detected by a mechanism
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capable of detecting charged patrticles, such asleetron multiplier. Results are
displayed as spectra of the relative abundanceetsfcted ions as a function of the
mass-to-charge ratio. The atoms or molecules instraple can be identified by
correlating known masses to the identified masseshmugh a characteristic

fragmentation pattern and comparing this patteth miass library.

3.4  Detection ofantibiotic resistance in TBTCI resistant bacteria
Antibiotic susceptibility test was performenlléwing Kirby—Bauer disc diffusion

method (Bauer et al. 1966), using Mueller—Hintoaraand antibiotic discs (Himedia,
India). Bacterial suspension (0.1 ml) of differeRBTCI resistant strains having
concentration was spread plated on Mueller-Hintgar aplates. Discs (6 mm)
containing antibiotics were placed in the centréhefagar plates with growth of cells.
Antibiotic resistance or susceptibility was detered as per the procedure of Bauer et
al. (1966). Zones of inhibition of cell growth weneeasured and bacteria showing

antibiotic inhibition zones of size 10 mm were considered to be resistant.

3.5 Production of (EPS) byTBTCI resistant,Alcaligenes faecalis strain SD5
and Klebsiella pneumoniae strain SD9

3.5.1 Qualitative analysis of EPS
3.5.1.1 Congo red agar assay

In order to qualitatively assess productionE®fS, TBTCI resistant bacteria viz.
Klebsiella pneumoniae strain SD9 andAlcaligenes faecalis strain SD5 were spot
inoculated on Congo red agar (Appendix A.8) supgleted with and without 2mM
TBTCI and 3 mM TBTCI respectively. Plates were inated for 48 hrs at 28 °C + 2.

Bacterial colonies producing EPS distinctively pigk congo red from the medium
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and turn pinkish-maroon in color. Bacterial colaiithout EPS do not pick up

congo red from the medium (Friedman and Kolter 2004

3.5.1.2 Alcian blue staining

Alcian blue staining of EPS produced by baatestrains viz. Klebsiella
pneumoniae strain SD9 andAlcaligenes faecalis strain SD5 was performed to
investigate its acidic or basic nature. Alcian bisi@ cationic dye used to stain acidic
polysaccharides (Naik et al. 201R)lebsiella pneumoniae strain SD9 was grown in
MSM with 2 mM TBTCI, whileAlcaligenes faecalis strain SD5 was grown in MSM
with 3 mM TBTCI for 48 hrs at 28 °€ 2 respectively. Both the bacterial strains were
also grown separately in MSM amended with 0.1% agecwhich served as control.
Bacterial cells were smeared on a glass slidedré@d and hydrated with distilled
water. The slide with bacterial smear was floodéth ®0 pul of 0.1% Alcian blue dye
in acetic acid (pH 2.5) for 5 min. The slide wastdened gently with running distilled
water followed by air drying. The slide was obserumder oil immersion lense using
light microscope (Alldredget al. 1993; Bhaskar and Bhosle 2006). Acidic E®S i

expected to stain blue while bacterial cells aagstd red.

3.5.2 Purification and quantification of bacterial EPS

EPS production was monitored by growing baateells in MSM with TBTCI in
order to study role of EPS in resistance againsSEJIBKlebsiella pneumoniae strain
SD9 was grown in MSM with 2 mM TBTCI, whilalcaligenes faecalis strain SD5
was grown in MSM with 3 mM TBTCI for 48 hrs at 28 % 2 respectively. Both the
bacterial strains were also grown separately in M&Niended with 0.1% glucose

which served as control. Purification of EPS wasedosing modified ice cold ethanol
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precipitation method (Bramhachari and Dubey 20@&jiture grown in the presence
of TBTCI and without TBTCI (0.1% glucose) in MSM QB ml) was harvested
separately at 10,000 rpm for 15 min at 4°C, wheltuoel reached stationary growth
phase. Culture supernatant was filtered througt2 Qu2 cellulose nitrate filters
(Millipore Filters, Bangalore, India). EPS was ppétated from the final filtrate by
addition of three volumes of ice cold ethanol amghtkat 4°C overnight. Resulting
precipitate was centrifuged and washed with 70-%06thanol-water mixture. EPS
was dissolved in distilled water and dialysed féri2at 4°C (molecular weight cut off
of 13 kDa; Sigma Aldrich, Germany) against distllevater. EPS was then
lyophilized and EPS production was recorded asveright of EPS in control and

TBTCI exposed conditions. Each experiment was peréd in triplicates.

3.5.3 Quantitative analysis of total carbohydrate¢TOC) in EPS

Quantitative analysis ¢dtal carbohydrate (TOC) in EPS produced was choig
by phenol sulphuric acid method (Dubois et al. )9B&cterial cells vizKlebsiella
pneumoniae strain SD9 and\ caligenes faecalis strain SD5vere grown separately in
MSM with TBTCI concentrations of 2 mM and 3 mM respvely, as well as in
MSM supplemented with 0.1% glucose which servedaasrol. Bacterial cells were
incubated for 48 hrs at 28 °C at 120 rpm. LyopktiZPS (30 mg) was weighed and
dissolved in 10ml of deionised water. EPS solufioml) was mixed with 1 ml of 5%
aqueous phenol and tubes were placed in ice. nddample 5 ml of concentrated
H,SO, was added and kept at room temperature for 10tesrto develop colour and
absorbance was measured at 490 nm using UV-Vidrepbotometer (Shimadzu,

UV-2450, Japan). Glucose was used as standard rendilisorbance of test and

65



control was compared with a standard glucose ciAmpendix E) in order to

estimate TOC in EPS. Each experiment was perfoim&plicates.

3.6 Productionof siderophores by TBTCI resistant, Alcaligenes faecalis
strain SD5 andKlebsiella pneumoniae strain SD9

3.6.1 Qualitative analysis of siderophores

In order to detect siderophores, Chrome dzaufonate (CAS) agar assay
(Schwyn and Neilands 1987) was used since it isvemsal, comprehensive,
exceptionally responsive, and most convenient asBag bacterial culture was spot
inoculated on the CAS agar plate (blue) amendet waitd without TBTCI and
incubated at 28 °C + 2 for 48 hrs. The concentnatb TBTCI used was 2 mM for
Klebsiella pneumoniae strain SD9 and 3 mM foAlcaligenes faecalis strain SD5
respectively. Siderophore production was confirdiagdolor change on the agar plate
which occurs due to transfer of ferric ions fronteimse blue complex to the
siderophores resulting in formation of yellow-orartgalo around the bacterial colony.
The size of halo around the bacterial colony inisahe quantum of siderophore

production.

3.6.2 Biochemical characterization of siderophores
In order to determine the chemical nature aftérial siderophore produced by

TBTCI resistant bacteria, Csaky’s assay and Arn@ssay were performed.
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3.6.2.1 Csaky’s Assay

Hydroxamate type siderophores were charaetgrizy mixing 1 ml supernatant of
overnight grown bacterial culture with 1 ml, 6 N3O, in boiling water bath for 6 hrs
or 130°C for 30 min. This hydrolyzed sample wasfénafd using 3 ml of sodium
acetate solution and 0.5 ml iodine was added tiwail to react for 3-5 min. After
completion of reaction, the excess iodine was dgstt with 1 ml of sodium arsenate
solution. Finally 1 ml ofuo—Naphthyl-amine solution was added to this mixtanel
allowed to develop the color. Wine red color forimatindicates production of

hydroxamate type of siderophores (Gillan et al.}981

3.6.2.2 Arnow’s assay

Catecholate type siderophores produced byehactmay be detected following
Arnow’s assay (Arnow 1937). Overnight grown bactecells were harvested at 9000
rpm at 4°C and 1ml cell-free supernatant was mixed with eqoaimes of nitrite-
molybdate reagent and NaOH solution. Finally, 1oM0.5 N HCI was added to this
sample which results in yellow colour. Developmehtyellow color in the sample

indicates confirmed production of catecholate tgigerophores.

3.7 Determination of intracellular bioaccumulation of TBTCI by
Pseudomonas mendocina strain DP4
The TBTCI resistanPseudomonas mendocina strain DP4 was grown in 100 ml
MSM with 1 mM TBTCI and with 0.1% glucose (Contrald cells were harvested at
8000 rpm and AC for 10 min. The cell pellet was washed with 20 Mig-EDTA
for 3 min to remove cell surface bound TBTCI. Qadllets were dried in a oven at

100 °C and 0.1gm of dried pellet was digested vatimcentrated HN@using
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microwave digestion system and tin content wasyaeal using Atomic absorption
spectroscopy (Varian AA 240-FS model, Australidjoiwing method of Joshi et al.
(2008). Intracellular bioaccumulation of TBTCI bgsistant cells was estimated in

terms of concentration of Sn/gm cell dry weight.

RESULTS AND DISCUSSION
3.8  Growth studies of TBTCI resistant bacteria
3.8.1 Growth response of TBTCI resistant bacteriastrains in MSM

Growth of all the eight TBTCI resistant bacirisolates in MSM broth without
TBTCI or any other carbon source was nil. Maximurovwgh of bacterial straingiz.
Klebsiella pneumoniae strain SD9 andPseudomonas stutzeri strain DN2 was noticed
in MSM with 2mM TBTCI (Fig 3.1 b,c). WhileAlcaligenes faecalis strain SD5
showed best growth in presence of 3 mM TBTCI (FAdL. a) whereas in TBTCI
resistant bacteria such Bsesudomonas salmonicida strain DP2 Pseudomonas stutzeri
strain DPL1, Vibrio sp. strain DP3,Pseudomonas mendocina strain DP4 and
Chromohalobacter salexigens strain DP5 showed best growth in MSM with 1mM
TBTCI (Fig. 3.1 d-h). It is interesting to note that higher TBTCI levels (> 1 mM)
significant lag (of almost 16 — 20 hrs) in growthage was observed in all the
bacterial strains which indicates low adaptabitifybacterial strains to toxic levels of
TBTCI (Fig. 3.1 a-h). Metabolic breakdown of TBT{Sla time consuming process
and bacteria may take time to adjust to the tosiels of this biocide subsequently
adapting to it with the help of multiple resistanmoechanisms put into action. In a
nutrient deficient medium like MSM having TBTCI @se sole source of carbon,
bacteria may synthesizing certain enzymes to atiliBTCl as a carbon source and

further degrade or sequester it. Thus a longeplase in growth may be observed.
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TBTCI resistant bacteriaPseudomonas stutzeri strain DP1,Vibrio sp. DP3and
Chromohalobacter salexigens strain DP5 could not tolerate TBTCI stress of 2 mM
concentrations as they were observed to reach deake within 40 hrs of time
interval Fig. 3.1 d,f,h).

