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Merhg l  mercurp is a global pollutant of g r e a t  

environmental concern. The methyiation of inorganic mercury 

t o  form methyl mercury is a process known to be perforrned b y  

a number of b a c t e r i a .  This pro jec t  was intonied tc szrT:ey a 

number of bacteria for; cobalamin content, abiiity to 

methylate mercury, and to investigate molybdate as a 

microbial inhibitor, and in particular its mode of action on 

SRB. For species testing positive for the abiiity t o  

methylate mercury, further investigations were conducted to 

examine p h y s i c a l  factors affecting methylation activity. 

These factors were, low total mercury content, pH, substrste 

composition, temperature, gas phase, and nickel 

concentration. Of the organisms surveyed for mercury 

methylation, some of which have been shown by other workers 

to methylate mercury, o n l y  two SRI3 species were capable of  

methylation. Desulfobulbus propionicus and D e s u l f o v i b r i o  

sp. 9-203, demonstrated rnercury methylation; however, both 

these SRB were known previously to methylate mercury. 

Investigation of the effect molybdate on the growth of 

b a c t e r i a  indicated that molybdate has no effect on the 

bacter ia  t e s t e d ,  with the exception of two methanogen 

species, Methanococcus thermoli thotrophicus and 

Methanospirillum h u n g a t e i ,  and a l 1  t h e  SRB tested. The SRB 

were i n h i b i t e d  under both fermentative and r e s p i r a t o r y  



r e s p i r i o g  or. : I O I ,  for ~ h c s e  SRB capable of fermentztive 

g r o w t h  or respiration using NO1 as a terminal electron 

accepter, was seen in sume cases. Results o f  t h e  cobalamin 

for SR9 grown fermentatively or while respiring. 

In~estigation ütiliiing CVAFS indicate that Drsuiisbulbus 

p r a p i s n i a s  is capable of mercury methylation at t ~ t a l  

mercury concentrations comparable to those found in pristine 

natural enuironrnents. For the variables of  pH, substrate 

composicion, and gas phase, mercury methylation was seen to 

be d i r e c c l y  proportional to Diomass, indicating aethyiatio? 

a s  a f u r x t i o c  of  g rowth  r a t e .  Increased n icke l  

concentraticn produced a slight increase in the anount of 

mercury rnethylated. The e f f ec t  of temperature dernonstrated 

rnethylation as low as 4 '  C with increasing rates of 

metnylation as temperature increased. 
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Sect ion  1.1 

Marcury: a global pollutant 

Korcury is a global pollutant o f  g r e a t  environmentai 

organ ic  and 

forms;  t h e  o r g a n i c  form is many times more t o x i c  t h a n  t h e  

i n o r g a n i c  form iD'Icri anci D'Itri i 3 7 7 j .  Tne most cornmon 

form of organic mercury is m e t h y h e r c u r y ,  which i s  formed i n  

t h e  environment  from i n o r g a n i c  mercury by b a c t e r i a  

( F i t z g e r a l d  e t  a l .  1 9 9 0 ) .  Inorganic rnercury i n  soils and 

sediment is derived from w e a t h e r i n g  of minerals, from 

n a t ü r a l  mercury cycling t h r o u g h  t h e  atmosphere a s  ~ g :  and 

from i n d u s t r i a l  p r o c e s s e s  and fossil f u e l  bu rn ing  (Matheson 

1979). Organic mercury cornpounds are a l s o  produced 

industrially, mainly as phenyl rnercury acetate, a fungicide 

(Robinson and Tuovinen 1 9 8 4 ) .  O r g a n i c  forms of  mercu ry  

undergo bioaccumulation i n  the aquatic food chain (Nationai 

Academy o f  Sciences 1 9 7 8 ) .  This accumulation is a serious 

health and econornic concern for people and wildlife that 

consume f i s h  from waters  containing mercury in the organic 

f orm. 

The earliest work investigating the dangers of organic 

rnercury compounds began in t h e  e a r ly  1 9 5 0 B s ,  with i n c i d e n t s  

involving point source contamination of sites with o r g a n i c  

and  i no rgan ic  rnercury compounds. T h i s  in format ion  on e a r l y  

mercury work has been reviewed by D'Itri and D'Itri (1977). 

