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The toxicity of butyltin, phenyltin and inorganic
tin compounds to three pure strains of sulfate-
reducing bacteria (SRB), isolated from a tribu-
tyltin (TBT)-polluted sediment, was determined.
The isolated strains were identified as belonging
to the genusDesulfovibrio. A new toxicological
index (GR25) was developed to assay the toxicity
of organotin compounds. Deleterious effects on
suspended anaerobic cell cultures were observed
for concentrations ranging between 500 and
600mM for tin tetrachloride, 55 and 260mM for
triorganotins, 30 and 90mM for diorganotins,
and 1 and 6mM for mono-organotins. Whereas
the number of substituents influenced the
toxicity of organotins, the type of substituent
(butyl or phenyl) proved to have little or no
impact. Trisubstituted compounds (tributyl- and
triphenyl-tin) were less toxic to these strains of
SRB than the monosubstituted forms (mono-
butyl- and monophenyl-tin). This is the opposite
trend to that currently reported for aerobic
organisms. Under the given anoxic conditions,
the toxicity of organotin compounds obtained
yielded a significant negative correlation with
the total surface area (TSA) of the tested
molecules. Comparison of the TBT toxicity data
observed for different microbial groups suggests
that the tolerance of bacteria to organotin
compounds might be related to organotin–cell
wall interactions as well as to aerobic or anaer-
obic metabolise pathways. Copyright# 2000
John Wiley & Sons, Ltd.
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1 INTRODUCTION

Organotin compounds (OTs) are used by industry
as plastics stabilizers and biocidal agents, etc.1 The
biocidal applications generate direct entries into the
environment and can result in acute contamination
of aquatic environments around the world.2,3

Tributyltin (TBT) is one of the most efficient and
most toxic components added to antifouling paints.
Its dispersion in the environment has caused serious
deleterious effects on shellfish, even at very low
concentrations (ng lÿ1).4–8 The environmental
hazards associated with TBT have provoked
regulation and restricted use of TBT-containing
antifouling paints. Despite of the fact that direct
anthropogenic input should have been (in principle)
reduced, the decrease in contamination of ecosys-
tems has not been clearly demonstrated in every
area. Indeed, due to their weak degradability in
anoxic sediments, butyltin compounds remain a
potential source of contamination for aquatic
environments.9–11 Triphenyltin (TPheT) is used in
agriculture as acaricide and fungicide and, to a
lesser extent, in antifouling paints. However, its
toxic effects are not fully known.12,13

It is generally believed that the toxicity of
organotin compounds increases with increasing
size of the alkyl group of the OT molecule and
with increasing substitution of the tin atom.14,15

Previous studies on a wide variety of organisms
(eukaryotes and prokaryotes) showed that trisub-
stituted tin compounds were more toxic than their
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tetra- and mono-substitutedcounterparts.12,13,16–20

Some of this work also demonstratedthat OT
toxicity was dependenton the nature of the
substitutents.12,18 Various parametershave been
testedto estimaterelationshipsbetweenmolecular
structureand biological activity, especiallythose
that representthehydrophobicityof themolecules.
For example,the Hanshconstantsor the octanol/
waterpartitioncoefficients(Kow) havebeenshown
to be correlatedwith the toxicity of OTs.13,21–23A
goodcorrelationbetweenthe toxicity of organotin
compoundsanda topologicalparametersuchasthe
total surfacearea(TSA) of themoleculeshasbeen
demonstratedaswell.17

Most resultspublishedto dateon toxicity studies
were obtainedwith aerobicbacteria.Few studies
have focusedon anaerobicbacteria,even though
the highest concentrationsof tin compoundsare
usuallyfoundin theanoxicpartof sediments.Belay
et al.24 showedthat methyltins were more toxic
to anaerobesthan butyltins and that TBT was the
least toxic compoundfor methanogenicand sul-
fate-reducing bacteria. Likewise, Boopathy and
Daniels25 demonstratedthat, in contrastto results
obtained with aerobes,the toxicity of OTs to
methanogenicbacteriadecreasedastheTSA of the
moleculesincreased.