These TBTCI resistant bacterial isolates thus ttedgmonstrated their capability
to utilize TBTCI as a sole carbon source. Utiliaatof TBTCI as a sole carbon source
through it's degradation confirmed that biodegramats one of the several possible
resistance mechanisms manifested by these TBTCistaats bacteria. This
phenomenon of degradation of TBTCI by utilizing# sole source of carbon has been
earlier demonstrated idseudomonas sp.,Vibrio sp.,Enterobacter sp. andAeromonas
sp. (Kawai et al. 1998; Dubey and Roy 2003; RogleR004; Krishnamurthy et al.
2007; Ramchandran and Dubey 2009; Sakultantimdtiahd @009; Cruz et al. 2010;

Sampath et al. 2012).

3.8.2 Growth response of TBTCI resistant bacteriagtrains in ZMB
TBTCI resistant bacterial strains showed bestvgh in ZMB without TBTCI. With

gradual increase in TBTCI level in ZMB, a longeg lphase was observed in all the
bacterial strains. In absence of TBTCI, the lagsghearied from of O - 4 hrs which
gradually increased upto 6 — 10 hrs as the coretmtr of TBTCI in the growth
medium increased for the analyzed bacterial streifg. 3.2 a-h). As the
concentration of TBTCI in the growth medium incredsgrowth of bacterial cells
was also found to gradually decrease. This sugdleatsTBTCI is toxic to the cells
and in a nutrient rich medium like ZMB, the baciércells may only be tolerating
TBTCI with extremely slow degradation of the biceidnterestingly, tolerance to

TBTCI in ZMB was as high as 4 mM in all the bacéstrains (Fig. 3.2 a-h). Better
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growth response in ZMB may be due to the fact theaterial cells grown in this
nutrient rich medium assimilate nutrients favoratiyich include, yeast extract and
peptic digests of animal tissue and possibly sequ@8TCI also. Interstingly TBTCI
resistantAlcaligenes faecalis strain SD5showed good growth even in presence of 3
mM TBTCI in the growth medium with comparatively astest lag (Fig. 3.2 c).
Although the growth of TBTCI resistant bacterialagts in ZMB was found to be
better as compared to in MSM broth, tolerance tdTBwas more in ZMB (i.e. 4
mM) as compared to MSM broth (i.e. ImM — 3 mM).idttherefore evident that
TBTCI is not a preferred source of energy and bactaay derive their energy from
other complex sources of carbon and nitrogen ptesetMB.

Nutrient rich media viz. Zobell marine broth (ZMBjrypticase soy broth (TSB)
and Nutrient broth have commonly been used to tisodend study the growth of
TBTCI resistant bacteria (Suzuki et al. 1992; Royale 2004; Krishnamurthy et al
2007; Cruz et al 2007). It is interesting to mentithat Vibrio sp. could tolerate
TBTCI up to 0.1 mM in ZMB Aeromonas molluscorum Av27 could tolerate TBTCI

concentration as high as 3 mM in TSB (Krishnamughgl. 2007; Cruz et al. 2007).

3.9 Morphological characterization of TBTCI resistant strains under TBTCI
stress
Scanning electron microscopy (10,000X magatfan) of cells ofPseudomonas
stutzeri strain DN2 exposed to 2 mM TBTCI clearly revealegnsicant
morphological alterations as cell elongation,wringland shrinkage, whereas cells
grown in the absence of TBTCIl showed normal morpdichl characteristics (Fig.
3.3a). Similar response was also observel@siella pneumoniae strain SD9 where

exposure of cells to 2mM TBTCI caused cell shrirkamd reduction in size (Fig.
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3.3b) Alterations in cell morphology viz. cell elongatiowrinkling and shrinkage
leads to possible decrease in the surface ardeafdils thereby resulting in reduced
adsorption capacity of the cells to this biociddr(idra et al. 2008). Similar findings
have also been reported Aeromonas sp. in presence of TBTCI, since exposed cells
were smaller than normal size and appeared agged@ruz et al. 2007)n our
research laboratory a study @weromonas caviae strain KS-1 exposed to TBTCI
revealed a very interesting response as formatfolor@ chains of bacterial cells
which reduces the surface : volume ratio and resultreduction of exposed cell
surface for TBTCI (Shamim et al. 2012). has also been reported that certain
components on the cell surface of TBTCI resisRsetidoalteromonas sp. may adsorb
TBTCI present in the marine environment (Mimuraakt2008).Thus this bacterial
isolate may serve as a biological tool for remeadabf marine sites contaminated
with this biocide. These studies have clearly destrated that alteration in cell
morphology inPseudomonas stutzeri strain DN2 due to TBTCI exposure may prove

to be an important resistance mechanism to vaitttshigh concentrations of TBTCI.

3.10 Analysis of TBTCI degradation products
3.10.1 Thin Layer Chromatographic (TLC) analysis of TBTCI degradation
products
Thin layer chromatography analysis of the @ots of supernatants of TBTCI
resistant bacteria when compared to the standexd=saled interesting results. Cell
free extract of supernatant Béeudomonas stutzeri strain DN2 showed presence one
spot on the TLC plate with Rf value 0.3 cm whictcharacteristic of pure DBTEI

(Fig. 3.4).
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In case ofAlcaligenes faecalis strain SD5 two spots were observed with Rf valfes
0.3 cm and 0.8 cm corresponding to DBF@hd TBTCI respectively (Fig. 3.4).
Whereas in case dflebsiella pneumoniae strain SD9 three spots with Rf value of
0.12 cm, 0.3 cm and 0.8 cm were observed which veereesponding to pure
MBTCI3;, DBTCL and TBTCI respectively (Fig. 3.4). These resulitamed on thin
layer chromatography plates clearly demonstratedeuce of degradation products of
TBTCI in the supernatant of different TBTCI resrgtastrains. Biodegradation of
TBTCI by different bacteria into it's less toxic rilates DBT and MBT is a well
known mechanism often proposed by microbial ecslksgbut it has been rarely
demonstrated (Barug 1981; Ramachandran and Duliy, Zhuz et al. 2010). Since
TLC analysis revealed tentative identity of TBTCéridatives post-degradation,
further purification and analysis of degradationdarcts is essential to reveal exact

chemical nature of the degradation products.

3.10.2 FTIR analysis of purified TBTCI biotransformation products

The FTIR spectrum of the purified TBTCI degm#ion products oPseudomonas
stutzeri strain DN2 clearly revealed presence of butyl gsogiving characteristic
bands at 2958.80 ¢l 2926.01 crit, 2872.01 crifand 2856.58 cih respectively
(Fig.3.5). One prominent peak was noticed arourB01em* which is due to C—H
bending vibrations of butyl group. A doublet at A cm' and 669.30 cihis also
characteristic of DBTGI Comparison of FTIR spectrum of biodegradationdpad
with standard TBTCI and DBTgl(Sigma-Aldrich,USA) with Pubchem substance ID
# 24900253 and 24852336 clearly demonstratedtiteabiodegradation product is
different from pure TBTCI and matched interestinghth standard DBTGI (Fig.

3.5).
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3.10.3 NMR spectrometric analysis of purified biotansformation products

In case ofPsedomonas stutzeri strain DN2,'H-NMR spectrum of the control
product showed characteristic peaks at 1.582,ch813 crif, 1.265 crit and 0.910
cm* respectively, wheread$-NMR spectrum of purified biotransformation protiuc
showed peaks at 0.960 ¢ml.392 crit, 1.463 crit and 1.800 ci respectively (Fig.
3.6 a)."H -NMR spectral data of control and purified biotsgation products were
compared against standatd - NMR of TBTCI and DBTC] respectively (Fig. 3.7 a),
using NMR spectral database for organic compoun8®BS).The purified
biodegradation products significantly matched wstiandard DBTGI (SDBS- 'H
NMR No. 3555 HSP-00-035) which clearly confirmedoitre DBTC}. The'H-NMR
of control used in my experiment also matched veitandard TBTCI (SDBSH-
NMR No. 6438HSP-01-479). The peak at 1.800'@pecifically corresponds to the
biodegradation product, DBTOWhereas a peak at 1.582 toorresponds to TBTCI.
'"H-NMR spectrum of purified degradation product skdwslight difference in the
chemical shift of protons from standard TBTCI whitrrther confirmed that TBTCI
degradation product was DBTGFig. 3.6 a).

Whereas, in case #fcaligenes faecalis strainSD5, NMR spectroscopic analysis
revealed presence of DBTGilong with residual TBTCI persistent in the medium.
Biotransformation product showed characteristickpest 1.247 cmand 1.573 ci
(Fig. 3.6 b) when compared to standaHtNMR of TBTCI and DBTC} in the
Spectral database for organic compounds (SDBS).
(http://sdbs.riodb.aist.go.jp/sdbs/cgi-bin/direcanie_top.cgi) Interestingly these

peaks matched with standard peaks of TBTCI and OBESpectively (Fig. 3.7b).
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NMR spectroscopy of biotransformation prodatKlebsiella pneumoniae strain
SD9 clearly revealed presence of both DBT@nd MBTC} (Fig. 3.6 ¢). NMR
spectrum of control sample showed characteristeakp at 1.562 cih 1.313 cn,
1.265 cnt and 0.910 ci respectively (Fig. 3.6 c), which was comparedh®
peaks of degradation products obtained after orekvircubation (Fig. 3.6 c). The
biodegradation product gave peaks at 3.143,c2407 cnif, 1.834 cnif and 1.573
cm? (Fig. 3.6 ¢).'H-NMR data of TBTCI used in this experiment and ified
biotransformation products were compared agairstidstrd’H - NMR of TBTCI,
DBTCl, and MBTC} in the Spectral database for organic compoundsB&D
(http://sdbs.riodb.aist.go.jp/sdbs/cgi-bin/direcanfie_top.cgi). The'H - NMR of
TBTCI (Control) matched with standard TBTCI havirBDBS*H NMR No.
6438HSP-01-479'H-NMR spectrum of biodegradation product showediiitant
difference in chemical shift from standard TBTCéaR of the degradation product at
1.573 cnit corresponds to TBTCI while peak at 1.834 wpecifically corresponds to
DBTCI, (SDBS*H-NMR No. 3555HSP-00-035) and a singlet at 3.143 emd peak
at 2.407 cnt are attributed to MBTGI(Fig. 3.6 c). The singlet peak at 3.143tm
revealed presence of an organic compound bonde&to(Tin) moiety, whereas peak
at 2.407 cnt revealed further attachment of Sn to three chloadems, thereby
confirming final degradation or biotransformationoguct to be aMonobutyltin
trichloride . Interestingly, the peaks corresponding to DBT&id MBTCk were not
seen in the spectrum of control sample besidesak ael.562 cicorresponding to
TBTCI which confirmed that TBTCI was not degradedthe control sample due to
absence of bacterial cells (Fig. 3.6 c).