Following these incidents of high level con tamina t ion ,  h i g h  
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l e v e l s  of nethyl r , e r a r y  vere seen in people.  Minimaca 3ay 

renains as m e  sf the most horrific examples of a e t h y l  

rLer:üry poisoning on record .  The bay received ef f i g e n t  f rsrn 

a plastics factory f o r  a number of years. This effluent 

sontained mercuric chloride used in the production of v i n y l  

c h i o r i à e  as weii as a number of organo-rnercuriai  compounas 

inclüding methyl aercury. Methyl rnercury became 

concencrated in t h e  fish and shellfish of the bay and 

consumption of a nornal diet of these fish, resulted in 

severe nealth problems in the residents of Minimata Say, 

including birth defects in newborns, severe neurological 

impairment, and even death. 

In 1965, Westermark discovered high concentrations cf 

mercury in f i s h  in Swedish lakes t h a t  received ino rgan ic  

mercury as well as p h e n y l  mercury as t h e  resu l t  of  

icdustrial pollution (Westermark 1965). In 1986, Westoa 

determined that t he  mercury in these fish was almost 

entirely methyl mercury. With this, investigations into the 

causes of rnercury transformation, especially the 

transformation of ~g'' to methyl mercury began. 

Currently it is understood that most of the mercury  

entering ecosystems is inorganic mercury and the rnost common 

problem of mercury in fish is methy? mercury, so 

understanding the transformation of inorganic mercuty to 

methyl mercury is key. 



Saction 1.2 

Early avidmnco o f  urcuty biotraaafori.tion 

In the Late sixties, the work of Jensen and Jernelav  

(i963), in a series  of aquaria sediment experiments, 

demonstrated that the conversion of inorganic mercury to 

mecnyl mercury vas a Oioiogicai pnenomenon, iavourea  unaer 

anaerobic conditioas and possibly mediated by bacteria. 

Wood 2t al. (19681, demonstrated methylation of mercury wich 

excracts of methanogenic b a c t e r i a .  Methanogens were t h o o g h t  

to be likely candidates for microbially mediated methylation 

of mercury because they are anaerobes and have h i g h  

concentrations of methylcobalamin (see Fig .  L l ) ,  the o n l y  

known CL carrier capable of transferring a methyl group in 

the carbanion form necessary for the formation of methyl 

mercury (Wood 1 9 7 4 )  . 
This demonstration of methylation in methanogen 

extracts, plus the  anaerobic location of  m e t h y l a t i o n  

implicated methanogens as possible agen t s  in the 

t rans format ion  of inorganic mercury to methyl mercury. It 

would seem a reasonable assumption based on these two lines 

of evidence t h a t  inorganic mercury was conver ted  t o  t h e  

m e t h y l  form by the actions of methanogenic bacteria; 

however, Wood et  a l .  ( 1 9 6 8 )  fa i led t o  dernonstrate 

methylation of mercury by intact cells of methanogens. 

Second, his work involved the add i t ion  o f  large 

concentrations of exogenous methylcobalamin to methanogen 



CONH, 

Figura 1.1 Stnictura of th. aotrinoid wthylcobaluin 
(~mat1.r  a t  al. 1988) 



ex t r ac t s .  Third, Wood et al. ( 1 9 6 8 )  used a R  acid 

precipitation step p r i o r  t o  t h e  e x t r a c t i o n  o f  t h e  organc- 

nercu ry  compounds from the ce11 ex t rac t  me thykcba ia rn in  

reaction m i x t u r e .  In l a t e r  work, Berman et al. (1990) and 

o t h e r s  demonstrated the spontaneous methylation of mercury 

by m é t h y k o b â h n i n  i n  an â c i d i s  buffer iChoi and a a r t h â  

1993, Desirnone et al. 1 9 7 3 ) .  Wood et al. (1968) also 

demonstrated the abiotic methylation of mercury under nild 

reducing conditions in an N H J l  solution by reacting 

methylcobalamin and propylcobalamin vith mercury acd 

producinq mono and dimethyl and mono and dipropyl mercury, 

respectively. To date no pure cultures of intact cells of 

methanogens have been shown to methylate mercury in vivo. 

Although the flaws in Wood's experimental demonstration of 

enzymatic mercury methylation have been mentioned in 

published work, Choi et al. (April 1994) researchers are 

still mentioning the role methanogens play in the 

biologically mediated methylation of mercury and have cited 

Wood as verification (Drake et a l .  1996) . In addition they 

often cite the paper that mentions Wood's experimental flaw 

(the use of exogenous methylcobalarnin) (Choi, et al. ~ p r i l  

1994) and the paper that provides evidence excluding 

methanogens from environmental mercury methylation, at the 

same time without ever mentioning the contradiction (Drake 

e t  al. 1996) . 