Generally, in marine and brackish anoxic
environments, sulfate-reducing bacteria (SRB)
represent a major part of the total bacterial
populationandcontributelargely to organicmatter
degradationprocesses.26 In the TBT-contaminated
coastalsediments,SRBsare often in contactwith
high levelsof tin compoundsandthesebacteriaare
believed to be mainly responsible for their
biotransformation.27–29 However, their tolerance
of OTs has been poorly studied and should be
furtherinvestigatedsincethisgroupof bacteriamay
affect the persistenceor the transformationof tin
chemicalspeciesin theaquaticenvironment.

The presentwork evaluatesthe toxicity of tin
compoundsto Desulfovibriostrainsisolatedfrom a
TBT-pollutedsediment.A newtoxicologicalindex
has been developedfor SRB cultures grown in
liquid media, in order to minimize possible
interferencesbetweenmetals and gelling agents
and also to evaluate toxic effects at low OT
concentrations.The toxicity values obtained for
butyl- and phenyltin compoundswere compared
with the TSA to determinea structure–toxicity
relationship.Thepresentstudyandothercontribu-
tions13,17,25 clearly demonstrateoppositecorrela-
tions between aerobic and anaerobicmetabolic
pathwayswith respectto organotincompounds.A

comparisonof TBT toxicity for different bacterial
groupsdemonstratesthe role of cell-wall structure
(Gram-positive or Gram-negative staining) in
bacterialtoleranceof organotincompounds.

2 MATERIAL AND METHODS

2.1 Sample collection

Bacterial strains were isolated from sediments
sampledin ArcachonBay, France.ArcachonBay
is a lagoon located in the south of the Atlantic
Frenchcoast.Thewatersalinity rangesbetween20
and 35gÿ1. The deleterious effects of TBT
pollution were demonstratedin this ecosystemin
theearly 1980s.

Sedimentsampleswere collected in Arcachon
harbor,wherebacteriahave long beenin contact
with high levelsof TO compounds.Sampleswere
collectedwith a Plexiglashand-corerand kept in
the dark at 4 ° C before isolation of the bacteria.
Muddy anoxic sediments contained a sulfide
concentration(free H2S� acid volatile sulfides)
of about50mM andaverageTBT concentrationsof
150ng gÿ1 (asSndeterminedby GC/FPD).11,30

2.2 Isolation and identi®cation of
strains of sulfate-reducing bacteria
(SRB)

SRB enrichmentswere obtainedat a depthof 5–
10cm in the sediment and were grown in a
synthetic medium according to Pfennig et al.31

after threeconsecutivetransfers.
Sulfate-reducingbacteria were isolated after

enrichmentin the samesynthetic media. Strains
were isolatedby successivedilution agarshaking
seriesin anaerobicconditionsusing the Hungate
technique.Purestrainswere maintainedin liquid
culture in 120ml bottles sealed with rubber
stoppers.The purity of the strainswascheckedby
phase-contrastmicroscopy(OlympusmodelBH-2)
andby growth tests(both aerobicallyandanaero-
bically) in sulfate-freeTYG medium.The strains
(PA 2803,PA 2804,PA 2805)were identified by
morphological observations and biochemical
growth tests.The morphologyof the bacteriawas
examinedby phase-contrastmicroscopy.Metabolic
testswere performed32 in order to determinethe
utilization of various carbonand energysources,
theutilization of diverseelectronacceptorsandthe
potentialfermentativegrowthof bacteria.
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2.3 Tin compounds

Tin compounds[SnCl4, (C4 H9) SnCl3, (C4 H9)2
SnCl2, (C4 H9)3 SnCl, (C6 H5) SnCl3, (C6 H5)2
SnCl2, (C6 H9)3 SnCl] werepurchasedfrom Strem
Chemicals,France,andwereusedwithout further
purification. Stock solutions were prepared in
ethanol (100%). Final ethanol concentrationsin
test-tubeswerelessthan10mM. Referencecultures
without tin compoundsweregrownin thepresence
of 10mM ethanol to determine the possible
stimulationor inhibition effects.

2.4 Selection of a toxicological
index

In toxicity studies,variousmethodscanbeusedto
determinethe level of a pollutantthatmight affect
micro-organisms adversely. Each experimental
approachaimsto reflectrealprocessestakingplace
in the environment.However,experimentalcondi-
tions are generally far from field conditionsand
may lead to severe limitations in the results
obtained. We have therefore developeda rapid

and simple methodto evaluateOT toxicity under
anoxicconditions.