NMR spectroscopy of degradation produdtsarly demonstrated that these

TBTCI resistant bacterial isolates from estuarim@i®nment of Goa significantly
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transformed toxic TBTCI into it's less toxic dertixees viz. DBTCh and MBTC}
respectively. Since microbial degradation/ transfation of TBTCI is very slow due
to its long half life, traces of TBTCI remain inetlgrowth medium (Wuertz et al.
1991). TBTCI resistant bacterial isolates vRseudomonas sp., Alcaligenes sp.,
Aeromonas sp. andVibrio sp. are known to utilize TBTCI as sole carbon seur
through step wise degradation into DBT and MB&E&veéal strains of TBTCI
degraders from marine and estuarine environmenge l@neady been reported and
characterized (Cooney 1988; Yonezawa et al. 199dbd&y and Roy 2003;
Krishnamurthy et al. 2007; Sampath et al. 2012} Bere are very few
reports which elucidate about biodegradation of TBTby bacteria and it's

degradation/ biotransformation products viz. DBT &BT (Cruz et al. 2007).

3.10.4 Mass spectrometric (MS) analysis of purifée TBTCI biotransformation
products

Mass spectrometric analysis of the purifiegrddation products further confirmed
the identity of less toxic derivatives of TBTCI whi were produced by the TBTCI
degrading bacterial isolates. In caseAtfaligenes faecalis strain SD5 mass/ charge
(m/z) value of 616 and 234 revealed presence ofdiBAhd DBTC} respectively
(Fig. 3.7 a). In case dflebsiella pneumoniae strain SD9 mass to charge ratio (m/z)
value of 178.9055 clearly revealed presence of rBoiety whereas m/z values of
234.9403 and 290.9760 revealed presence of DBAr@ MBTCE respectively (Fig.
3.7 b). These findings go hand in hand with eafifetings of Centineo et al. (2004).

The biodegradation products of TBTCI produdsd different TBTCI resistant
isolates were variable in chemical nature. The aldgfion products of TBTCI,

analysed thoroughly using TLC, FTIR, NMR, and M&arly revealed that various
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less toxic derivatives of TBTCI were produced bifetent resistant bacterial isolates.
Thus these findings confirm biotransformation/bigdelation of TBTCl by the
TBTCI resistant bacterial straindseudomonas stutzeri strain DN2, Klebsiella
pneumoniae strain SD9 andilcaligenes faecalis strain SD5.Therefore it is evident
that biotransformation/degradation is one of thepanant resistance mechanisms

adapted by these bacterial strains to withstanddIBiress.

3.11 Detection of antibiotic resistance in TBTCI rsistant bacteria

Antibiotic susceptibility test clearly demorated resistance of TBTCI resistant
bacterial isolates to a variety of commonly usedib#stics viz. penicillin,
tetracycline, chloramphenicol and others (Table.3TBTCI resistantPseudomonas
stutzeri strain 5MP1 has been reported to show resistaneattbiotics viz. nalidixic
acid, chloramphenicol, and sulfamethoxazole (Judé. 2004). Majority of antibiotic
resistant bacterial strains also exhibit metal reolee to various toxic metals and
organometals (McArthur and Tuckfield 2000; JudaleR004; De Souza et al. 2006;
Naik and Dubey 2010; Matyar et al. 2010). Antilmotesistance and heavy metal
resistance in bacteria is known to follow similéndk of mechanisms. Mercury, lead
and TBT resistant bacteria have already been emlaom west coast of India which
are also reported to be resistant to cadmium aami ddong with common antibiotics
(Dubey and Roy 2003; Roy et al. 2004; Bramhach&@f62 Dubey et al. 2006;
Krishnamurthy et al. 2008; De et al. 2008; Ramadham 2009; Naik et al. 2013). In
majority of microorganisms antibiotic as well asatig metal resistance is generally
conferred by same genes which regulate both efifumetals as well as antibiotics

(Mereghetti et al. 2000; Baucheron et al. 2004gJeical. 2004; Naik et al. 2013).
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3.12 Production of EPS by TBTCI resistantAlcaligenes faecalis strain SD5
and Klebsiella pneumoniae strain SD9
3.12.1 Qualitative analysis of EPS

Extracellular polymeric substances (EPS) aosyimthetic polymers produced by
both prokaryotic and eukaryotic microorganisms dngwin natural as well as
artificial environments either as single species, binary association or in
heterogenous communities. Irrespective of thegioyiEPS are localized at or outside
the bacterial cell surface and comprised of a taé high molecular weight organic
macromolecules such as polysaccharides, protaieein acids, phospholipids along
with other non-polymeric constituents of low molksuweight (Wingender et al.
1999; Bhaskar and Bhosle 2006; Bramhachari and yp@b€6; Bramhachari et al.
2007). During growth under natural environment,teaal EPS play important roles
in cell adhesion, formation of microbial aggregates biofilms, flocs, sludges and
biogranules (Sutherland 2001; Tay et al. 2001; @oettal. 2006) and protect cells
from hostile environments. They are also involvedhie degradation of particulate
substances, sorption of dissolved materials inolytieavy metals (Gutnick and Bach
2000; lyer et al. 2004; Morillo et al. 2006), leaahof minerals from sulphide ores as
well as biocorrosion (Gehrke et al. 1998). They als® known to act as surfactants
and bioemulsifiers by solubilising the non biodetgiale recalcitrants and making
them assimilable and bioavailable to the bact®taékar and Bhosle 2005).

In our studies withAlcaligenes faecalis strain SD5 andKlebsiella pneumoniae
strain SD9, both congo red agar assay and alcisndihining revealed production of
EPS in presence as well as absence of TBTCI igrtvth medium. Congo red agar
assay clearly revealed thikebiella pneumoniae strain SD9nd Alcaligenes faecalis

strain SD5 produced EPS under both conditionsn.presence as well as absence of
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TBTCI, as bacterial colonies were observed to I&igh on both the plates (Fig. 3.8
a, b). Formation of pink colony in presence of TBTi@licates that EPS production
was carried out by the bacterial cells even ingames of this toxic biocide.

Bacterial cells oKlebiella pneumoniae strain SD9and Alcaligenes faecalis strain
SD5 observed after alcian blue staining showedcddured bacterial cells and blue
coloured EPS (Fig. 3.9 a,b). Interestingly cellpesed to TBTCl showed a dense
sheath of EPS indicating its over production insprece of TBTCI as compared to
control This clearly indicates that EPS productisnenhanced due to TBTCI.
Enhanced production of EPS by TBTCI resistant ieslamay also serve as a
resistance mechanism possibly by trapping heavalmatong with TBTCI.

Over the last few decades studies on the usgonoorganisms for environmental
restoration have primarily focused attention tovgagaploiting microbial potential for
remediation of heavy metal contamination in bothrerial and aquatic
environments. Bioremediation of toxic metals andligauclides from polluted
sediments and waste stream employ living and /oorliving microbial biomass or
isolated biopolymers as agents for biosorption (G2@00; lyer et al. 2004; Braissant

et al. 2007 Morillo et al. 2008; Pal and Paul 2008).

3.12.2 Quantitative analysis of EPS

EPS production byAlcaligenes faecalis strain SD5 showed significant increase
from 283 + 1.8 mg/L without TBTCI (control) to 8683.7 mg/L in presence of 3 mM
TBTCI in MSM. Thus it was confirmed that approxiraigt 3 times higher EPS was
produced in the presence of 3 mM TBTCI in MSM tleantrol (Fig. 3.10).

Production of EPS bxlebsiella pneumoniae strain SD9 was found to have

increased approximately by 2.5 times in presenc2 ofM TBTCI as compared to
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control (without TBTCI). EPS production b¥iebsiella pneumoniae strain SD9 was
recorded as 221 + 2 mg/L in control flask while 538.1 mg/L in presence of 2 mM

TBTCI (Fig. 3.10).

3.12.3 Quantitative analysis of total carbohydrate (TOC) in EPS

It is interesting to note that in absence BfTTI the TOC in EPS produced by
estuarine bacteriélcaligenes faecalis strain SD5 was 0.7+0.1 mg thwhereas in
presence of 3 mM TBTCI an increase of TOC in EP® +0.3 mg mt was
recorded (Fig. 3.11). Thus it was confirmed thaigtdy three times (3x) higher TOC
in EPS than its control was observed in presenc&BifCl, in TBTCI degrading
estuarineAlcaligenes faecalis strain SD5.

In absence of TBTCI, the TOC in EPS producgdkebsiella pneumoniae strain
SD9 was 0.5 + 0.1 mg fiwhereas in presence of 2 mM TBTCI an increase@ET
in EPS to 1.21 + 0.3 mg fhiwas recorded. This again confirmed an approximate
increase of 2.5 folds in TOC in EPS in presencéBICI than in control (Fig. 3.11).

In our studies, congo red agar assay, alciaa btaining and EPS quantification
revealed production of EPS in presence as welbasrace of TBTClI amendment in
the growth medium. Although, Alcian Blue staininigosved a dense layer of EPS
when cells were grown in presence of TBTCI, the esamas evidently confirmed
through EPS quantification. This helps in conclgdinat EPS production is enhanced
in response to TBTCI toxicity. Increase in prodantiof exopolysaccharides as a
response to TBTCI stress may be a resistance mischaudapted by the bacteria to
counteract TBTCI toxicity. TBT resistant bacteriee &known to show enhanced
production of EPS when exposed to high levels @ thocide. It has also been

observed, that maximum yield of TBTCI degradVifgrio sp. in a medium containing
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TBTCI as opposed to tributyltin deficient mediae(iMSM) (Krishnamurthy et al.
2007; Ramachandran and Dubey 2009). Several refwants demonstrated that
majority of bacteria produce EPS which are involwedeavy metal sequesteration
outside the cell, cell adhesion, biofilm formatiand cell survival (Decho 1990;
Friedman and Kolter 2004; lyer et al. 2004; Bhaskadt Bhosle 2005; 2006; Pal and
Paul 2008; Naik and Dubey 2011). Hexadecane degradain Enterobacter
cloacae strain TU is governed by an exopolysaccharide Wwisacts as a hexadecane
bioemulsifier (Hua et al. 2010). Similarly enhanced EPS prodaoctiby
organotin resistant bacterial strains may play amportant role in
emulsification of TBTCI| or immobilization of TBTCbutside the cell
through binding of TBTCI with several functional @ups of EPS viz.
hydroxyl, carboxyl, amides and phosphoryl which &xh high affinity
towards heavy metals (Bhaskar and Bhosle 2006; Bwachari et al.
2007; Braissant et al. 2007; Ramachandran and DuB&99). The
overproduction of EPS by the TBTCI resistant ssdinus confirms that it plays a
significant role in the cell survival under TBTClress through extracellular
sequestration of this biocide. The EPS producediems to TBTCI in the
environment and shields the bacteria from its toxidRole of EPS against heavy
metal toxicity has been documented extensively arlier studies (Friedman and
Kolter 2004; lyer et al. 2004; Pal and Paul 2008ikN\et al. 2011; 2012). But nothing
is known about role of EPS in TBT detoxificationfao. Thus it seems that EPS over
production by TBTCI resistant bacteria importantchemism of resistance to combat

TBTCI stress.
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3.13  Production of siderophores by TBTCI resistantAlcaligenes faecalis
strain SD5 andKlebsiella pneumoniae strain SD9
3.13.1 Qualitative analysis of siderophores

TBTCI resistant bacterial strains were fouactoduce siderophores in presence
as well as absence of this antifouling biocide Wwhi@s evidently revealed by change
in colour of CAS agar from blue to yellow-orangelchéFig. 3.12 a,b). Bacterial
strains produced siderophores to sequester irongatath TBTCI present in the
growth medium. Enhanced production of siderophevas recorded il caligenes
faecalis strain SD5 andKlebsiella pneumoniae strain SD9 as increase in size of
yellow-orange halo around the bacterial colony @&SG&gar plates containing 3 mM
TBTCIl and 2 mM TBTCI respectively (Fig. 3.12 a,b).

