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Cultures of the fungusScopulariopsis brevicaulis
were grown in antimony-rich media. Although
volatile compounds of other elements were
readily detected in the culture headspace,
volatile antimony compounds were formed
irreproducibly and at only ultratrace levels. In
order to monitor the media for nonvolatile
methylantimony compounds, a method of
sample preparation was developed, based on
solid-phase extraction. This enabled the separa-
tion of large quantities of soluble inorganic
antimony species from trace amounts of organo-
antimony compounds before speciation by
HG–GC–AAS. By this methodology methylated
antimony compounds were detected at concen-
trations of 0.8– 7.1mg Sblÿ1 in all media in
which S. brevicauliswas grown in the presence of
antimony(III) compounds. These methylanti-
mony species were not detected in any of the
nonliving or medium-only controls. Methylated
compounds were not detected whereS. brevi-
cauliswas grown in the presence of antimony(V)
compounds. This is the first study to show that
antimony(III) compounds are biomethylated by
S. brevicaulis under aerobic-only growth con-
ditions. # 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Years of thorough research on the Group 15
metalloid arsenic have resulted in a comprehensive
understanding of its environmental and analytical
chemistry. However, until recently, research on the
supposedly chemically similar Group 15 metalloid
antimony has been sparse. Now the experience
gained by studying arsenic is being applied to
antimony as researchers seek analogous species in
the environment.

Some of the most interesting arsenic compounds
found in the environment are organometallic, and
some of these are volatile arsines. One very
significant compound, historically known as Gosio
gas, was identified as trimethylarsine in 1932.1 In
the mid-1970s and onwards, as analytical tech-
niques evolved, a range of organometallic arsenic
compounds were characterized, including a large
number of nonvolatile species.2

Studies of antimony in the environment have
resulted in the discovery of only a few analogues of
the arsenic compounds. The earliest results, which
relied on mass-transport studies, gave indications
that Penicillium notatumwas able to biomethylate
the antimony(V) compounds KSbO3 and phenyl-
stibonic acid.3 These studies have not yet been
confirmed by modern analytical methods. In recent
years, simple methylantimony compounds have
been detected in biological and environmental
systems. Volatile species have been found in
landfill and sewerage gases.4–6 Volatile species
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havealsobeendetectedin headspacegassamples
of anaerobic cultures of micro-organisms.7–10

Nonvolatilespecieshavebeenfoundin fresh-water
plant extracts,11 seawater12 and sediments.13 The
involatile compoundsare generally poorly char-
acterized,largelybecauseof thelackof appropriate
analyticalstandardsandbecauseof the redistribu-
tion reactionsthatcanoccurwhenhydride-genera-
tion techniquesareemployedfor speciation.14,15

Trimethylantimonyspeciesseemto be the most
prevalentorganoantimonycompoundsin the en-
vironment. In anaerobicsystemstrimethylstibine
commonlyoccursalongwith trimethylarsine.4–6 In
contrastto arsenic,only a few studieshavelinked
specific organisms with antimony biomethyla-
tion3,9,11andbio-oxidation.16,17

The interest in volatile antimony and arsenic
compoundshasbeenheightenedby a controversial
hypothesislinking volatile Group15compoundsto
sudden infant death syndrome (SIDS).18,19 The
suggestionis thatsomemicro-organismswhich are
found in and on infants’ bedding material, in
particular the cot mattress, can biotransform
available compoundsof Group 15 elements to
toxic volatile species.The Group15 elementsare
found in beddingasfire retardants,fungicidesetc.
Epidemiologicalevidenceis quotedsupportingthe
‘toxic gashypothesis’,18,19althoughit hasreceived
criticism.20,21

The fungus Scopulariopsisbrevicaulis is one
micro-organismcommonly found in the environ-
ment; it is an opportunisticpathogenand is well
known for its ability to volatilize arsenic as
trimethylarsine (Gosio gas).1,2 Indeed, this was
one of the organismsthat was isolatedduring the
early studiesof the toxic Gosiogasand,aspart of
the ‘toxic gashypothesis’,it is postulatedthat S.
brevicaulisis the micro-organismin beddingmost
likely to produce toxic gases.ConsequentlyS.
brevicaulishasreceivedattentionfrom researchers
specificallyinterestedin the‘toxic gashypothesis’,
or simply interestedin finding antimonyanalogues
of organoarseniccompoundsin theenvironment.In
theSIDScontext,someresultshavebeendescribed
with S. brevicaulis which imply the formation of
volatile antimonycompounds,18 but thesehavenot
beenreproducible.10,22

The pathway for volatilization of arsenic is
thought to involve intermediatemethylatednon-
volatilearsenic(V)andarsenic(III)compounds.It is
suggested that volatile antimony compounds,
notably trimethylstibine, are very susceptibleto
oxidation to nonvolatile compounds.23 Conse-
quentlythepresenceor absenceof volatile species

should not be used as the sole indicator of
biotransformationprocesses.Thus,monitoring the
liquid phasefor nonvolatile methylatedantimony
compoundsis desirable.

In this investigationwe studiedcultures of S.
brevicaulis growing in media containing various
antimony(III)andantimony(V)species.Theculture
headspace,medium and cell extracts were all
examinedfor thepresenceof methylatedantimony
compounds.

EXPERIMENTAL

Reagents

All reagentswere of analytical grade or better.
Purified water was obtained by ion exchange
(Barnstead).Buffers (50mM) were preparedby
dissolving the appropriateamountsof citric acid
(BDH) andammoniumcarbonate(BDH) in water
and adjusting the pH with potassiumhydroxide
(Aldrich) to 6 (citrate) and 12 (carbonate).Tri-
methylantimonydichlorideandphenylstibonicacid
were synthesizedby literature methods.24,25 A
1000mg Sb lÿ1 solution [trimethylantimony(V)
stock solution] was made by dissolving the
appropriateamountof solid in deionizedwater.In
the same way solutions of potassiumantimony
tartrate(Fisher),and potassiumhexahydroxyanti-
monate(Aldrich) at1000mgSblÿ1 wereprepared.
Working solutions were made by diluting these
stock solutionsby the appropriateamount.Anti-
monytrioxide (Anachemica)wasaddeddirectly to
themediumasasolid.Sodiumborohydridereagent
was prepared fresh daily by dissolving an
appropriateamountof solid (Aldrich) in deionized
water.