Previouswork wasusuallybasedon theuseof a
solidified culture medium to test the toxicity of
organotincompoundsto bacteria33,34 or yeasts.16

However, it is well known that interactions(e.g.
chelation, complexation)betweencompoundsof
tin (or other metals)and gelling agentscan occur
and affect the general results obtained.19,35,36

Homogeneityof the gel mediawith respectto tin
concentrationmay also be a problem.In order to
bypasssome of these inconveniences,we have
chosen to develop our test in a liquid culture
medium.

Different conditions and indexes have been
defined to expressthe toxicity of a molecule.
Inhibiting concentrationsof the compound are
often used in such experiments.One common
inhibition index is the minimum inhibiting con-
centration(MIC), which is thelowestconcentration
of OT that causesa completeinhibition of growth.
This approach has been used for trialkyltin
chlorides37 or TBT34 and the index values(MIC
values)obtainedrangebetween1 and 3000�gÿ1

Figure 1 Effect of two concentrationsof monophenyltin(Phe) on the growth of Desulfovibrio strain PA 2803. Each curve
representsa replicateculture.Absorbancesweremeasuredat 450nm every4 h. Symbolsrepresentthevaluesmeasuredduring the
exponentialphaseof growthwhich wereusedto calculatethegrowth ratefor eachreplicate.
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for Clostridia, Pseudomonadsand Enterobacteria.
Such elevated concentrations,however, do not
correspondto thoseusually found in the environ-
ment.Furthermore,spiking of suchhigh levelsof
OTs in cultures may lead to precipitation and
complexationof the tin compounds.This phenom-
enonis particularly likely with high-ionic-strength
media.38 Toxic effectsbelow the lethal concentra-
tions can be recordedby determiningchangesin
bacterialmetabolicactivity or the total growth in
liquid cultures.Jonaset al.39 compareddifferent
methodsto determinethetoxic effectsof metaland
organometalto microbial communities.Recording
the incorporationof [3H]thymidine appearedto be
more sensitivethan viability tests.This test was
alsomoreapplicableto alargediversityof bacterial
communitiescomparedto results obtained with
[14C]glutamateincorporation(asasubstrate).Belay
et al.24 studiedtheeffectof alkyltin compoundson
methane(CH4) productionby methanogenicbac-
teria. These methodsyield good results but an
easiermethod is the direct measurementof the

culture growth. This measurementmost typically
relieson the determinationof the culture turbidity
by direct recordingof the absorbance.24,25,37It is
generallyacceptedthat thefinal stateof theculture
is obtainedjust after reachingthe stationaryphase
of populationgrowth.

BoopathyandDaniels25 haveusedanIC50 index
correspondingto the concentrationof organotin
compoundsresulting in a decreaseof half of the
final absorbancecompared to that of control
culturesgrown in the absenceof the OT. In such
experiments,the maximalabsorbanceis moreand
more slowly reachedas the concentrationof the
pollutant increases.This time dependencemakes
for a difficult comparisonof thedataobtained.

To avoid that, we haverecordedandcalculated
thegrowthratesin liquid mediafor thedifferenttin
concentrationsstudied.Further, the growth rates
can be determined earlier than the maximal
absorbancevalues.

Undertheexperimentalconditionsto bestudied,
the bacterial cultures were distributed in three

Figure 2 Exampleof toxicological index GR25 determinationfrom meangrowth rate (�) for PA 2803 subjectedto different
tributyltin concentrations.Vertical barsindicatethe confidenceinterval (95%).
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Hungate tubes for each tin compoundand the
concentrationwastested.Thegrowthof theculture
in the previously cited synthetic medium was
checkedevery four hoursby direct measurement
of the absorbanceof the culture at 450nm with a
spectrophotometer(Spectronic20D; Milton Roy)
(Fig. 1). Theexponentialgrowthratewasestimated
from the slope of the regressionobtained by
plotting absorbance(on a log scale)versustime.
The meangrowth rate was determinedfrom nine
Desulfovibrio cultures (three strains with three
different replications). The growth rates were
plotted as a function of the tin compound
concentration for all the different strains and
moleculestested(an exampleis presentedin Fig.
2). The toxicological index (GR25) was defined
graphically as the concentrationof the tin com-
poundwhich resultedin a growth rate25% lower
thanthereferencevalueobtainedin theabsenceof
tin for thesameculturesunderidenticalconditions
(Fig. 2). The 25% value was chosenbecauseOT
concentrationsleading to a 50% decreaseof the
growthrateweretoohigh,andweakfluctuationsof
the OT concentrationyielded rapid variations in
growth rates. Moreover, with such elevatedOT
concentrationstheabsenceof interactionsbetween
thesecompoundsand the culture mediacould not
beconfirmed.