Section 1.3 

Mmrcury nirthylation in tha a n v i r o m n t  

As was mentiûned previousiy, the incidente of hüman 

poiscning led C O  che investigation of rnethyl rnercury. 

Foilswing tnat, many iscidence of aercury contaninatisn of 

f i s h  s t ü c k s  12d :s t h è  investigation uf  nercury m e t h y h t i o n  

in aquatic systems. Ic ilas found c h a t ,  in addition to lakes 

receiving point source contamination of nercury cornpounds, 

l a k e s  rece iv ing  little or no anthropogenic mercury, but 

experiencing acid  rain, also showed elevated levels of  

rnethyl mercury i n  f i s h  (Wren and MacCrimmon 1983, Akie la iek  

and Haines i981). It is important to know tnat there a r e  

orders of magnitude difference in contamination levels 

becween the Minimata Bay incident and in lakes receiving no 

point source pollution. Elevated levels of aethyl mercury 

in f i s h  are also seen in hydro e l e c t r i c  reservoirs, whose 

construction resul ts  in the flooding of large areas of 

ground (Bodaly et al. 1984, Bodaly and Hecky 1979). H i g h  

methyl rnercury concentrations were also seen in fish at the 

upper trophic levels (Gilmour and Henry 1991, Bodaly and 

Hecky 1979) . 
These observations led to the investigation of factors 

affecting rates of mercury methylation. The vast majori ty  

of research done on mercury methylation has no t  focused on 

the rnicrobial physiology of mercury methylation, but rather 

on factors affecting mercury methylation as it occurs in 
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natursl ecvironments, especially in l a k e  sediments {Poryari 

3KC Y e x a  1395, Storda? and Gill 1 9 9 5 ,  2egnel l  1 9 9 4 ,  ûilmocr 

ac a l .  1 3 9 2 ,  Gilmour and Iienry 1991, Ker ry  e t  a l .  1991,  

B a l d i  sc 31. 1 9 8 9 ,  S t e f f a n  et al. 1 9 8 8 ,  Korthals and W i ~ f r e y  

i98?, Xun et ai. 1987, Ramla1 et al. 1986, Furutani and Rudd 

h A A .  

i l o u i .  Kater  cheaistry affecting mercury speciation ana 

acailabiiity, nutrient levels s u c h  as phosphorous, d i s s o l v e d  

organic carbon, acd sulphate, w a t e r  pH, water  E,, and total 

nercury  concentration, are al1 factors that have been 

invescigated in relation to mercury methylation ( K e l l y  et 

al. 1995, Regnel 1994, Giimour and Henry 1991, Steffan et 

J ? .  1388, Compeau and Bartha 1985, Compeau and Bartha 1984). 

From the results of these studies it is hard to make 

quantitative comparisons between d i f f e r i n g  aquatic systems 

because t h e  methods for measuring mercury methylation, such 
T . 2  as ---Hg addition do not give quantitative information, le. 

they  do not give actual rates but rather potential or 

relative rates of mercury methylation. At best qualitative 

comparisons can be achieved, although they provide useful 

information they do not provide the whole story on mercury 

methylation. 

Saction 1 . 4  

Màatoorganiau that wthylate u t c u r y  

In the early seventies a great deal  of work focused on 

identifying organisms that could methylate mercury. These 



i m e s t i g a t i c n s  showed t h a t  a number o f  bacterial and f i inga l  

cu l r r i res  c o u l d  n i e c h y h t e  nercüry in v ivo .  Bacteria such  as 

Estheri chia col i, Pseud~mcnas fl uorescens, Bacil1 u s  

mega t a r i  um, Aerobac te r  aerogenes, Mycobacteri um ph1 si, 

En t e r u b a c t e r  aerogenes and C l o s t r i d i u m  cochleari um, were 

snown CO metnyiate mercury (?an-iiou ec ai. i % û ,  Harnciy ana  

Noyes 1975, Rowland et al. 1975, Vonk and Sijpesteijn 1 9 7 3 ) .  