S. brevicaulis culture

A submergedculture of S. brevicaulis (ATCC
no.7903)mycelialballswasmaintainedin a 1-litre
Erlenmeyerflask with 400ml of Cox and Alex-
ander medium.26 Erlenmeyerflasks were shaken
horizontally [�135rpm,1.75-inch (4.45cm) dis-
placement]and maintainedat 26°C. Bioreactor
inoculum(900ml) wasgrownfor 12daysunderthe
same conditions. For all experiments the S.
brevicaulis grew in the form of regular balls of
myceliumwhich visibly increasedin sizethrough-
out the experiments.All microbiological experi-
mentsweredonein theBiological ServiceFacility
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of theChemistryDepartment,Universityof British
Columbia.

Experiments to trap volatile
antimony compounds

Oneexperimentwasperformedonalargescalein a
14-litre bioreactor, with batch sampling of the
headspacein orderto increasetheyieldsof volatile
products. A number of other experimentswere
performed using 1-litre Erlenmeyer flasks with
either continuousor batch samplingof the head-
space.All gasexperimentswerekeptin darknessto
minimize degradationby UV light.

Smaller-scaleflask experiments
A glassErlenmeyerflask (1 litre) with a ground-
glassmalejoint (Pyrexno.4980,stopperno.9)was
filled with medium and culture (10:1) to give
400ml total volume.The flask wascappedwith a
femaleground-glassjoint (40/38)which wasfitted
with inlet glasstubing that reachedwell belowthe
surfaceof themedium,anda shortlengthof outlet
tubing. Both inlet and outlet glass tubes were
connectedvia latex tubing to glass-fibre filters
(0.2mm Acrodisc, Gelman). Various antimony
compoundswereaddedto theseculturesat a range
of concentrations(Table3 below).

Large-scalebioreactor experiment
The glass 14-litre bioreactor (Microferm, New

Brunswick) containing 9 litre of medium26 and
fitted with appropriateaccessories(probes,con-
denser,sterileair filters,inoculationflasksetc.)was
autoclaved(90min, 19psi, 121°C). The impeller
speedwas set at 150rpm, air flow was approxi-
mately5000cm3 minÿ1 andtheculturetemperature
wasmaintainedat 26� 0.5°C. After threedaysof
purgingwith sterileair, 200ml of seedculturewas
added. Because of excessive foam formation,
100ml of filter-sterilized polypropylene glycol
2025in 5 ml distilled waterwasaddedafter2 days
of incubation. Filter-sterilized antimony species
123Sb(OH)6

ÿ (98.7% isotopically enriched) and
potassium121/123antimony(III) tartrate (natural
abundances)were addedtogether(100mg of each
to give 10mglÿ1) to themediumafter oneweekof
incubation,and growth was allowed to continue.
The gaseousphase and the liquid phase were
sampledat different times,asdescribedbelowand
indicatedin Table1.

Gassampling procedure for small-and large-
scaleexperiments
Volatile specieswere trappedin U-shapedtraps
(22cm� 6 mmo.d.)packedwith 10%Supelcoport
SP-2100onChromosorb,andcooledin a largedry-
ice/acetone-filledDewar(ÿ78°C).

For batch trapping, the volatile specieswere
allowedto accumulateover a specifiedtime in the
headspaceof the Erlenmeyerflask, or the bior-
eactor,with thegaslinesclosedoff. Theflaskswere
purged for 40–60min with air and the volatile
species were trapped. The air flow rate was
100ml minÿ1 for the Erlenmeyerexperiments,or
500ml minÿ1 for the bioreactorexperiment.Reg-
ular filtered (0.2mm) laboratoryair wasused.

For continuoustrappinga peristalticpump was
usedto purgethe mediumconstantlywith labora-
tory air (3–4ml minÿ1). The filtered (0.2mm) air
wasintroducedvia theglasscapof theErlenmeyer.
The outlet of the glasscap had a second0.2-mm
filter attached.Thevolatile speciesweretrappedin
a packedU-shapedtrap (ÿ78°C dry-ice/acetone).
Generallyaculturecouldbesampledby thismeans
for 24–48h before the trap becameblockedwith
ice.

In orderto checkthestability of trimethylstibine
in thecontinuous-trapping system,trimethylstibine
(�3 ng total) was slowly bubbled (1 h) through
mediumcontainingS.brevicaulisandthentrapped.
The trimethylstibine was produced by hydride
generationfrom Me3SbCl2 in an autosamplervial,
and a samplewas takenusing a gassyringe.The
trimethylstibinewas then injectedinto the system

Table 1 Time scheduleof the bioreactorexperiment(open
means purged with lab air). During the times when the
bioreactorwasnot closedit waspurgedwith lab air (filtered).

Time
(days)

Accumulation
time during

closedperiod
(h) Commentsa

ÿ5 — Closed;mediumonly
ÿ4 24 Gassample,liquid sample

0 — Open;addition of S. brevicaulis
inoculum

4 8 Gassample,liquid sample
7 6 Gassample,liquid sample
7 — Addition of antimony compounds
7.5 6 Gassample,liquid sample
8 17 Gassample,liquid sample
8 — Aeration,small flow of air

11 19 Gassample,liquid sample
14 4 Gassample,liquid sample
18 22 Open;Gassample,liquid sample

a ‘Open’ meanspurgedwith filtered laboratoryair, during the
timeswhenthebioreactorwasnot ‘closed’.
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via a rubberseptumon a T-pieceplacedin thegas
line directly after the peristaltic pump. The
configuration of the trap flask and transfer line
was exactly the sameas in all the other experi-
ments. In another experiment, the T-piece was
placeddirectlybeforethetrapandthesameamount
of standardwas injectedrapidly. The recoveryof
trimethylstibine was defined as the ratio of
trimethylstibine measuredin the first experiment
to that measuredin thesecond.