3 RESULTS

3.1 Identi®cation of isolates

Morphologically, the cells of the threestrainsPA
2803,PA 2804andPA 2805appearedto bemotile,
curvedrods.PA 2803 and PA 2804 were 0.4�m
wide and 1.5 –3�m long. PA 2805 was slightly
larger, 0.5�m wide and 1.5 –4�m long. For the
threestrains,sporulationwas neverobservedand
Gramstainingwasnegative.The substratestested
asthepossibleenergyandcarbonsourcesarelisted
in Table1. The threestrainsgrew well on lactate,
pyruvate,malateand ethanolbut not on acetate.
Accordingto thesecharacteristics,the threestrains
wereconsideredasmembersof thegenusDesulfo-
vibrio.

3.2 Method

The mean growth rates obtained for reference
cultures grown without tin compounds were
0.102hÿ1 in the presenceof 10mM ethanoland
0.100hÿ1 without ethanol.Therefore,this ethanol
concentrationdid not significantly stimulate or
inhibit microbial growthof theseSRBstrains.

Thedeterminedvaluesof thetoxicologicalindex
(GR25) were highly reproducible.The confidence

Table 1 Electron donorsand acceptorsutilized by SRB strainsPA 2803, PA 2804 and PA 2805 isolatedfrom
Arcachonharborsediments

Utilization by

Electrondonoror acceptor PA 2803 PA 2804 PA 2805

Electrondonora

H2 (105 Pa)� acetate(10mM) �c � ÿc

Lactate(10mM) � � �
Acetate(10mM) ÿ ÿ ÿ
Propionate(10mM) ÿ ÿ ÿ
Butyrate(10mM) ÿ ÿ ÿ
Pyruvate(10mM) � � �
Malate(10mM) � � �
Fumarate(10mM) � � ÿ
Succinate(10mM) � � ÿ
Benzoate(5 mM) ÿ ÿ ÿ
Ethanol(10mM) � � �

Electronacceptorb

Thiosulfate(10mM) � � �
Sulfur � � ÿ
Nitrate (10mM) � (�)c ÿ

a Electrondonorsweretestedin thepresenceof 20mM sulfate.
b Electronacceptorsweretestedin presenceof 10mM lactateasa sourceof carbonandenergy.
c� , Goodgrowth; (�), slight growth;ÿ, no growth.
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intervals(95%)calculatedwith thethreereplicates
werealwayslessthan�0.008hÿ1 (datanotshown).

3.3 Toxicity of tin compounds

Figure 3 presentsmean growth rates for three
Desulfovibriostrainsas a function of the concen-
trationof severaltin compounds.Valueswerevery
similar for tributyltin and triphenyltin, dibutyltin
and diphenyltin, and monobutyltinand monophe-
nyltin respectively.Therefore, the mean growth
rates obtained for mono-, di- and tri-substituted
OTs weregroupedunderthe samesymbolsin the
Figure. A deleteriouseffect on the SRB cultures
wasobservedat100�M for tin tetrachloride,10�M
for tri- and di-substitutedOTs and 0.1�M for
monosubstitutedOTs.Inorganictin, SnCl4, wasthe
leasttoxic compoundfor thestrainstested.Growth
ratesin thepresenceof tri- or di-OTsweresimilar
with concentrationslessthan30�M. At concentra-
tions above 30�M, the disubstitutedcompounds

appearedto be more toxic. Monobutyltin and
monophenyltin exhibited the highest toxicity
amongtheOTs tested.

For all the tin compoundstested, with the
exceptionof the monosubstitutedseries,a slight
increasein the growth rate was observedfor low
levels of OT inoculation.When the cultureswere
spiked with SnCl4 at concentrations ranging
between3 nM and 3�M, the growth rates were
higher(0.118–0.120hÿ1) thanin referencecultures
grown without tin (0.102hÿ1). Similarly, cultures
inoculatedwith 0.08�M di- or tri-substitutedOTs
showedbetter growth rates (0.107hÿ1) than the
culturescontainingno tin compound(0.102hÿ1).