Our earlier studies have confirmed thtaligenes faecalis strain SD5 and
Klebsiella pneumoniae strain SD9 are TBTCI degraders as they utilised CBas a
sole carbon source after degrading it into its les€c derivatives. It may be
hypothesized that as a result of complete deg@miatf TBTCI, tin ions (Sf) are
released in the growth medium, which may be sequexdtby the siderophores and
EPS. Thus an increase in siderophore production atsy be due to an increase in
demand of iron by the TBTCI stressed bacteriakcdlherefore enhanced siderophore
production was recorded when the bacterial cellsewexposed to high levels of
TBTCI (Fig. 3.12 a,b) These studies have clearly demonstrated importzat of
siderophores in TBTCI resistance Ahcaligenes faecalis strain SD5 anKlebsiella
pneumoniae strain SD9.

Microbial siderophores are mainly responsiliter chelating iron
from the environment but they also play a majorerah conferring

tributyltin resistance in bacteria (Inoue et al.0DQ 2003 a; b; Sun et
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al. 2006). These siderophores also chelate manyrotieavy metals
viz. Pb, Zn, Cd, Cu, Hg along with organotins thieyereducing the
bioavailability of these toxic metals and organoaleTBT to microbial
cells. They may also protect bacterial strains guatic environments
contaminated with high levels of tributyltin. It Babeen reported that
TBT is taken up by siderophores &eromonas sp. which gradually
gets exported as DBT after its possible degradatioside the cells
(Cruz et al. 2007). SimilarlyBurkholderia sp. showed siderophore
production and degradation of TBT indicating podsibrole of
siderophore in TBT degradation (Inoue et al. 2003 bhere are also
other reports on involvement of bacterial sideropds in degradation
of other organotins such as triphenyltin (Inoueag¢t 2000; Sun et al.
2006). The role of pyoverdine iRseudomonas chlororaphis CNR15 in
organotin degradation, and pyochelin and pyoverdimevolving
triphenyltin decomposition irPseudomonas aeruginosa CGMCC 1.860
has clearly demonstrated the potential of siderapkoin degradation
of organotins (Inoue et al. 2003 a; Sun et al. 2006

TBT degradation marineseudomonas spp.isolated from indian coastal waters
is a two-step process: (a) dispersion of TBT indlgeeous phase by emulsification
activity of EPS and (b) tin—carbon bond cleavage diglerophores affecting
debutylation of TBT (Sampath et al. 2012). In tight of all above already published
reports which suggest that EPS and siderophores hawajor role in toxic heavy
metal and organometal resistance in bacteria amdinklings of our research work

validates that in presence of TBTCI stress EPSshielgequestration and subsequent
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emulsification of TBTCI and siderophores cleavas-ctirbon bond, resulting in

degradation of TBTCI.

3.13.2 Biochemical characterization of siderophores

Csaky’s and Arnow’s assays clearly revealedt thiderphores produced by
Alcaligenes faecalis strain SD5 were catecholate type and fraftebsiella
pneumoniae strain SD9 were hydroxamate type respectively.(Bigl3 a,b). Both
Alcaligenes faecalis and Klebsiella pneumoniae are commonly known to produce
siderophores (Gokarn and Pal 2010; Sayyed and Gdiiker 2010).

Interestingly, we have observed enhanced pmtamtu of siderophores by these
bacterial strains in presence of high levels of TBTThus these bacterial strains have
a great potential to clean up TBTCI contaminatetkssisince extracellular
siderophores may serve as biosorptive entitieadittdte removal of TBTCI.

Siderophores are known to chelate iron anditite bacterial survival in iron
deficient conditions. Besides Pethe microbial siderophores also form stable
complexes with other metals viz. dPb? and zr? (Namiranian et al. 1997; Gilis
et al. 1998; Hepinstall et al. 2005). Inductionbaicterial siderophore synthesis in
response to C8, Zn"? and CUi® stress has also been reported which is resporfsible
detoxification of these heavy metals as a consemuehchelation (Clarke et al. 1987;
Rossbach et al. 2000; Sinha and Mukherjee 2008j}tarsgdproved to be an important
strategy of microorganisms to sequester non-toxicronutrients) as well as toxic

metals.
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3.14 Intracellular bioaccumulation of TBTCI by Pseudomonas mendocina
strain DP4

Bacterial cells oPseudomonas mendocina strain DP4 grown in MSM with 0.1 %
glucose and 1mM TBTCI for 48 hrs when homogenizsdi analysed by AAS, clearly
demonstrated significant bioaccumulation of TBTIEls interesting to mention that
bioaccumulation was 8 pg + 0.1 Sn/gm cell dry weighterestingly, few
Pseudomonas spp. have already been reported to bioaccumuiatgltin up to 2 %
of their dry weight (Blair et al. 1982; Gadd 200@everal gram negative bacteria
possess capability to accumulate tributyltin oxid#hout its breakdown (Barug
1981). The high lipid solubility of organotin enearcell penetration and association
with intracellular sites, while some cell wall coomgnts also play an important role
in their intracellular bioaccumulation (Blair et. al982; Gadd 2000). Although
intracellular bioaccumulation of heavy metals ircteaia is a well known resistance
mechanism against heavy metals (Harwood-Sears andb® 1990; Nies and Silver
1995; Rensing et al. 1999; Roane 1999; lyer 2G04; Naik et al. 2012 a, b), but this
is the first report confirming TBTCI resistance nsdd by intracellular
bioaccumulation of TBTCI inPseudomonas mendocina strain DP4 These studies
emphasize that intracellular bioaccumulation of TBWithout its breakdown is the
major resistance mechanism adoptedPsgudomonas mendocina strain DP4.

In order to maintain heavy metal homeostasisacellular level of toxic heavy
metal ions has to be tightly controlled (Nies 19989)ft metal transporting P-type
ATPases which are group of proteins involved imgport of heavy metals outside
the cell membrane governing bacterial heavy metalstance have earlier been
reported (Nies and Silver 1995; Rensing et al. 1998ik et al. 2013). These

transporter proteins are known to prevent over-aedation of highly toxic and
84



reactive metal ions viz. Pb (II), Cu (I), Ag (DnZlIl) and Cd (ll). Other proteins
commonly referred to as metallothioneins viz. bmd amt also play a crucial role in
intracellular bioaccumulation and transport of heawmetals across bacterial cell
membranes (Naik et al. 2012a; b). Similarly, intdadar bioaccumulation of TBTCI
in bacteria may also be a characteristic resistameehanism attributed by presence

of certain transport proteins.

85



Fig. 3.1 (a-h) Growth response of TBTCI resistant strainsin M SM broth with
varying concentrations of TBTCI
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Fig. 3.2 (a-h) Growth response of TBTCI resistant strainsin ZM B with varying
concentrationsof TBTCI
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Fig. 3.3(a) SEM micrographs of TBTCI resistant, Psedomonas stutzeri strain
DN2 [Bacterial cellsgrownin A. Absenceof TBTCI (MSM + 0.1% glucose) and
B. Presenceof TBTCI (MSM +2mM TBTCI)]. (Magnification: 10,000X)
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Fig. 3.3(b) SEM micrographsof TBTCI resstant, Klebsiella pneumoniae strain
SD9 [Bacterial cellsgrown in A. Absenceof TBTClI (MSM + 0.1% glucose) and
B. Presenceof TBTCI (MSM +2mM TBTCI)]. (Magnification: 10,000X)
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Fig. 3.4 TLC profiles of cell free supernatants of TBTCI resistant bacterial
strains

a. (Control) mixture of commercially available TBTCI, DBTCIl,and MBTCl3
b. Cdll free supernatant of Alcaligenesfaecalisstrain SD5 grown in 3 mM TBTCI

c. Cell free super natant of Klebsiella pneumoniae strain SD9 grown in 2 mM
TBTCI

d. Cell free supernatant of Pseudomonas stutzeri strain DN2 grown in 2 mM
TBTCI
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Fig. 3.5 FTIR analysis of purified cell free supernatant of TBTCI resistant,
Pseudomonas stutzeri strain DN2 (a. standard DBTCI, and b.
biotransformation product)
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Fig. 3.6 (a) NM R spectrometric analysis of purified cell free super natant of
TBTCI resistant, Pseudomonas stutzeri strain DN2 (a. Control b.
biotransformation product showing presence of DBTCI))
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Fig. 3.6 (b) NMR spectrometric analysis of purified cell free supernatant of
TBTCI resistant Alcaligenes faecalis strain SD5 (a. Control b.
biotransformation product showing presence of TBTCI| and DBTCI,)
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Fig.3.6(c) NMR spectrometric analysisof purified cell free supernatant of

TBTCI resistant Klebsiella pneumoniae strain SD9 (a. Control and b.
Degradation product showing presence of DBTCI, and MBTCl3)
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M ass spectrometric analysis of purified degradation product of
TBTCI resistant, Alcaligenes faecalis strain SD5 (a. Control and b.
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Antibiatic

Resistant (R ) / Sensitive (5)

Alcaligenes faecalis stroin 505

Klebsiella pneumoniae strain 509

Pseudomonas stutzeri strain DPL

Cephalothin 30meg/disc

R

R

Clindamycin 2 meg/disc

Cloxacillin 5 meg/disc

Gentamicin 10 meg/disc

Oxytetracyclin 30 meg/disc

Penicillin G 10 Units/disc

Co-Trimoxazole 25 meg/disc

Erythromycin 15 meg/disc

Amikacin 10 mcg/disc

Carbenicillin 100 meg/disc

Ciprofloxacin 10 meg/disc

Co-trimazine 25 meg/disc

Kanamycin 30 meg/disc

Nitrofurantoin 300 meg/disc

Streptomycin 10 meg/disc

Tetracycline 30 meg/disc

|l || m|w | ||l |a|lm | |wh |oo|oa|o;

Ky | |23a e | |en |20 |20 |20 |20 | |20 | 23|33

Sl e == =l R = R N R = = == ]

Table. 3.1

commonly used antibiotics.