Analytical procedure
The samplingtrapswerecappedwith rubbersepta
andstoredatÿ78°C eitherin adry-icefreezeror in
a dry-ice/acetonebath.For work-up, the sampling
trap was connectedto a helium supply and to an
identical U-tube trap cooled in liquid nitrogen
(ÿ196°C). This secondtrap is the one shownin
Fig. 1. The sampletrap wasallowedto warm, the
contentswerevolatilizedby usinga heliumflow of
70ml minÿ1 andgentleheating(15°C minÿ1) upto
200°C. In this way the gaseswerecryofocusedin
the secondtrap in order to reduceany previously
broadeneddistributionof thevolatilespeciesonthe
sampling trap. After the cryofocusing step, the
secondtrap wasremovedfrom the liquid nitrogen
andheatingwasstarted(up to 200°C) to transfer
any trappedgasesto the ICP–MS. Details of the
interfaceto the ICP–MS,and the ICP–MSopera-
tion, aredescribedin anotherpaper.27

Determination of involatile
antimony compounds

Cultures of S. brevicaulis were presentedwith
antimony(III) as antimony trioxide (200mg, anti-
monytrioxideaddedto 400ml of mediumto givea
saturatedsolution,�4 mg Sblÿ1), antimony(III) as
potassiumantimony tartrate(10 and 1000mg Sb
lÿ1) and antimony(V) as potassiumhexahydroxy-
antimonate(10mg Sb lÿ1).

For eachexperimenttwo replicatesof 400ml of
sterile media26 were inoculatedwith 10ml of a
mediumcontainingabout10–20mycelial balls of
S. brevicaulis (1–3mm diameter).Two nonliving
controlswerealsopreparedconsistingof 400ml of
mediumaddedto a sampleof autoclavedbiomass.
Thethird controlcontainedjust 400ml of medium.
An appropriateamountof antimonycompoundwas
addedto the two viable culturesandall controls.

At varioustimes during the experiments20-ml
samplesof themediumweretakenasepticallyin a
biological safety cabinet. These samples were
collectedin 30-ml polypropylenecontainers(Nal-
gene)andkept frozen(ÿ76°C) until the analysis.
ThesamplewaspassedthroughanSPEcolumnas
describedbelow. Analysis was performedon the
eluateby HG–GC–AAS.

At the endof the experimenta 20-ml sampleof
the mediumwastakenandthe remainingmedium
andbiomassmixturewasautoclaved.Thebiomass
was removedby filtering it off from the aqueous
layer and washed with deionized water. The

Figure 1 HG–GC–ICP–MSapparatus.
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biomasswas freeze-dried,then ground to a fine
powderwith a pestleand mortar. Extraction was
performedby repeatingthe following stepsthree
times.

(1) 10ml of methanol/water (50:50, v/v) was
added to the ground sample in a 20-ml
polycarbonatecentrifuge tube and sonicated
for 10min.

(2) Thesamplewascentrifugedfor 10min.
(3) The supernatantsolutionwasdrawnoff with a

Pasteurpipette and placedin a 50-ml round-
bottomedflask.

After the three extractsfrom this processhad
beencombinedin the 50-ml round-bottomedflask
thesampleswererotary-evaporatedto drynessand
thenthe residuewasdissolvedin 5 ml of water.

SPEsampleclean-up
Alumina B SPE cartridgeswere obtained from
Waters Millipore. It was found that columns
prepared‘in-house’gavethesameresultsandwere
more economical:thesecontainedbasic alumina
(80–200meshBrockmanactivity I, FisherScien-
tific), approx5 g, in a 10-ml syringeheld in place
by a small glasswool plug.

The SPE column was first rinsed with 10ml
ammoniumcarbonatebuffer (50mM, pH 12).Then
the sample (5–50ml) was passedthrough the
column,and the eluatewas collected.No attempt
wasmadeto force thesamplethroughthecolumn;
ratherit wasallowedto drip throughundergravity.
No attemptwasmadeto rinsethecolumnafter the
samplehadbeeneluted.

HG–GC–AAS procedure
Semicontinuous-flowHG–GC–AASmethodology,
as describedelsewhere,28 was used for the anti-
mony determination.Typically, 4 ml of sample
provideda signal of sufficient intensity for semi-
quantitativeanalysisand10–20ml of samplewas
usedfor controls.During operationthesamplewas
drawn into the mixing coil throughthe peristaltic
pump: buffer solution (0.05M citrate, pH 6) and
sodiumborohydride(2%) weredrawnup continu-
ouslyat the samerate.The mixture wascombined
with a flow of helium purge gas before going
through the reaction loop and entering the gas–
liquid separator.After passingthrougha dry-ice/
acetonetrap,thehydridesevolvedwerecollectedin
a U-shapedtrap in liquid nitrogen. After all the
samplehad passedthrough the system,the valve
was switchedfrom the trap to the inject position.
Theliquid nitrogenwasthenremovedfrom thetrap

and replacedby hot water. This resultedin rapid
injection of hydridesonto the GC column(packed
with Porapak PS). Simultaneouslythe recorder
and GC temperature program (70–150°C at
30°C minÿ1) werestarted.The separatedhydrides
whichelutedfrom theGCcolumnwerecarriedinto
the atomizer (a quartz tube with a hydrogen/air
flame)of theAAS (VarianAA1275,217.6nm,or at
231.2nm for antimony confirmation, 0.2nm slit
width). ShimadzuEzchromsoftwarewasusedfor
datacollectionandanalysis,runningon a PC.