The GR25 values determined for the three
Desulfovibrio strains and for each organotin
compoundarepresentedin Table2. Valuesranged
between500and600�M for SnCl4, 55 and260�M
for triorganotins,30 and 90�M for diorganotins,
and1 and6�M for mono-organotins.

Statisticalanalysisof the datadid not showany

Figure 3 Meangrowthrates(�) for DesulfovibriostrainsPA 2803,PA 2804andPA 2805subjectedto differentconcentrationsof
inorganic Sn, mono-, di- or tri-butyltin, or phenyltin. The broken line representsthe referencegrowth rate of cultures not
contaminatedby Sn and grown in the sameconditions.Vertical barsindicatethe confidenceintervals (95%). Bu, butyltin; Bu2,
dibutyltin; Bu3, tributyltin; Phe,phenyltin;Phe2, diphenyltin;Phe3, triphenyltin.
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Table 2 GR25values(�M) determinedfor threeDesulfovibrio strainsfrom their growth rates(meanof triplicate
cultures)plottedasa function of Tin compoundconcentration

Desulfovibrio

Compound Formula PA 2803 PA 2804 PA 2805

Tributyltin (C4 H9)3 SnCl 70 55 170
Triphenyltin (C5 H6)3 SnCl 70 60 260
Dibutyltin (C4 H9)2 SnCl2 30 40 70
Diphenyltin (C5 H6)2 SnCl2 40 50 90
Monobutyltin (C4 H9) SnCl3 1.4 4 1.6
Monophenyltin (C5 H6) SnCl3 0.3 6 1.2
Inorganictin SnCl4 500 600 500

Figure 4 Relationshipbetweenmeanorganotintoxicity [log(1/GR25)] andcompoundTSA for DesulfovibrioPA 2803,PA 2804
and PA 2805 strains.Vertical bars indicate the confidenceintervals (95%). Bu, butyltin; Bu2, dibutyltin; Bu3, tributyltin; Phe,
phenyltin;Phe2, diphenyltin;Phe3, triphenyltin.
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significantdifferenceof toxicity within the differ-
ent family of tri-, di- and mono-substituted
compounds.However, a marked difference in
toxicity betweenthemono-,di-, andtri-substituted
OTs was demonstrated.The decreasingorder of
toxicity for theSRBstestedwasthenestablishedto
be as follows: monobutyl- and monophenyl-tin,
dibutyl- and diphenyl-tin, tributyl- and triphenyl-
tin, inorganictin.

4 DISCUSSION

4.1 Toxicity of organotin
compounds

Contraryto previouslypublishedresultsfor aerobic
bacteria,12,16,17,19,20,23,39in thepresentstudytribu-
tyl- andtriphenyl-tindid not appearto be themost
toxic organotincompoundsfor the threestrainsof
SRB.Undertheexperimentalconditionsemployed
here,monosubstitutedcompoundssuchas mono-
butyl- and monophenyl-tincompoundsdisplayed
the most pronouncedinhibition of the bacterial
growth. Theseresultsare in agreementwith those
of Belay et al.,24 who haverecentlydemonstrated
that monosubstituted(methyl or butyl derivatives)
were the most toxic tin compoundsfor methano-
genicbacteriaandSRBbelongingto theDesulfovi-
brio genus.

If the numberof substituentsmadea significant
differenceonthelevelof thetoxicity observed(Fig.
3, Table2), the type of substituent(i.e. phenyl vs
butyl) hadonly a minor impact.This is in contrast
with the observationsof Yamada et al.,37 who
reportedthat the toxicity of trialkyltin chlorides
towardsyeasts,fungi andaerobicbacteriaincreased
with the size of the substituted group in the

following order:trimethyltin> triethyltin> tripro-
pyltin> tributyltin.