Antibiotic resistance exhibited by TBTCI resistant bacterial strainsto
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(a) Alcaligenesfaecalisstrain SD5
(A.in absence of TBTCI (control) and B. in presence of 3mM TBTCI)

(b) Klebsiella pneumoniae strain SD9
(A.in absence of TBTCI (control) and B. in presence of 2mM TBTCI)

Fig. 3.8 (a, b) Detection of EPS production by TBTCI resistance bacterial strainson
Congo Red Agar

100



(a) Alcaligenesfaecalisstrain SD5
(A. EPS production in absence of TBTCI and B. EPS production in presence
of 3mM TBTCI) (magnification 40X)

(b) Klebsiella pneumoniae strain SD9
(A. EPS production in absence of TBTCI and B. EPS production in presence
of 2mM TBTCI) (magnification 40X)

Fig.3.9(a, b) Detection of EPS production by TBTCI resistance bacterial
strains by Alcian Blue Staining Technique.
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Fig. 3.10 Quantitative detection of EPS production by Alcaligenes faecalis
strain SD5 and Klebsiella pneumoniae strain SD9
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Fig. 3.11 Quantitative detection of total carbohydrates (TOC) in EPS produced
by Alcaligenesfaecalis strain SD5 and Klebsiella pneumoniae strain
SD9
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(a) Alcaligenesfaecalis strain SD5
(A.inMSM +0.1% glucoseand B.in MSM +3 mM TBTCI)

(B. Klebsiella pneumoniae strain SD9
(A.in MSM + 0.1% glucoseand B.in MSM +2 mM TBTCI)

Fig. 3.12 (a, b) Detection of sider ophores produced by TBTCI resistant
bacterial strains
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Fig. 3.13
bacterial strains

a. Catecholate type sider ophor e (produced by Alcaligenes faecalis strain SD5)
b. Hydroxamate type siderophor e (produced by Klebsiella pneumoniae strain SD9)

Chemical structure of siderophores produced by TBTCI resistant
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CHAPTER IV

MOILECUILLAR
BIOLOGICAL
CHARACTERIZATION
OF TBTCl RESISTANT
BACTERIAL ISOLATIES
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MATERIALSAND METHODS
4.1  Screening of plasmidsfrom TBTCI resistant bacterial strains

TBTCI resistant bacterial isolates were soeelefor the presence of plasmids in
order to confirm plasmid mediated TBTCI resistarfelasmid minipreps were done
using alkaline lysis method and analysed by 1% amgargel electrophoresis
(Birnboim and Doly 1979; Sambrook et al. 1989). iAgte bacterial colony was
transferred into 10 ml of ZMB and incubated ovemi¢l6 hrs) at 28 °C at 120 rpm.
1.5 ml of culture suspension was taken in an Eppdmdicrofuge tube and harvested
at 11,000 rpm for 5 min at 4°C. The supernatant siasarded leaving the bacterial
pellet. The pellet was suspended in 100 pl ice-agliscose EDTA tris-buffer
(solution ) (Appendix D.4) by vortexing and microfuge tube wssbsequently
incubated in ice for 10 min. Freshly prepared sofutl (200 ul) (Appendix D.4) was
added and the contents of microfuge were mixednbgriing the microfuge tubes
rapidly 4-5 times. The microfuge tubes were incadah ice bucket for 10 min. Ice-
cold solution 11l (150 ul) (Appendix D.4) was addadd the microfuge tubes were
gently vortexed to disperse solution Il througte thiscous bacterial lysate. The
microfuge tubes were incubate in ice for 3-5 molloved by harvesting at 11,000
rpm for 5 mins at 4°C. The clean supernatant wassterred into a clean microfuge
tube. Plasmid DNA was precipitated by mixing twdwoes of cold ethanol to the
supernatant and incubation at room temperature.cbh&ents were gently mixed by
inversion followed by incubation on ice for 2 mifhe sample in microfuge tube was
centrifuged at 11000 rpm for 5 min at 4°C. The soptant was discarded and the
pellet (plasmid DNA) was washed with 70% (v/v) celthanol. The supernatant was
discarded again and the pellet was allowed to drair for 10 min by keeping

microfuge tubes inverted on tissue paper. The digpcontaining plasmid DNA was
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resuspended in appropriate volume i.e. 20-50 uT®fbuffer (pH 8.0) containing
DNase free RNAse-A (20 mg/m1l) and stored at -20A@1 needed for agarose gel

electrophoresis analysis.

4.2  Genomic DNA extraction of TBTCI resistant bacterial strains

Genomic DNA of bacterial isolates was extrdd@lowing standard procedure of
Jones and Barlet (1990). The bacterial isolate waltured at 28 °C at 120 rpm, for
16 hrs in Zobell marine broth for estuarine isadat@ppendix A.3, A7). Culture
suspension (1.5 ml) was transferred in an eppencicfofuge tube followed by
harvesting for 2 minutes at 10,000 rpm using Eppéndefrigerated centrifuge
(Eppendorf 5417R, Germany). The supernatant waanted and cell pellet was air
dried. The cell pellet was resuspended in TE bufferepeated pipetting 30 pl of
10% SDS and 3 pl of 20 mg/ml Proteinase-K were ddaded mixed well and
suspension was incubated for 1 hr at 37°C. Equalhwe of phenol: chloroform (1:1)
was added and mixed well by inverting the tube |uiii phases are completely
mixed. The sample was harvested at 9,000 rpm atet>@0 min. The upper aqueous
phase was transferred to a new microfuge tube anécmal volume of phenol:
chloroform was added again followed by centrifugatat 9000 rpm at 4°C for 5
minutes. The upper aqueous phase was transferradn@w microfuge tube. 3 M
sodium acetate (1/fOvolume of aqueous phase) and isopropanol (0.6nvesuof
aqueous phase) were also added and mixed gerdhgén to precipitate the' genomic
DNA. This sample was centrifuged at 9000 rpm at 43C10 min to get the pellet
genomic DNA. The DNA pellet was washed with 0.54@%o cold ethanol and finally
resuspended the air dried pellet in appropriatemel of TE buffer depending on the

pellet volume. The genomic DNA of bacterial strawas subsequently used as
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template to detecibtB andBmtA genes in TBTCI resistant bacterial strains through

PCR analysis using gene specific primers.

4.3  Agarose gel electrophoresis of genomic and plasmid DNA

Agarose gel electrophoretic analysis of DNAef@mic DNA and plasmid DNA)
was performed using horizontal slab gels BG-10x616ms apparatus (Banglore
Genei, Bangalore, India) and 0.8 % agarose (with (@/ml ethidium bromide)
prepared in 1X TAE buffer (Appendix D.5). Electrapbsis was performed using 1X
TAE buffer (Appendix E.4) as electrode buffer ahstant voltage of 80 V for 90 min
in the gel. DNA samples (@ ) containing genomic DNA/ plasmid DNA were mixed
with 2 ul 6X DNA loading buffer (Appendix D.5), lefly spun using eppendorf
centrifuge and loaded into the wells of agarose figelded with 1X TAE buffer.
Large agarose gel electrophoresis units (BG-200¢ waéso used (Bangalore, Genei).
(Approximately 10x 15 cm, with capacity of 100 nilagarose gel solution) for 4 hrs
(80 V, IX TAE electrophoresis buffer). The electinopesis was done usually until the
dye front has travelled 2/3 rd of the agarose Die¢ agarose gel was visualized using
a gel documentation system (Alpha-Innotech, USA) @anage was saved in the
computer. If required, appropriate DNA markers (diZzkbps and 100 bps) were also
loaded on agarose gels in parallel wells along #ighDNA samples to determine the

size of the DNA fragments (Sambrook et al. 1989).
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44. Screening and detection of TBTCI resistance genes
44.1 Detection of Tbt B gene encoding a putative transporter proteinin
Pseudomonas mendocina strain DP4

PCR amplification offbt B gene (amplicon) was carried out using following
primers:

(Forward PrimerbtB3 5-CGCCGGCGCGTTATCGCTGG-3’
(Reverse Primer)btB4 5-GGTGGCGCACAGCGCCGGGG-3’
(Jude et al. 2004)

Genomic DNA of TBTCI resistarseudomonas stutzeri strain DP1 was used as
template (Jude et al. 2004). Geenomic DNA of TBE@éhsitiveE. coli HB101 was
used as a negative control. PCR reaction was peedusing 20 pmoles each primer,
25 ng genomic DNA as template, 0.2 mM each dNTPd &® U Tag DNA
polymerase. The total reaction volume was 50 pé Gbnditions included an initial
denaturation step of 94°C for 2 min followed by@@les of denaturation at 94°C for
1 min, annealing at 65°C for 1 min and extentio@2ftC for 1.5 min. Final extention
reaction was performed at 72 °C for 10 min. PCRdpob was analysed on 1%
agarose gel by agarose gel electrophoresis andt resmis recorded using gel
documentation system (Alpha Innotech, USA). Sizéhefamplicon was determined

by comparison with 1 kbps DNA ladder (Bangalorenieg

4.4.2 Detection of bacterial metallothionein gene (BmtA) in TBTCI resistant
bacteria
In order to investigate involvement of baakmetallothionein BmtA) gene in

TBTCI resistance inPseudomonas mendocina strain DP4, PCR amplification of
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bacterial metallothionein encoding ger@m{A) was carried out using genomic DNA
as a template with following primers :

Forward Primer: P3 5-GGTGGATCCCCATGAACAGCGAAACCT-3

Reverse Primer: P4 5-GGTGAATTCTCAGGGCGAGATCGGGTCGC

(Blindauer et al. 2002)

PCR was performed using PCR kit (Bangaloreeidndia) using 30 pmole of
each primer, 25 ng purified genomic DNA (templatf)iTPs (0.2 mM each), 1 unit
Taq DNA. PCR conditions include 10 min hot start step94°C followed by 30
cycles of PCR reactions with 94°C and 1min denéitnastep, 62°C, 1min annealing
step, 72°C and 1 min extension step. Final extengias also done at 72 °C for 10
min. PCR product was analysed on 1% agarose gafjasose gel electrophoresis and
result was recorded using gel documentation syg$fdpha Innotech, USA). Size of
the amplicon (bps) was determined using standa@dbpg® DNA marker (Bangalore

Genie, India).

45  Proteomic studies of TBTCI resistant bacterial strains
Proteomic studies were also conducted inrdadeonfirm involvement of specific
bacterial proteins such as membrane proteins andllothionein like proteins in

TBTCI resistance in these bacterial isolates.