HG–GC–ICP–MS procedure
In orderto achievea lower detectionlimit andalso
to confirm the formation of volatile antimony
species,an ICP–MS was usedas the detector.A
batch-typehydridegenerationreactorwasusedas
shownin Fig. 1. An appropriatevolumeof sample
wasplacedin the reactorandmadeup to 10ml in
water.The reactorwasinstalledin the systemand
helium was allowed to purge throughthe sample
and out to wastefor abouta minute. The helium
flow wasthendivertedto passthroughthetrapand
sodiumborohydride(0.8ml, 6%) wasinjectedinto
thereactorthroughtherubberseptum.Thehydrides
evolvedwerepurgedfrom thereactionvesselwith
heliumfor 6 min andtrappedin theU-shapedtube
(22cm, 6 mm o.d., packedwith 10% SP-2100on
Chromosorb)which wasimmersedin liquid nitro-
gen (ÿ196°C). After the trapping was complete,
the four-way valve was switched to the inject
position. Simultaneouslythe trap was removed
from theliquid nitrogen,Variacno.2 wasswitched
on, and the ICP–MS acquisitionwas started.The
trap washeatedto 200°C. As the volatile species
wereelutedtheyweretransportedby aheliumflow
of about70ml minÿ1 to theICP–MS.Thedetailsof
the interface to the ICP–MS were as described

Table 2 Operatingparametersfor ICP–MS(VG Plasmaquad
PQ2Turbo)

Forwardradio-frequency
power 1350W

Reflectedpower <10W
Coolantgasflow rate 13.81 minÿ1

Auxiliary gasflow rate 0.651 minÿ1

Nebulizer DeGalan
Nebulizergasflow rate 1.00minÿ1

Spraychamber Scott,water-cooled,4–6°C
Analysismode Time-resolved1 time slice
Expansionchamberpressure 2 mbar
Intermediatechamber <1� 10ÿ4 mbar
Analyserchamber 2� 10ÿ6 mbar
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elsewhere.27 The connectionunits andthe transfer
line consistedof Teflon (PTFE and PFA). The
heatedtransfer line was connectedto a T-piece
which was substituted for the elbow which
normally connectsthe spraychamberof the ICP–
MS with the torch. In this way gassampleswere
mixedwith anebulizedsolutionbeforeenteringthe
torch of the ICP–MS. The nebulized solution
(rhodium, 20ngmlÿ1) was usedas a continuous
internal standardfor the ICP–MS. The operating
parametersfor the ICP–MS are given in Table 2.
TheICP–MSguaranteedelement-specificdetection
in the picogramrange;further confirmationof the
identity of volatile speciescan be madeby com-
parisonof retentiontimeswith thoseof standards,
and by the use of GC–EI–MS.29 The use of the
chromatographicsystemand the samplingproce-
dureavoidedthedetectionof aerosols.

RESULTS

Production of volatile antimony
compounds by S. brevicaulis

Smaller-scaleflask experiments
The cultures of S. brevicaulis appearedto be
growing well in all the experiments,including the
batchtrappingones,which involved closedflasks.
We therefore assumethat the conditions in the
cultureswerenot oxygen-limited.Thegassamples
from the culturescontaineda numberof volatile
compounds,which have undergoneonly limited
identificationandquantificationto date;the results
aresummarizedin Table3.

In experiments1–3 iodide was not introduced
intentionallyinto themedium,sothevolatile iodine
compoundsfound were formed from trace iodide

Table 3 Summaryof headspacemeasurementsfor small-scaleErlenmeyerflaskexperiments(ND, not detected)

Expt
Results

no. Conditions Iodine Arsenic Antimony

1 Batchsampling,four samples,accumulationtimes1, 1, 4
and13 days:

Control (medium� fungus,no Sb) MeIa Variousspeciesb Me3Sbb,c

10mg Sblÿ1 asKSb(OH)6 ND ND ND
10mg Sblÿ1 asMe3SbCl2 ND ND Me3Sbb,c

2 Continuoussamplingfive trapsper replicateover10 days:
1 mg Sb(III) lÿ1 astartrateand1 mg123 Sb(V) lÿ1 as
KSb(OH)6

Replicate1 MeId ND Monomethyl(?)stibineb,c

Replicate2 MeId ND Rising baseline

3 Continuoussampling,five trapsover10 days:
70mg Sb(III) lÿ1 astartrate ND Me3Asa ND
Control (media� antimony) ND ND ND, rising baseline

4 Continuoussampling,ten trapsover10 days:100mg Sb(III)
lÿ1 aspotassiumantimonytartrate,10mg lÿ1 asKI and
10mg As(III) lÿ1

Oneflaskonly MeId Me3Ase ND, rising baseline

5 Continuoussampling,five trapsover10 days:saturated
solutionSb2O3 (0.4g) and10mg lÿ1 asKI

Oneflaskonly MeIe ND Me3Sbb,c

6 Continuoussampling,mediaat pH 9, five trapsover10
days:saturatedsolutionSb2O3 (0.4g), 10mg lÿ1 asKI

Oneflaskonly MeId Me3Asd Me3Sbdetectedin two
traps,rising baseline

7 Continuoussampling,ten trapsover10 days:10mg Sb lÿ1

asphenylstibonicacid and10mg I lÿ1 asKI
Replicate1 MeIe Me3Asa ND
Replicate2 MeIe Me3Asa ND

a Speciesdetectedthroughoutexperiment.
b Speciesdetectedonly at tracelevels.
c Speciesdetectedin onesampleonly.
d Quantitiesof volatile speciesrise to a maximum,thendecrease.
e Quantitiesof volatile speciesincreasethroughoutexperiment.
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impuritiesin themedium.Theproductionof methyl
iodideindicatedthepresenceof aviablestrainof S.
brevicauliscapableof methylationandalsothatgas
trappingwasefficient.Methyl iodide(boiling point
42°C) is more volatile than trimethylstibine
(boiling point 81°C), so if methyl iodide was
trappedthenso shouldtrimethylstibinehavebeen,
provided decompositionwas not a problem. The
stability of trimethylstibineis discussedbelow.

In experiments4–7,potassiumiodidewasadded
to the medium so that methyl iodide formation
could be monitored. In experiments 5–7 the
antimony compoundsbeing studiedwere present
at a concentration400timesgreaterthaniodine,so
it is assumedthat competitionbetweenantimony
andiodinewasnegligible.Generallymethyl iodide
levelsare low until iodide is addedto the culture,
then the levels producedrise to a maximum and
decline,but in somecasestheproductionof iodine
compounds continued to rise throughout the
experimentand had not reacheda maximum at
theendof sampling(Fig. 2).