Unidentified species of the genera Streptococci, 

Staphylococci, Lactobacilli, Bacteroides, and Bifidobacteria 

were shown to methylate mercury (Harndy and Noyes 1975, 

Rowland et al. 1975) . Fungi  such as Neurospora crassa, 

Aspergill us n i g e r ,  and S c o p u l a r i o p s i s  b r e v i c a u l  is a l s o  

showed rnercury methylating ability (Hamdy and Noyes 1975, 

nowland et al. 1975, Vonk and Sijpesteijn 1973, Landner 

1971). Although the various efforts involving the above 

named organisms demonstrated their ability to methylate 

mercury undet  the laboratory conditions used, none of the 

experiments determined whether these organisms are of any 

significance when it cornes to the methylation of mercury in 

the environment. These experiments were not conducted under 

environmental conditions and population mixes, and second 

they were not conducted using environmentally relevant 

mercury concentrations. Thus the contribution of different 

bacterial species to the production of methyl mercury in the 

environment were unknown. 

In 1985 Cornpeau and Bartha (1985) demonstrated that 



sulpkaie redncing bacceria are sigcificant methylatcrs sf 

r , e rzü ry  in anoxie s a 2  g o r s h  sediment. In e a r l i e r  wcrk 

Crmpeau and E ~ r t h a  found aerhglation r o  be conf ined  t o  tne 

a n o x i c  and redüced portions of salt rnsrsh sediments iCcmpeau 

and Bar tha  1984). They determined that both sulphate 

redücers and mathanogens were ac t ive  in t nese  portions o f  

the sediments and proceeded to investigate the respective 

contributions of each of ihese bacterial groups to nethyl 

mercnry production. They accomplished this t h r o ü g h  the use 

of specific innibitors of sulphate reducing Dacteria { S R B )  

and methanogens. When they added 2-bromoethane sulfonate 

( a E S ) ,  a known specific inhibitor of methanogens (Sparling 

and Daniels 1387) they found an increase in rnercury 

nethylation rates. When they added sodium rnolybdate, a 

known inhibitor of ÇRB (Oremland and Capone 19881 ,  t h e y  

foünd  an inhibition of mercury methylation. From the 

results o f  t h e  i n h i b i t o r  experiments Compeau and Bartha 

( 1 9 8 5 :  concluded that SRB were responsible for mercüry 

methylation in salt marsh sediments. 

From these salt marsh sediments, Compeau and Bartha 

isolated in pure culture a SRB that could methylate mercury 

and identified it as a strain of Desulfovibrio 

desulfuricans. They designated it strain LS (low salt) in 

reference to its estuarine o r i g i n .  This isolate is able to 

methylate mercury under anaerobic, reduced conditions 

(Compeau and Bartha 1985). Interestingly it methylates best 



a t  low s u l p h a t e  c o n c e n t r a t i o n s .  Since this tirne cther 

workors have been able t o  isolate and i d e n t i f y  o t h e r  s t r a i n s  

o f  S R B ,  i n c l u d i n g  Desulfobvlbus r o p i o n i c u s ,  t h a t  n i e thy la t e  

mercury (Henry 1 9 9 2 ) .  A t  p r e s e n t  C .  Gilrnour has  i n  excess 

o f  6 0  d i f f e r e n t  isolates of mercury methylating SRB (Gilrnour 

and i i enry  i341, p e r .  cornm. Giimourj. 

Section 1 . 5  

Phylogonatica of thm Sulphata mducing Bactmtia 

The group of bacteria c o l l e c t i v e l y  known as the 

Sulphate Reducing Bacteria ( S R B ) ,  are a diverse collection 

of Gram positive and Gram negative s t r i c t l y  anaerob ic  

e u b a c t e r i a  (Postgate 1984 ,  P f s n n i g  et a l .  1 9 8 1 ) .  They share  

the obvious d e f i n i n g  t r a i t  of  dissimilatory s u l p h a t e  

reduction. Beyond this and t h e i r  strict anaerobic nature 

t h e  SRB as a group demonstrate a number of p h y s i o l o g i c a l  

a b i l i t i e s  no t  al1 of which are shared from species t o  

s p e c i e s  nor  s t r a i n  t o  s t r a i n  (Postgate 1984, Pfennig e t  al. 

1981). Traits t h a t  d i f f e r  i n c l u d e  s u c h  t h i n g s  as  range  of 

carbon sources for growth, t h e  extent t o  which t h e s e  carbon 

sources are oxidized ( comple te  or i n c o m p l e t e ) ,  the range of  

terminal electron acceptors other than ~ 0 , ' -  (eg. n i t r a t e ,  

t h i o s u l p h a t e ,  s u l p h i t e ,  tettathionate, and elemental 

s u l p h u r ) ,  the ability t o  grow f e r r n e n t a t i v e l y ,  and t h e  

a b i l i t y  t o  rnethylate mercury (Compeau and Bartha 1985, 

Pos tga t e  1984, Pfennig e t  al. 1981). 