45.1. SDS-PAGE analysisof whole cell proteinsof TBTCI resistant bacterial
strains
Whole cell lysates were prepared following eet of Hitchock and Brown
(1983). Bacterial cells were grown in MSM with ¥®M and 1 mM TBTCland

without TBTCI but 0.1% glucose (control) separattdy 24 hrs at 28 °C. Bacterial
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cells were harvested at 8000 rpm for 5 min at re@emperature, washed at least three
times with 10 ml PBS and resuspended in 10 ml PR$¢ndix B.2). Bacterial cells
resuspended in PBS (1.5 ml) were harvested in gofmige tube, the cell pellet was
resuspended in 100 pl of double strength (2X) sarsplubilizing buffer (Appendix
D.1) and incubated in boiling water bath (100 °©) 10 min.This sample was
harvested at 5000 rpm for 10 min at room tempeeatqund 10 pl of supernatant was
loaded on SDS-PAGE gel. Standard protein markeasm@Blore Genie, India) were
also loaded in a parallel lane in order to deteentime molecular mass of specific
proteins. Gel electrophoresis was performed usiXdriis- Glycine electrophoresis
buffer (Appendix D.1) at room temperature (28 °@lJdwing standard procedure of
Laemmli (1970). Protein samples were initially étephoresed at 35 mA until
tracking dye entered the resolving gel, subsequentirent was increased to 70 mA
and run was done till the tracking dye reachesobotof the resolving gel. The gel

was silver stained following standard proceduresr(&ook et al. 1989).

452 SDSPAGE analysisof periplasmic proteinsof TBTCI resistant bacterial
strains

Periplasmic proteins of bacterial isolates everxtracted by osmotic shock
treatment following modified method of Nossal andpidel (1966). Bacterial cells
were grown in 25 ml MSM with 0.5 mM amd 1 mM TBT@&hd with 0.1% glucose
(control) separately at 28 °C for 24 hrs at 120 .rpbells were harvested by
centrifugation at 8000 rpm for 30 min at 4 °C andshed twice with 1x PBS (pH
7.2). The washed cell pellet was resuspended in rAl5fractionation buffer
(Appendix) and incubated in ice for 10 min. Cellsres harvested at 8000 rpm for 10

min at 4 °C and the pellet was re-suspended im0 & ice-cold MgSQ with shaking
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at room temperature for 10 min. Supernatant coimgiperiplasmic proteins was
collected by centrifugation at 5000 rpm for 10 raind °C. The periplasmic protein
fractions (100 pl) from each bacterial isolates everixed with equal volumes (i.e.
100 pl) of double strength sample solubilizing feufincubated in boiling water bath
(100 °C) for 5 min and analyzed using SDS-PAGHo¥zed by silver staining
(Appendix). Standard molecular weight protein meskeere also used to determine
the molecular mass of specific periplasmic protei@e| electrophoresis was
performed using 1X Tris- Glycine electrophoresidféu(Appendix D.1) at room
temperature (28 °C) following standard procedure Laemmli (1970). Protein
samples were initially electrophoresed at 35 mAilumacking dye entered the
resolving gel, subsequently current was increasetDtmA and run was done till the
tracking dye reaches bottom of the resolving gkk Gel was silver stained following

standard procedures (Sambrook et al. 1989).

45.3 SDS-PAGE analysisof extracellular proteins of Klebsiella pneumoniae
strain SD9

Extra-cellular proteins were also extractedybywing bacterial cells in MSM with
2mM TBTCI and grown overnight at 28 °C, 120 rpm.llI€egrown in MSM
containing 0.1% glucose without TBTCI served astnCells were separated from
the supernatant by centrifugation at 8000 rpm forniin at 4 °C. The Cell free
supernatant was analysed using SDS-PAGE followedilbgr staining (Appendix
D.2). Standard molecular weight protein markers eweised to determine the
molecular mass of specific extracellular protei@s! electrophoresis was performed
using X Tris- Glycine electrophoresis buffer (Apped at room temperature (28 °C)

following standard procedure of Laemmli (1970). tBim samples were initially
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electrophoresed at 35 mA until tracking dye entdhexdresolving gel, subsequently
current was increased to 70 mA and run was donthdiltracking dye reaches bottom
of the resolving gel. The gel was silver stainetlofeing standard procedures

(Sambrook et al. 1989).

RESULTSAND DISCUSSION
4.6 Plasmid profile of TBTCI resistant bacterial strains

Agarose gel analysis of samples of TBTCI tasisbacterial strains revealed the
absence of plasmid in all the isolated bacteriedisé. This clearly indicates that
resistance to TBTCI in these bacterial strainsas governed by plasmids and the
genes encoding TBTCI resistance are located omusomal genome. The genetic
determinants conferring metal resistance in baxtenay either be present on
chromosomal genome, plasmids or transposons (Sl9&2). Bacterial plasmids
possess genetic determinants encoding resistarseyéoal toxic metal ions viz. &
Ca™, CrOs?%, Cu?, Hg™ Ni*?, PB? Sb® TeQ?, Ti* and Zi? (Silver 1992). Among
organometals, only organomercurial resistance @mnto be plasmid mediated in
bacteria (Oehlmann et al. 1991). Although therereperts of presence of plasmids in
TBTCI resistant bacterial strains (Miller et al.95, but till date no report of plasmid
mediated TBTCI resistance has been confirmed. Duadk of supporting evidence
with respect to plasmids involved in TBTCI resigt@nand availabilityof data
demonstrating specific chromosomal genes involvedt’s resistance, it has been
suggested that resistance to TBTCI may not be pthemediated but chromosomal
genome mediated (Fukagawa and Suzuki 1993; Mitled.€1995; Jude et al. 2004;

Fukushima et al. 2009; Cruz et al. 2010; Fukusheira. 2012).
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4.7 Agarose gel analysis of genomic DNA extracted from TBTCI resistant
bacterial strains

Agarose gel analysis of genomic DNA samplesnfrTBTCI resistant bacterial
strains viz.Pseudomonas salmonicida strain DP2,Pseudomonas stutzeri strain DP1,
Vibrio sp. strain DP3,Pseudomonas mendocina strain DP4, Chromohal obacter
salexigens strain DP5,Klebsiella pneumoniae strain SD9 andAlcaligenes faecalis
strain SD5 clearly revealed clean and very prontifamds of genomic DNA (Fig.
4.1).
4.8 Screening and detection of TBTCI resistance genes

TBTCI resistance in bacteria is not well saadiand there are very few reports
demonstrating involvelment of specific genes thatogle TBTCI resistance in
bacteria. These genes are mainly known to encoderaletransport proteins
suggesting efflux of TBTCI outside the bacteriallceas a resistance mechanism
(Fukagawa and Suzuki 1993; Jude et al. 2004; Cru.€010; Fukushima et al.
2012). In TBTCI resistanferomonas molluscorum Av27, SugE gene has
been reported which encodesigE protein belonging to small MDR
family, a lipophillic drug transporter (Cruz et aR010). Similarly a
chromosomal gene responsible for TBTCI resistand@dteromonas sp. M-1 has been
reported to encode proteins which are homologouskmown transport
proteins (Fukagawa and Suzuki 1993). Th&btRABM operon of
Pseudomonas stutzeri strain 5MP1 associated with TBT resistance is
also known to regulate efflux of toxic TBT from thieacterial cells
(Jude et al. 2004). Interestingly, a novel TBTClsistance gene,
PA0320 from Psuedomonas aeruginosa 25W which is a YgiWw

homologue ofE. coli has been reported (Fukushima et al. 2012). This
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gene is also known to confer resistance to TBTCI Hsuedomonas

aeruginosa 25W.

4.8.1 Detection of ThtB gene encoding a putative transporter protein in
Pseudomonas stutzeri strain DP1

It is interesting to mention thBseudomonas stutzeri possessedbtRABM operon
belonging to RND family which conferred multi-drugsistance along with TBT
resistance through efflux pump (Jude et al. 20B@R amplification offbtB gene of
this operon using genomic DNA of TBTCI resist&seudomonas stutzeri strain DP1
as a template and gene specific prim&tB3 and TbtB4 clearly demonstrated
presence of 1.4 kbp3bt B gene inPseudomonas stutzeri strain DP1(Fig. 4.2).
TbtRABM encodes various proteins involved in efflux pungtobging to the RND
family of genes. Amoung thes&btB encodes a transport proteilbtA encodes
membrane fusion protein afittM encodes outer membrane proteins which function
in synergy to extrude TBTCI outside the cell memieraf the Gram-negative bacteria
(Jude et al2004). Jude et ak004 have confirmed that thEbtB gene encodes a
putative transporter (transmembrane) protein wipdssessed four characteristic
motifs (A, B, C and D) homologous to RND transpmsteSince we have also got
similar results inPseudomonas stutzeri strain DP1, we may infer that TBTCI
resistance is conferred @ptRABM operon which regulates active efflux of this toxic
biocide to the cell exterior. Thus we may suggesIbRIABM operon mediated
removal of TBTCI outside the cells iRseudomonas stutzeri strain DPlas a

resistance mechanism.
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4.8.2 Detection of bacterial metallothionein gene (BmtA) in Pseudomonas
mendocina strain DP4

Metallothioneins (MTs) are small, cysteine dstidine rich proteins which bind
and sequester multiple metal ions and are ubigsiiioueukaryotes (Hamer 1986;
Vasak and Hasler 2000). Higher eukaryotes haveiptailinetallothionein genes; a
minimum of 4 and 16 in mice and humans respectip@lgst et al. 1990). SmtA from
Synechococcus PCC7942 is the only fully characterized prokaryatietallothionein
which is currently known as BmtA (Olafson et al889Robinson et al. 1990; Huckle
et al. 1993). Prokaryotic MTs have been identifisd various bacteria and
cyanobacteria whichincludesStigmatella aurantiaca, Lactobacillus johnsonii,
Corynebacterium glutamicum, Mycobacterium smegmatis, marine Synechococcus
CC9311, Microcystis aeruginosa and Pseudomonas fluorescens (Turner et al. 1996;
Pazirandeh et al. 1995; Blindauer et al. 2002).