Like iodine, arsenic species were detected,
formed from arsenicimpurities in the medium.In
experiment4,whenarsenicwasaddedintentionally
the rate of volatilization increasedthroughoutthe
experiment(Fig. 3). The detectionof trimethyl-
arsine indicatesthat this strain of S. brevicaulis
is capable of taking arsenic through the entire

Figure 2 Time coursefor the productionof volatile methyl
iodide.*, Experiment4: themediumwasmadeup to 100mg
Ilÿ1 after the 48-h gassamplehadbeentaken;peakareawas
determinedfor thesignalatm/z= 128(HI�); m/z= 127(I�) was
not used, becausethe detector responsewas off-scale. &,
Experiment5: themediumwasmadeupto 100mg Ilÿ1 afterthe
48-hgassamplehadbeentaken;peakareawasdeterminedfor
thesignalatm/z= 127(I�). Dueto theuseof differentchannels
for quantificationin thesetwo experimentsthetracesshowndo
not representtheactualrelativelevelsof methyl iodide.

Figure 3 Time coursefor the productionof trimethylarsinein experiment4. Arsenic was not addedto the medium in this
experiment.
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metabolic pathway for forming trimethylarsine.
Thus, if the methylationof antimonyfollows this
same metabolic pathway [recent research (P.
Andrewes,unpublishedresults) indicates that it
does]terminationatanintermediatepoint to form a
speciessuchas Me3Sb(V) shouldresult from the
uniquechemistryof antimony,ratherthanbeinga
peculiarityof S.brevicaulis.Forarsenic,maximum

volatilization rateshadnot beenreachedat theend
of experiment4. Thus thereis the possibility that
antimonyvolatilizationmighthavebeenslowerand
occurrednear the end of the experimentor after
samplinghadstopped.

Volatile antimony was detected at picogram
levels (Table 4) in five of the 63 gas samples
collected from viable cultures of S. brevicaulis
grown in the presence of various antimony
compounds.The antimonydetectedcorresponded
to volatilization of about one millionth of the
antimonyaddedto theculture.

In additionto experimentsin whichtheantimony
compoundspresentedto culturesof S. brevicaulis
were varied, experimentswith batch sampling
(experiment1) and one at pH 9 (experiment6)
were performed. The experiment at pH 9 was
carriedout becauseit hadbeensuggestedto usthat
a high pH would be more conducive to the
formation of trimethylstibine (J. Sprott, personal
communication). Although in this experiment
trimethylstibinewasdetected,the levelsseenwere
not significantlygreaterthanat pH 5 (experiments
1, 2 and5).

One phenomenonobservedin a few of the
experimentswas a rise in the baseline of the
chromatogramsneartheend(Fig. 4), whichmaybe
associatedwith the presenceof less-volatileanti-
mony compoundsin the trap, possibly resulting
from trimethylstibineoxidation.

In theexperimentsto determinetheefficiencyof
thesamplingprocedure,approximately80%of the
antimonyaddedastrimethylstibinewasrecovered.
Thus the trapping appearsto be efficient, and

Table 4 Summaryof resultsfor nonvolatileantimonycompounds

Time until methyl
compoundsfirst

concentrationsat endof expt
(mg Sb lÿ1)

Time elapsedat end MethylatedSb
Experiment detecteda Dimethyl Trimethyl expt (%)

Saturatedantimonytrioxide 10 days 2 0.8 1 month 0.001
10 days 1.5 0.8 1 month 0.001

Controls(3) NDa <0.2 <0.2 1 month <0.0001

10mg Sb lÿ1 aspotassium 7 days 2.1 3.3 22 days 0.06
antimonytartrate 7 days 2.5 2.5 1 month 0.05

Controls(3) ND <0.1 <0.1 1 month <0.001

1000mg Sb lÿ1 aspotassium Expt endb 6.9 3.1 2 months 0.001
antimonytartrate Expt end 7.1 5.3 2 months 0.001

Controls(2) ND <0.1 <0.1 2 months <0.0001

10mg Sb lÿ1 aspotassium ND <0.1 <0.1 1 month <0.001
hexahydroxyantimonate ND <0.1 <0.1 1 month <0.001

Controls(3) ND <0.1 <0.1 1 month <0.001

a Abbrevations.ND, methyl compoundsnot detected;Expt end,samplesweretakenonly at theendof theexperiment.

Figure 4 GC–ICP–MSantimony(m/z= 121)chromatograms:
——, one of the two gas samplesin experiment6 which
containedsometrimethylstibine;…… samplefrom experiment
3 showing absenceof trimethylstibine but occurrenceof a
baselinerise.
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sorption or complexation of trimethylstibine is
minimal. The concentration of trimethylstibine
present in this recovery experiment was much
greater than that seen in any of the sampling
experiments,so the rate of oxidation shouldhave
beensignificantly higher in this experiment.It is
presumedthatoncetrimethylstibineis condensedin
thesupelcoporttrap(ÿ80°C) it is notsusceptibleto
oxidation. Hencein a continuous-trappingsystem
wheretrimethylstibineis formedandflushedfrom
theErlenmeyerin lessthananhour(thedurationof
the recovery experiment), the trimethylstibine
should be readily detected.Although oxidation
may occur it is doubtful that it would removea
significantamountof trimethylstibine.

Larger-scale bioreactor experiments
The scale of the experimentswas increasedby
abouta factorof 20 (400ml to 10litres) in orderto
increasetheeaseof detectingandidentifying trace

amountsof volatile species.As was found in the
smaller-scaleexperiments,the gas samplescon-
tainedmanydifferentvolatilespecies.In particular,
antimony specieswere presentin low concentra-
tions.Figure5 showstheantimonychromatograms
(m/z= 121)of variousgassamples.Figure6 shows
the time coursefor levels of volatile antimonyin
the bioreactor headspace,it can be seen that
trimethylstibine was detectedthere before extra
antimonywas added,confirming the result of the
smaller-scaleflaskexperiment1, wherethecontrol
culture of S. brevicaulis generatedvolatile anti-
monyspecies.