4.2 Structure–toxicity relationships
Sincethedegreeof toxicity causedby thetestedtin
compoundsappearedto berelatedto thenumberof
organicsubstituents,the possibleoccurrenceof a
structure–toxicity relationship was examined.In
this work, the toxicity of organotincompoundsto
SRB,expressedasthe logarithmof (1/GR25), was
plotted againstthe TSA (Fig. 4). The TSA values
usedin this graphwereobtainedfrom Laughlin et
al.13 and Boopathy and Daniels.25 For the SRB
strains tested, an inverse linear relationship
(r2 = 0.96) was obtained between the two par-
ameters,i.e. thetoxicity of thetestedOTsincreased
as the TSA decreased.Boopathy and Daniels25

reported a similar toxicity–TSA correlation for
methanogenicbacteria.

However, the present results, obtained with
strictly anaerobicbacteria,do not agreewith those
obtainedwith aerobiceukaryotes13,17 or with the
facultativeaerobicEscherichiacoli.25 However,it
canbenotedthatrecentstudies40–42did notfindany
significant correlation betweenOT toxicity and
different moleculardescriptors.The occurrenceof
such a relationship, which could be fortuitous,
remains controversial,particularly regarding the
different bacterialgroups.

Without using a toxicity–structurerelationship,
Yamada et al.37 reported that the toxicity of
trialkyltin chlorides to yeasts,fungi and aerobic
bacteriaincreasedin thefollowing order:trimethyl-
tin, triethyltin, tripropyltin and tributyltin (i.e.
increasingtoxicity with increasingTSA). Previous
resultsshowedthatthetrialkyltins weremoretoxic
to yeaststhanthemono-anddi-alkyltins.16

The greater toxicity of monosubstitutedtin
compoundsthanof the tri- or di- substitutedforms

Table 3 TBT minimum inhibitory concentrations(MICs) for different bacterialgroups

Bacterium MIC Metabolism Cell wall Refs

Clostridium 1.5–3.7�M Anaerobe Gram� 25
Bacillus 10�M Aerobe Gram� 43a

CH4-producing 1 mM Anaerobe Archeaebacteria 4
Desulfovibrio(SRB) >2 mM Anaerobe Gramÿ 4b

Pseudomonas 0.07–3mM Aerobe Gramÿ 25
Enterobacteriaceae 0.9–3mM Facultativeaerobe Gramÿ 25, 43

a Unpublisheddata
b Extrapolationfrom our presentresults.
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has only been demonstrated for the strictly
anaerobic micro-organisms (sulfate-reducingor
methanogenicbacteria) that have been tested to
date.

4.3 Bacterial tolerance of organotin
compounds
Previousstudiesand the presentresultsseemto
arguefor theinfluenceof respiratorymetabolismin
eithermoreor lessbacterialtoleranceof OTs.Table
3 presentsa review of the minimum inhibiting
concentrations(MICs)of TBT for variousgroupsof
bacteria. The aerobic or anaerobic metabolism
involvedandtheGramstainingarealsopresented.
From this table, Gram-positivebacteriaappearto
be more sensitive to TBT than Gram-negative
bacteria, regardlessof their respective type of
metabolism.Argese et al.42 have reported that
triorganotinsmayactat themembranelevelandare
harmful to the energy-coupledprocesses.We
speculatethat the toxicity of a trisubstitutedtin
compoundto a bacteriumwould alsodependon its
interaction with the structural and functional
differencesof the cell walls and not only on the
typeof themetabolism(aerobicor anaerobic).Both
may act at different levels, resulting in the final
expressionof OT toxicity. Moredataarerequiredin
orderto verify this hypothesis.

4.4 Effect of inorganic tin on bacterial growth
As presentedin Fig. 3, the growth of the isolated
Desulfovibriostrainswassignificantlyenhancedin
the presence of 0.003–3�M inorganic tin or
0.08�M tri- or di-organotin.No increasein growth
ratewasobservedin thecontrolculturewithout tin
(thebrokenline in Fig. 3). This is thefirst evidence
of a positive effect of low concentrationsof
inorganicor organictin compoundson the growth
of a bacterium, perhaps as the result of an
adaptationof these Desulfovibrio strains to tin-
contaminatedsediments.

5 CONCLUSION

Organotincompoundsdegradeslowly in sediments,
in the anaerobicpart of which most are accumu-
lated. The resultspresentedin this paperdemon-
strate the high toxicity of monosubstituted
compoundsto sulfate-reducingbacteria,suggesting
that in anoxic sedimentsbiodegradationof the
trisubstitutedOTsmight belimited by theresulting
production of more toxic monosubstituted com-
pounds.
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