Intracellular metal bioaccumulation and homasist in cell cytosol involves low
molecular weight, cystein-rich metallothioneins ehirange from 3.5 to 14 kDa
(Olafson et al. 1979; Hamer 1986). These uniquéeprs also demonstrate induction
in response to specific heavy metals such as Cd,ZRp and Cu (Gadd 1990;
Pazirandeh et al. 1995; Turner et al. 1996; Blirdaat al. 2002; Liu et al. 2003; Naik
et al. 2012 a, b). Metallothioneins (MTs) play amportant role in immobilization of
toxic heavy metals thereby protecting bacterial abelic processes catalysed by
enzymes (Blindauer et al. 2002; Liu et al. 2003)eBal cyanobacterial and bacterial
strains have been reported to encode metallothisrfer maintaining cytosolic metal
homeostasis vizSynechococcus PCC 7942 $mtA), Anabaena PCC 7120 @mtA),
Oscillatoria brevis (BmtA), Pseudomonas aeruginosa (BmtA) and Pseudomonas

putida (BmtA) (Robinson et al. 1990; Turner et al. 1996; Blnelaet al. 2002; Liu et
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al. 2003; Naik et al. 2012aPseudomonas sp. S8A when exposed to >10 mgll
cadmium showed induction of unidentified 28 kDatpno responsible for cadmium
resistance (Kassab and Roane 2006). It is integesti note that genetically modified
Escherichia coli expressing the metal binding peptide was also dstreted to
possess enhanced binding of°Cend HG* compared to bacterial cells lacking this
metal binding peptide (Pazirandeh et al. 1998).

In our experiment, TBTCI resistaRseudomonas mendocina strain DP4 showed
PCR amplification of 250 bps amplicon indicatingegence of bacterial
metallothionein geneBmtA (Fig. 4.3). The involvement of BmtA geneencoded
metallothionein protein may thus be suggested ifezang TBTCI resistance in this
bacterial strain. Metallothioneins are reportedntintain intracellular homeostasis of
essential metal ions viz. ) Co™ and Cii® and also sequester toxic metal ions viz.
Cd", Hg', PB? etc. (Blindauer et al. 2002; Liu et al. 2008)though till date no
reports on metallothionein governed organotin tasse have been documented, it is

imperative to understand the role of bacterial ft@tdaoneins in TBTCI resistance.

49  Proteomic studiesof TBTCI resistant bacterial strains
4.9.1 SDS-PAGE analysisof whole cell proteinsof TBTCI resistant bacterial
strains

Microorganisms including bacteria expresssstrimduced proteins in response to
stress stimuli viz. heavy metals, oxidative ages#dinity, temperature and organic
toxicants (Highgam et al. 1984; Harwood-Sears aadd@, 1990; Noel-Georis et al.
2004; Sharma et al. 2006; Cheng et al. 2009; Raamatthn and Dubey, 2009;
Yildirim et al. 2011; Bernat et al. 2014).One oétbommon mechanisms of metal

resistance in bacteria is induction of specific ahdtinding proteins facilitating the
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sequestration of toxic metals inside the cell. Twmpper-inducible supernatant
proteins viz. CuBPl and CuBP2 with molecular maSskDa and 21 kDa were
identified in marine bacteriun¥jibrio alginolyticus which were 25-46 times amplified
in the supernatant of copper-challenged cultureaaspared with control.Thus these
proteins facilitated copper accumulation and horesis (Harwood-Sears and
Gordon, 1990). Similarlyseudomonas fluorescens exposed to lead although showed
18 differentially expressed proteins, but only @netein could match significantly to
spoVG protein which showed Pb-induced up-regulaf{®marma et al. 2006). These
unique proteins also demonstrated induction inaese to specific heavy metals such
as Cd, Pb, Zn, and Cu (Gadd 1990; Harwood-SearsGandon 1990; Turner et al.
1996; Blindauer et al. 2002; Liu et al. 2003; Sharhal. 2006; Yildirim et al. 2011).
Similar response was observed in TBTCI resistahtio sp., where up-regulation of
two polypeptides of approximately 12 kDa and 30 kies observed when cells were
grown in the presence of 128 TBTCI (Fukagawa et al. 1992).

In our investigation, TBTCI resistant bactegfrains grown in MSM with TBTCI
clearly revealed up-regulation of several whold padteins.Aeromonas salmonicida
strain DP2 showed upregulation of two whole cetitpins of molecular mass of 12
kDa and 100 kDa respectively (Fig. 4.4 a). Simylari Pseudomonas mendocina
strain DP4 a prominent upregulation of two low neol@r mass proteins viz. 14 kDa
and 10 kDa (Fig. 4.4 e). While iNibrio sp. DP3 three whole cell proteins of
approximate molecular mass viz. 66 kDa, 44 kDa4h#&Da were upregulated (Fig.
4.4 c). But inChromohalobacter salexigens strain DP5 no such upregulation of any
whole cell proteins was observed (Fig. 4.4 b).

In Pseudomonas stutzeri strain DP1 two whole cell proteins of approximate

molecular mass 112 kDa and 98 kDa respectively vpeaeninently upregulated
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while a protein of approximate molecular mass 5@ lkbowed slight upregulation in
presence of TBTCI (Fig. 4.4 d). Interestingly, seisdalready carried out on TBTCI
resistant Pseudomonas stutzeri strain 5MP1 have suggested involvement of a
TbtRABM operon in conferring TBTCI resistance. It is imaoit to mention that the
ThtB gene of this operon is known to encode a proteirila.1 kDa (Jude et al. 2004).
In our earlier experiment, we have already confairpeesence of 1.4 kbps amplicon
of ThtB gene in the estuarine bacterial isol&seudomonas stutzeri strain DP1.
Therefore analysis of the whole cell protein peftf this strain, demonstrating
possible presence and up-regulation of a 112 kDalevhell (transporter) protein
further confirms presence dbtB gene and its involvement in TBTCI resistance in

this bacterial strain, through efflux mechanism.

4.9.2 SDS-PAGE analysis of periplasmic proteins of TBTCI resistant bacterial
strains

In bacterial cells the periplasmic space isoiwed in various biochemical
pathways including nutrient acquisition, synthesdipeptidoglycan, electron transport
and detoxification of toxic substances (Miller &tE83; Ramachandran and Dubey
2009). InE. coli and S typhimurium periplasmic proteins are involved in transport
and chemotaxis (Miller et al. 1983). The up-regolatof protein expression has
already been reported in TBTCI resist#itirio sp., which exhibited synthesis of two
polypeptides of approximately 12 k Da and 30 k\@fzen cells were grown in
presence of 125 uM TBTCI (Fukagawa et al. 1992gan%$criptome analysis of
tributyltin resistant bacteriunfPseudomonas aeruginosa 25W, exposed to 500 pM
TBTCI also revealed up-regulation and down- regoitebf Six genes respectively.

Interestingly, the down-regulated genes were ireln transcription and translation
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(Dubey et al. 2006). Similarly expression of TBT@duced three periplasmic
proteins of molecular mass 43, 63 and 68 kDa wss r@ported in a TBTCI-resistant
marine sediment isolat@lcaligenes sp. suggesting their possible involvement in
resistance as well as degradation of TBTCI (Rdramadran and Dubey 2009). The
site of action of organotins may be both at cyteplz membrane level as well as
intracellular level. Studies on the effect of TBTGh certain microbial enzymes
indicates that in some bacteria TBTCI can inteveaitih cytosolic enzymes (White et
al. 1999). TBTCI also acts on mitochondria and atast causing exchange of ions
through the membranes, inhibiting phosphorylatiod ATPase activity.

Our studies have confirmed up-regulation ofiotes periplasmic proteins in
TBTCI resistant bacterial isolates on gradual iaseein TBTCI concentrations in the
growth medium (Fig. 4.5 a-elhe periplasmic protein profile of TBTCI resistant
Pseudomonas mendocina strain DP4 revealed upregulation of a protein h@vi
molecular mass of approximately 14 kDa in presesicEBTCI (Fig. 4.5 e). This 14
kDa protein may be a metallothionein which may keyipg a role in transport of
TBTCI in and across the cell. Thus, it may be inagige in understanding the
resistance mechanism adopted by this bacteriahsaigainst TBTCI. As mentioned
earlierPseudomonas mendocina strain DP4 showed presence of 250 bps amplicon of
corresponding tdBmtA gene (Fig. 4.3) which is known to encode low molacu
weight prokaryotic metallothioneins (4 kDa -14 kDa@he presence and up-regulation
of 14 kDa protein inPseudomonas mendocina strain DP4 further confirms
involvement of metallothioneins in conferring TBT@sistance in this bacterial
strain. This is the first report where a TBT remnstbacterial isolate showed presence
and up-regulation of low molecular weight proteinceded byBmtA gene. Our

investigation has clearly demonstrated tiseudomonas mendocina strain DP4
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exhibits bacterial metallothionein mediated resiseaby accumulating significantly
high levels of TBTCI (i.e. 8 pg/g dry weight) intellularly which was clearly
demonstrated by AAS, PCR amplification and SDS-PA&talysis. This unique
characteristic of this TBTCI accumulating strainyniee exploited for bioremediation
of environmental sites contaminated with considigratgh levels of toxic TBTCI.

InAeromonas salmonicida strain DP2 upregulation of four periplasmic progei
with approximate molecular mass viz. 12 kDa, 18 kR& kDa and 32 kDa
respectively was observed in presence of TBTCI. (#i§ a). Interestingly, the 12 kDa
protein was also found to have been upregulatgniasence of TBTCI as observed in
the whole cell protein profile of this bacterialrash (Fig. 4.4 a). This data
substantiates that TBTCI regulates the up-reguiatib 12 kDa protein found in
Aeromonas salmonicida strain DP2.

Pseudomonas stutzeri strain DP1showed slight up-regulation of approxeha50
kDa protein (Fig. 4.5 d) which was also observebdeaaip-regulated in the whole cell
protein profile in presence of TBTCI (Fig. 4.4 dhis may thus be some transport
protein helping the transport of TBTCI across tledl cnembrane. In our earlier
experiment, we have also confirmed presence oklip$é amplicon offbtB gene in
TBTCI resistantPseudomonas stutzeri strain DP1 (Fig. 4.2). This gene is known to
encode a 52 kDa membrane transporter protein.dstiegly, these findings viz.
presence offibtB gene and up-regulation of 50 kDa proteirPseudomonas stutzeri
strain DP1 go hand in hand with earlier reportsTaRABM operon and a 52 kDa
outer membrane protein in TBTCI resist@seudomonas stutzeri strain 5MP1 (Jude
et al. 2004). Thus it may be assumed that theseT®/DCI resistant strains possess

TbtRABM operon regulating TBTCI resistance through efflux.
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4.9.3 SDS-PAGE analysisof extracellular proteins of Klebsiella pneumoniae
strain SD9

Extracellular protein fraction basically conses of proteins secreted by the
bacterial strains into the growth medium involvitingir secretory systems. Several
commercially important microbial enzymes viz. ansg@s, protease, xylanases and
ligninases etc. are often secreted outside the wdlich aid in breakdown of complex
compounds (D’costa et al. 2013). Organotins incigdiributyltin chlorides are
complex and persistent organic pollutants which laaken down slowly into their
lesser toxic derivatives viz. DBT and MBT througiemvise removal of it's butyl
groups. This may be mediated by certain enzymeshwthirectly or indirectly would
aid in the degradation of this toxic biocide. Ityra@so be taken into consideration
that several biomolecules such as siderophoresalare liberated into the growth
medium which help in quenching and sequestratiomBI'Cl thereby decreasing its
bioavailability and toxicity to the growing bact@ricells (Sampath et al. 2012).
Several such factors may therefore be respongiblmérease in extracellular protein
concentration and up-regulation or induction of TBpecific proteins.