The amount of volatile antimony in the bior-
eactorheadspace(approx 5 litres) increasedafter
antimony(III), as potassium antimony tartrate
(natural isotopic abundance)and antimony(V) as
potassium hexahydroxyantimonate(isotopically
enriched)hadbeenadded.However,no significant
changein the isotoperatio (121:123)wasfound in

Figure 5 GC–ICP–MSantimony(m/z= 121) chromatogramsof bioreactorgassamplestaken: , beforeinoculationwith S.
brevicaulis , after8 daysof fungalgrowthin thepresenceof antimony;� � � � � �, after18daysof fungalgrowthin thepresenceof
antimony.
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thegassamples(Fig. 6); henceonly antimony(III),
from impuritiesor from addedpotassiumantimony
tartrate,wasmetabolizedto volatile species.

The bioreactorwas usually closedto allow gas
accumulation prior to purging, so the samples
representthe sum of gas production during the
accumulationtime and the smaller amount pro-
ducedduring purging.The total volatile antimony
formed can be estimated by calculating the
productionrates (pghÿ1) at eachsampling time.
Total volatile antimony producedover the entire
experiment(approx.1 month) is thusestimatedto
be 0.9ng (Fig. 6). The amountof antimonyin the
mediumasanimpurity, i.e. not deliberatelyadded,
is more than enough to account for this small
amountof volatile antimonyspecies.In additionto
trimethylstibine, dimethylstibine, methylstibine
and stibine were also detected after 18 days.
However,themain specieswastrimethylstibine.

Volatile arsenic species,mostly as trimethyl-
arsine but including some methylarsineand di-
methylarsine,were generatedby S. brevicaulis.
No arseniccompoundwas addeddirectly but the

chemicals used for making up the medium
containedarsenicat the nanogram/litrelevel. The
greatestamount of trimethylarsinewas detected
within thefirst sevendays,whenthehighestgrowth
rateof thebiomasswasobservedvisually.

Both mediumand brokencells were examined
for organoantimony compounds by hydride-
generationmethodologyinvolving treatmentwith
NaBH4 solutionat pH 2. No significantpresenceof
methylated specieswas detectedin samplesof
eitherthemediaor thebrokencells.

The total amountof antimony detectedin the
solution varied with time. After addition of
antimony(III) as potassium antimony tartrate
(natural isotopic abundance)and antimony(V) as
potassium hexahydroxyantimonate (isotopically
enriched) the concentrationin the medium in-
creasedas would be expected,but after 24h less
than 10% of the added antimony was left in
solution.This effect wasshownto thesameextent
by both 121Sb and 123Sb, meaning that both
antimony(III)andantimony(V)wereremovedfrom
solution at the samerate and that no changein

Figure 6 Time courseshowinglevels of volatile antimonyspeciesin bioreactorheadspace.The accumulationperiod for gas
samplingis givenin Table1.Also shownis thetotalestimatedvolatileantimonyproductionupto andincludingeachsampletime*
andthe ratio of 121Sb to 123Sb~. The naturalratio of 121Sb to 123Sb is 1.34.
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oxidation state took place. Presumablythis anti-
monywaslost to the fungal cells.

Production of nonvolatile
compounds by S. brevicaulis

Samplesof mediumin theseexperimentsgenerally
containedmicrogram, or on occasionmilligram,
quantities of inorganic antimony(III). This anti-
mony(III) wasseenin the HG–GC–AASchroma-
togram as a large broad stibine peak, which
interferes with the much smaller peaks of the
organoantimonycompounds(Fig. 7). After passing
the antimony(III)-containingmedium through an
SPEcolumn most of the inorganicantimonywas
removed,whereastheorganoantimonycompounds
remained;HG–GC–AAS on the eluent solution
gavea much cleanerchromatogram(Fig. 7). Sig-
nificant levelsof inorganicantimony(V)couldalso
be removedby theclean-upprocedure.

In orderto separatetheinorganicantimonyfrom
the organoantimonycompoundsby solid-phase
extraction, the chromatographicbehaviourof all
thespeciesmustbeknown.Thechoiceof theSPE
stationaryphasewas madein the knowledgethat
inorganicantimonybindswith basicalumina,30 the
extentbeingdependentonpH andantimonyoxida-
tion state.Duringthedevelopmentof thistechnique
the only organoantimonycompoundavailablefor

measuringanalyte recovery was Me3SbCl2. The
recovery for this proved acceptable,and it was
initially anticipated that the recovery for any
monomethyl and dimethylantimony compounds
would be similar. Subsequentinvestigation re-
vealed that, as expected,the dimethylantimony
speciesbehavedvery similarly to the trimethyl-
antimony compound on the SPE column. The
behaviourof monomethylantimonycompoundson
the SPE column is unknown. The recovery of
dimethyl compoundsis affectedby thepreparation
of the SPE column; failure to make the alumina
basicby usingammoniumcarbonatebuffer results
in retentionof the antimonyspecies.Unsuccessful
attemptswerealsomadeto separatetheorganoan-
timonycompoundsfrom theinorganicantimonyby
usingC18 SPEcartridges.

Resultsfor theproductionof nonvolatilemethyl-
antimonycompoundsare summarizedin Table 4.
Becauseno dimethylantimonyanalyticalstandards
areavailable,theconcentrationstabulatedfor these
speciesareonly an estimatebasedon the assump-
tion thatpeakareasin theHG–GCchromatograms
areproportionalto theantimonyconcentration;that
is, the detectorresponseis independentof species.
This assumptionseemedto be justified because
calibration curves for inorganic antimony and
trimethylantimonyarethesame.A secondassump-
tion is that SPE behaviourof the dimethyl and

Figure 7 HG–GC–AASchromatograms:top trace,mediumcontaininginorganicantimony(III) and trimethylantimony(50ng);
bottomtrace,thesamemediumafter it hadpassedthroughan SPEcolumn.
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trimethyl speciesfound in the sampleswas the
sameasthat of the trimethyl standard(Me3SbCl2)
availableto us.If theseassumptionsarenot correct
the extent of methylation may be greater than
indicated.The final column in Table 4 represents
the antimonyfound in the mediaasdimethylanti-
mony andtrimethylantimonyspecies,asa percen-
tageof the total inorganicantimonyaddedto the
media.Thesenumbersare very small. The detec-

tion limit for theseexperimentsis related to the
volume of sample used; generally the detection
limit was0.1mg Sblÿ1 asMe3SbCl2 for the typical
samplevolume of 10ml that was usedwhen the
amountsof methylantimonyspecieswerelow. No
methylantimonycompoundswere detectedin any
of thecell extracts.

In the experiments with antimony trioxide
(saturatedsolution�4 mg Sblÿ1), methylantimony

Figure 8 HG–GC–AASchromatogramfor mediumin which S.brevicaulishadbeengrowing with potassiumantimonytartrate
(10mg Sblÿ1).

Figure 9 Standardadditionscurvefor theadditionof trimethylantimonydichlorideto samplesof media(4 ml takenafter21daysof
growth),from theexperimentwhereS.brevicauliswasgrownin thepresenceof 10mg Sblÿ1 aspotassiumantimonytartrate.HG–
GC–AASpeakareas:&, trimethylantimony;~, dimethylantimony.
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compoundswerefound in the mediaafter 10 days
andhigherlevelswerefoundin samplestakenafter
a month. No methylantimony compoundswere
detectablein thecontrolsat anytime.Theamounts
detectedwere in the low mg Sblÿ1 rangeand no
retardationof fungalgrowthwasevident.

Potassiumantimonytartrateis moresolubleand
experimentsweredonewith mediacontaining10or
1000mg Sblÿ1 (Table 4). No organoantimony
specieswerefound in anyof thecontrols,but they
werefoundin samplesof themediaof all theviable
culturesfollowing day 7. Peaksof approximately
equal area in the HG–GC–AAS chromatograms
were seen for both dimethyl-and trimethyl-anti-
mony(Fig.8). It hasbeenshownthatdemethylation
of trimethylantimonyspeciesduring hydride gen-
erationcanresultin theformationof dimethyl-and
monomethyl-stibine,seenasadditionalpeaksin the
chromatogram.14 This phenomenonis especially
prevalentat low pH.15 In the presentstudy the
dimethylstibinepeak is unlikely to be an artifact
becausethe antimonycompoundMe3SbCl2 under
the sameconditionsof analysisshowsnegligible
demethylation:only trimethylstibine is produced.
Furthermore,when standardadditionswere made
to the samplesthe trimethylantimony peak in-
creasedin direct proportion to the amount of
Me3SbCl2 spike added,whereasthe dimethylanti-
monypeakremainedeffectively constant(Fig. 9).

The time coursefor the productionof soluble
methylantimony compounds(Fig. 10) seemsto
indicate that production is proportional to the
amountof biomassobservedvisually. Theconcen-
trations of the trimethyl-and dimethyl-antimony

speciesincreasedovertimeuntil growthhadvisibly
ceased, after which they remained constant
(Fig. 10).

The specieswere confirmedas antimonycom-
poundsby usingAAS. The peaksseenwhenAAS
detectionwascarriedout at 231.2nm hadapproxi-
mately half the areasof the peaksdetectedat the
usualwavelengthof 217.6nm.Thiswasalsofound
for thetrimethylantimonystandard,thedecreasein
signal intensity being due to the lower extinction
coefficient for antimonyat 231.2nm. In addition,
no peakswereseenwhenthe monochromatorwas
tunedto 217.0nmcorrespondingto aline in theAA
lamp at which antimony atoms do not absorb,
indicatingthat theabsorptionat 217.6nm doesnot
resultfrom broad-bandmolecularabsorption.

Hydridegenerationwith ICP–MSdetectionalso
confirmed that the compounds produced were
antimony compounds,and the ratio of isotopes
121 to 123 did not deviatesignificantly from the
natural ratio. We were unable to establish the
presenceof monomethylantimonycompoundsin
thesampleby usingICP–MS,in spiteof thegreater
sensitivityof thedetector.Thissearchwashindered
by high levelsof monomethylantimonyspeciesof
unknownorigin in the reagentblanks.

In performinghydride generationanalysis,it is
important to be surethat the stibinesevolvedare
producedfrom the hydridegenerationprocessand
do not just ariseas a result of purging the liquid
sample.Consequentlyall sampleswererunthrough
the system without any sodium borohydride
present. No peaks were observed when using
AAS eitheror ICP–MSasdetector.

Figure 10 Time coursefor theproductionof nonvolatilemethylantimonycompoundsby S.brevicaulis.HG–GC–AASpeakareas:
~, dimethylantimony;& trimethylantimony.
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Attempts were made to speciate the soluble
methylantimonycompoundsby HPLC–ICP–MS,
but at this stagea satisfactorytechniqueto separate
the organoantimonycompounds has not been
found.

For the experiment involving potassiumanti-
mony tartrate (10mg Sblÿ1), semiquantitative
determination of total antimony in the media
indicatesthat at least30% of the addedantimony
is lost from solutionover a month.It is likely that
the loss of antimony is due to uptake of anti-
mony(III) into or onto thebiomass.

When the antimony(V) salt was addedto the
media no organoantimonycompoundswere de-
tectedin themediaor in cell extractsafter1 months
growth (Table 4). In contrast to antimony(III),
semiquantitativedeterminationof totalantimonyin
the medium indicates that the uptake of anti-
mony(V) by S. brevicaulis is minimal. Others
have shown that in another fungus, Saccharo-
mycescerevisiae, antimony(V) is not takenup at
all, whereas antimony(III) is taken up almost
completely.31

DISCUSSION

Somepreviousstudieshavefoundmethylantimony
compoundsin the environment,3–13 but, only in a
few caseshavethesecompoundsbeenlinked to a
specificorganism.3,9 S.brevicauliswasusedduring
the present study of the biotransformation of
antimonyspecies:the samestrain had previously
been used for studies on arsenic methylation.32

Gatesandco-workershaverecentlyreportedthatS.
brevicaulis does not biotransform antimony to
detectable levels (micrograms of antimony) of
volatile compounds.10 In the presentstudy with a
lower detectionlimit (picogramsof antimony)we
have found that S. brevicaulisprobably produces
volatile methylstibinesandstibine,but in very low
yields. However,higher(microgramsof antimony)
butstill very low yieldsareconsistentlyobtainedof
nonvolatile dimethyl and trimethyl speciesin the
aqueousphase.Thesemethylantimonycompounds
were characterizedby hydride generationtechni-
ques,sotheactualprecursorspeciesarenotknown.