Our studies have clearly indicated up-regafatiof 54 kDa and 66 kDa
extracellular proteins and significant induction @flow molecular mass 15 kDa
protein in the extracellular protein fractionkiiebsiella pneumoniae strain SD9 when
cells were exposed to 2 mM TBTCI (Fig.4.6). It mag noted that this strain is a
TBTCI degrader bacterial strain also shows enhampereduction of siderophores in
presence of TBTCI (Fig. 3.13 b). Siderophores dtenoknown to possess low
molecular weight protein moieties. The inductioria molecular weight proteins by
TBTCI thus may be correlated indirectly to prodantiof siderophores in this

bacterial strain. Although up-regulation of wholellcproteins, outer membrane
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proteins and periplasmic proteins in presence of @Bhas been reported earlier
(Fukagawa et al. 1992; Dubey et al. 2006; Ramaaianand Dubey 2009), but this
is the very first report showing induction and @gulation of extracellular proteins in

resistant bacterial strains due to TBTCI.
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Fig. 4.1

Genomic DNA profilesof TBTCI resistant bacterial strains

Lane 1: Pseudomonas stutzeri strain DN2

Lane 2: Klebsiella pneumoniae strain SD9
Lane 3: Alcaligenes faecalis strain SD5

L ane 4: Pseudomonas stutzeri strain DP1
Lane5: Vibrio sp. DP3

L ane 6: Pseudomonas mendocina strain DP4
Lane 7: Chromohalobacter salexigens strain DP5
Lane 8: Aeromonas salmonicida strain DP2
Lane9: E. coli HB101

Lane M: DNA ladder 1 kbps
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Tht B amplicon (1.4 kbps)

Fig. 4.2 PCR amplification of ThtB amplicon using the ThtB specific primer pair
Lane 1: DNA ladder (1 kbp)
Lane 2: Negative control using genomic DNA of TBTCl-sensitive E. cali
HB101 astemplate
Lane 3: ThtB amplicon (1.4 kpbs) using genomic DNA of TBTCI

resistant Pseudomonas stutzeri strain DP1 astemplate
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BmtA amplicon

(250 bps)

Fig. 4.3 PCR amplification using BmtA specific primer pair
Lane 1: Negative control using genomic DNA of TBTCl-sensitive E. coli
HB101 astemplate
Lane 2: BmtA amplicon (250 bps) using genomic DNA of TBTCI
resistant Pseudomonas mendocina strain DP4 as templates
Lane: M DNA ladder (100 bps)
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(b) Chromohalobacter salexigens strain

(d) Pseudomonas stutzeri strain DP1

Fig. 4.4 (a-e) SDS-PAGE analysis of whole cell proteinsof TBTCI resistant bacterial

strains

Lane 1: SDS-PAGE marker

Lane2: MSM + 0.1% glucoe (Control)

Lane3: MSM + 0.5mM TBTCI
Lane4: MSM +1mM TBTCI
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(e) Pseudomonas mendocina strain DP4

Lane 1: SDS-PAGE marker
Lane2: MSM + 0.1% glucoe (Control)
Lane3: MSM + 1 mM TBTCI
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(a) Aeromonas salmonicida strain DP2  (b) Chromohal obacter salexigens strain DP5

. (c) Vibrio sp. DP3 (d) Pseudomonas stutzeri strain DP1

Fig. 4.5 (a-e) SDS-PAGE analysisof periplasmic proteinsof TBTCI resistant bacterial
strains
Lane 1: SDS-PAGE marker
Lane2: MSM + 0.1% glucoe (Control)
Lane3: MSM +0.5mM TBTCI
Lane4: MSM + 1 mM TBTCI
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Fig. 4.6 SDS-PAGE analysis of extracellular proteins of TBTCI resistant
Klebsiella pneumoniae strain SD9
Lanel: MSM + 0.1% glucose (control)
Lane2: MSM +2mM TBTCI

Lane 3: SDS-PAGE marker
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CONCLUSION



Ship building sites release appreciably harels of TBTCI, which poses a serious
threat to both, target and non-target aquatic biotaGoa including bacteria.
Microorganisms possess variety of resistance mesmmarto withstand TBTCI.

The present study deals with isolation andogical characterization of bacteria
from TBTCI contaminated Zuari estuary of Goa, Inds@ochemical and molecular
biological studies carried out on these bactesalaites, revealed several resistance
mechanisms and their role in resistance to TBT8&SE mechanisms include:

() Biodegradation of TBTCI and its utilization as dessource of carbon.

(i)  Biotransformation of TBTCI into its lesser toxicrdatives viz. DBTC} and
MBTCls.

(i)  Morphological alterations in the cells to reduce #inea of exposure to TBTCI.

(iv)  Production of siderophores and EPS as a protecth@chanism of
sequestration of TBTCI.

(v)  Induction and up-regulation of specific whole ceglkriplasmic and extra-
cellular transport proteins in presence of TBTGlyig a significant role to
resist TBTCI stress.

(vi) Presence ofBmtA gene encoding one bacterial metallothionein pmotei
involved in possible intracellular sequestratiormBfTCI.

(vii)  Presence of transport protein (50 kDa) encodeditibg gene which is known
for efflux of TBTCI to the cell exterior.
These interesting findings on TBTCI remig bacteria will definitely facilitate
in understanding the various cellular responsesnagdBTCI stress as well as in

designing strategies for bioremediation of TBTQhtaoninated environmental sites.
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SUMMARY



Tributyltin is a potent biocide used in marine #@miling paints to paint
submerged surfaces of ships, boats and marinaoptafto prevent attachment and
growth of barnacles, algae, mussels, tube worms @her marine organisms.
Although an effective anti foulant, it poses thréata variety of non-target marine
organisms causing several lethal and carcinogeffiects and as well gets
biomagnified in the food chain. Due to this, theONbanned the usage of this biocide
in marine anti fouling paints. Despite this, itgsll found to be persistant at toxic
levels in marine sediments and water columns. éstargly, some natural microbial
strains employing a variety of protective mechamsigian survive even toxic levels of
this anti fouling agent. Various strategies throwghich they resist high levels of
tributyltin include utilization as sole source arbon, degradation or transformation
into less toxic derivatives, efflux, extracellularequestration and intracellular
bioaccumulation It is interesting to note that tip@gsess certain proteins and genetic
determinants (genes) conferring organotin resistamt chromosomal genome. This
unique characteristic of tributyltin resistant nolbes including bacteria makes them

an ideal tool for bioremediation of environmeniés contaminated with this biocide.

> In the present study we have screened several TBEB&tant bacterial strains
from ship building sites of Zuari estuary of Goaiethis known to be heavily
contaminated with TBTCI due to extensive ship boddactivity.

» Thirty six potential TBTCI resistant bacteria weselected from these
estuarine ship building sites for further charaztdion.

» Based on growth in liquid media (ZMB and MSM) amded with 1 mM
TBTCI, eight bacterial isolates showing good growtre selected for further

characterization.
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» Based on morphological, biochemical characterisfiedty acid methyl esters
profile and molecular characteristics (16S rDNA ws&tring) these TBTCI
resistant bacterial strains were identified. Theselude: Pseudomonas
mendocina strain DP4, Pseudomonas stutzeri strain DP1, Klebsiella
pneumoniae strain SD9 Alcaligenes faecalis strain SD5 Chromohal obacter
salexigens strain DP5 Vibrio sp. DP3 Aeromonas salmonicida strain DP2 and
Pseudomonas stutzeri strain DN2.

> All the identified TBTCI resistant bacterial strairare capable of utilizing
TBTCI as a sole source of carbon.

> Klebsiella pneumoniae strain SD9, Alcaligenes faecalis strain SD5 and
Pseudomonas stutzeri strain DN2 resist TBTCI upto concentration of 2 rbiy
utilizing it as a sole source of carbon and tramsfog it into less toxic
derivatives viz. DBTCl and MBTC} as revealed by TLC profiles, IR, NMR
and Mass spectrometric analysis of degradationyatsdpresent in their cell
free supernatants.

> Klebsiella pneumoniae strain SD9 and\l caligenes faecalis strain SD5 showed
enhanced production of siderophores and EPS inepcesof TBTCI as
demonstrated by CAS agar and Alcian blue stainasgectively.

> Interestingly,Klebsiella pneumoniae strain SD9 also revealed induction of 15
kDa protein and up-regulation of 66 kDa and 54 Kidateins which were
secreted extracellularly in the growth medium.

» Pseudomonas stutzeri strain DN2 andKlebsiella pneumoniae strain SD9
showed morphological alterations in presence ofN WBTCI as wrinkling
and roughening of cell surface and reduction in sk to tolerate TBTCI

which was clearly revealed by SEM analysis.
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> Klebsiella pneumoniae strain SD9, Alcaligenes faecalis strain SD5 and
Pseudomonas stutzeri strain DP1 showed resistance to various commordy us
antibiotics which suggested a similar mode of tasise adopted to counteract
TBTCI stress.

» Pseudomonas mendocina strain DP4 resists 1 mM TBTCI by intracellular
bioaccumulation of 8 pg/l of TBTCI and producelazterial metallothionein
(bmtA) which was evidently demonstrated by AAS, SBSGE and PCR
amplification.

» Pseudomonas stutzeri strain DP1 resists 1 mM TBTCI by efflux of TBTCI as
it clearly possessed transport protein of molecutass, 50 kDa which is
probably encoded bybtB gene as confirmed by SDS PAGE and PCR

analysis.

These studies carried out on TBTCI rasistbacteria revealed a variety of
interesting findings with respect to their TBTClkigtance mechanisms. Therefore
these bacterial isolates may prove to be potebi@bgical tools to bioremediate

TBTCI contaminated sites.
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FUTURE

PROSPECTS



| have planned to extend my future studies onalewing aspects:

(i) ldentification and characterization of TBTCI inddcgansport proteins along
with bacterial metallothioneindmtA) using 1D, 2D-gel electrophoretic analysis
followed by MALDI-TOF-MS/ LC-MS.

(i) ldentification and characterization of TBTCI reaiste genes: molecular
cloning, gene expression and regulation.

(iif) Development of TBTCI sensors using transddpal fusion of TBTCI
induced gene promoters witlx genes.

(iv) Molecular characterization of TBTCI resistant leaictl strains will be carried
out in depth to explore various other mechanismsTBifCl resistance viz.

siderophore production, changes in cellular lif®S synthesis.
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