In the case of arsenic, the principal methyl
species produced by Apiotricum humicola are
Me3AsO and Me2AsO(OH), as determined by
HG–GC–AAS,andvolatile Me3As is not produced
from low concentrations(ppm) of arsenic(V).
Mechanisticpathwaysto thesewater-solublecom-

poundshave been proposed,basedon chemical
yields and ratesof diffusion of productsthrough
cell membranes.32–34 This model accountsfor the
absenceof MeAs(V) speciesin themedium.Onthe
basis of this model the antimony derivatives
producedby S.brevicaulisarelikely to beMe3SbO
andMe2Sb(V)species,althoughMe2Sb(III) species
cannot be completely ruled out [corresponding
Me2As(III) species are probably Me2AsOH
or Me2AsSR],35,36 Neither Me2SbO(OH) nor
Me2SbOH is a well characterizedspecies and
modelcompoundsarenotavailablefor comparison,
sotheexactnatureof anyMe2Sb(V) or Me2Sb(III)
speciesproducedin the culturescannotbe deter-
mined.

The reductionof arsenateto arseniteis the first
step in the methylationpathwayof arsenic.This
reduction is viewed as a detoxification of the
arsenatethat is actively takenup by the cell with
phosphate.Manymicro-organismshavethis ability
to reduceAs(V) to As(III) but not all go on to
produce methylarsenicals.2 Antimony(V) species
have very different structuresin solution from
phosphateandarsenate37 soareunlikely to betaken
up by the same transport processes.Indeed, S.
brevicaulisandotherfungi do not showuptake,or
reduction, of antimony(V).32 This is a major
departure from the path expected if antimony
methylationmirrors arsenicmethylation.There is
no thermodynamicbarrierto the reductionprocess
becausethe redox potentialsof antimony species
are very similar to those of arsenic. Another
departurefrom the arsenicpathwayis the finding
thatS.brevicaulishastheability to oxidizeSb(III)
to Sb(V) (P. Andrewes,unpublishedresults).Such
behaviouris not unique;Stibiobactersenarmontii
can oxidize antimony trioxide.16 FurthermoreS.
brevicaulisseemsto thrive in high concentrations
of antimony either as antimony(III) or antimo-
ny(V). This behaviour,andthe productionof only
low levelsof methylantimonycompounds,indicate
that, in contrast to arsenic, methylation is a
fortuitousratherthana detoxificationprocess.

It is likely thattheproductionof methylantimony
compoundsis theresultof inadvertentreplacement
by antimonyof someotherelementin a methyla-
tion process. This replacementbecomes more
probableat higher concentrations,and thus it is
not surprisingthat no organoantimonycompounds
were detectedin the medium for the large-scale
bioreactorexperiment.The concentrationsof anti-
mony in the media for the small-scale flask
experimentswere at least 250 times greaterthan
for thebioreactorexperiment.
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The volatile antimony compounds SbH3,
MeSbH2, Me2SbH and Me3Sb appearto be very
minorproductsof S.brevicaulismetabolism.In the
large-scale bioreactor experiment the amounts
detectedwere so low that the sourceof antimony
couldhavebeenimpuritiesin themedia.It hasbeen
suggestedthat only low levels of trimethylstibine
arefoundbecausethecompoundis easilyoxidized,
moresothantrimethylarsine.23 It is possiblethat,in
someof our attemptsto detectantimonyin culture
headspace,some of the trimethylstibine was
oxidized in the transfer lines, or in the gas trap
itself, and it is possible that theseoxides were
collectedin thegastrap.Suchanaccumulationmay
explainwhy onanumberof occasionsweobserved,
late in the HG–GC–ICP–MSchromatograms,an
increasein the baselineantimony signal (Fig. 4)
which might be attributableto theseless-volatile
antimony compounds.The oxidation of volatile
methylantimony speciescould also account for
both the trimethyl- anddimethyl-antimonyspecies
found in solution; however,we have shown that
trimethylstibinecanbemanipulatedwithout appre-
ciablelossin ourexperimentalset-up.Althoughwe
know little about the kinetics of the oxidation
process,the rate will dependin someway on the
concentration of trimethylstibine. At any time
during the experiment, and especially during
continuous collection, the concentrationof tri-
methylstibine above the culture would be quite
low and so the rate of oxidation would most
probablybeminimal. In theabsenceof evidenceto
the contrary,we prefer to believethat the methyl-
antimonyspeciespresentin themediaarethefinal
biotransformationproductsof antimony(III) from
aerobiccultures.

It may be that under anaerobicconditions tri-
methylantimony(V) species can be reduced to
trimethylstibineand in the bioreactorexperiment,
where the systemwas closedat times, anaerobic
microenvironmentsmay have formed where this
reduction could occur. Other researchershave
found that trimethylstibine was formed when a
cultureof S.brevicauliswasmadeanaerobicat the
endof its growth in an antimony-richmedia.9

As reportsof antimonymethylationarebecom-
ing morecommon,a numberof problemssurface.
The nonvolatile compounds,detectedwithin the
media,needto be morefully characterizedso that
we may understandthe processof their formation.
It will be important to develop liquid-chromoto-
graphic techniquesto separatethesecompounds,
and to do this thereis a needfor methylantimony
standardsso that speciation techniquescan be

developed.Improvedmethodsarealsorequiredto
separateinorganic antimony from trace levels of
organoantimonyso that efficient recovery of all
organoantimonyspecies can be achieved. The
possibility that organoantimonycompoundsmay
not be susceptibleto hydride generationmust be
considered.Otherspeciesof fungi anddifferent S.
brevicaulisstrainsneedto bestudiedto seeif there
are any differencesin the ratesof productionand
amounts of methylantimony species.Anaerobic
micro-organisms also need to be thoroughly
investigated.The impactof theseprocesseson the
environmentneedbeconsidered.For arsenicthese
problemshaveall beensolvedto someextent.For
antimonythesolutionsmaybefoundmorequickly
by applyingmodernanalytical techniquesand the
lessonslearnedfrom arsenic.
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