1 2  

Zarly classification of the SR3 by neressity was done 

u s i n g  aorphology, nutritional similariries, c n e n i ~ a l  data 

such as serology, genornic G+C content, and pigment t l j pe  

( P o s t g a t e  1 9 9 4 ,  P f e n n i g  e t  al. 1981). This classification 

work resulted in the establishment of 11 genera of SRB 

(Devereux e t  ai. L 3 d 9 ) .  

More recently L6S r3MA studies have been employed -0 

investigare the phylogenetic relationships between t k e  

various genera of SRB [Devereux et al. 1 9 8 9 1  . The 16s rRMA 

studies are g e n e r a i l y  consistent with the established 

taxonomie groupings, however; they do show t h e  e x t e n t  o f  

p h y l o g e n e t i c  diversity among the SR0 ie. even when 16s rRNA 

sequences support a tsxonomic grouping there is stil? 3 

great deal of diversity within the 16s rRNA sequence data 

(Devereux et al. 1 9 8 9 ) .  An example o f  t h i s  is 

Desulfotomacuhn rumin i s  and D. o r i e n t i s  s h a r i n g  only 83% 

sequence homology (Devereux et al. 1 9 8 9 ) .  

Using the previously mentioned classification traits 

and the 16s rRNA sequence relationships, a nurnber of 

Desulfotomaculurn species have been grouped with the Gram 

positive endospore forming eubacteria. Based on the ability 

t o  form spores and rRNA similarity a ciear affiliation 

exists with the Gram positive endospore forming eubacteria, 

although the 16s rRNA sequences indicate the genus is quite 

diverse. The gram-negative non-spore forming SRB seem to 

cluster within the delta subdivision of the purple bacteria 



( p r o t m b a c t e r i s )  IDeve:?ux 2t 31. 1 3 8 9 )  . 
Withk genera, 16s rRMA s t u d i e s  demonstrate a h igh 

degree of phylagenetic distance amongst members, suggesting 

in sorr.e instances separate lineages for the members of some 

cf the SR9 genera D e v e r e u x  e t  a l .  1989). Separate lines o f  

l ineage  are suggested for members of the genus 

Desulfotomaculum based on 16s rXNA sequence comparisons, and 

the wide range of G4C content v a l u e s  found within t h e  genus 

(Devereux ît al. 1989). 

Meng t h e  genüs Dasuifovibriu, significant phy logene t i c  

diversity exists (Devereux et a l .  1989). The genus contains 

bo th  complete and insomplete oxidizers a s  well as species 

dif ferences  in pigment content ( P o s t g a t e  1984, Pfennig ét 

al. 1981). Thus, in t h e  strains of the species 

Desulfovibrio desulfuricans considerable phenotypic as well 

as p h y s i o l o g i c a l  diversity exists (Devereux et al. 1990). 

Mercury methylation has been r e p o r t e d  i n  a var ie ty  o f  

SRB species, notably Desulfobulbus propionicus, and 

Desulfovibrio desulfuricans. It is important to rernember 

chat not al1 ÇRB methylate mercury and that not al1 members 

of a genera, or strains of a species, that contain members 

that methylate mercury, share this ability (Gilmour and 

Henry 1 9 9 1 ) .  I n  c o n s i d e r i n g  t h e  e x t e n t  of p h y l o g e n e t i c  

d ive r s i t y  exh ib i t ed  within t h e  SRB it is n o t  surprising that 

we find situations whese traits are not shared between, what 

would at first appear to Pe, closely related organisms and 



coutrarily we f i n d  t r a i t s  shared among organisms t h a t  a re  

rnly distantly related. This is particularly pertinent t o  

ae rcu ry  methylation as it provides a possible e x p l a n a t i o n  o f  

why methylation is not seen in al1 strains of a species 

which has demonstrated r n e t h y l a t i o n  in one o r  more s t r a i n s  

mrl :lot mothylitizn is seen ir: s z r a i ~ s  2: distaatly relaiecl  

species.  

Many cellular compounds are capable of t r a n s f e r r i n g  

methyl groups in biochemical reactions. They are 

cctrahydrofolate, methionine CoA, 2-mercaptoethanesulfonic 

acid, F430 (nickel cofactor) , and corrinoid coenzymes (Wood 

1974). Of these only the methylated corrinoids have been 

implicated in the methylation of mercury, because t h e y  a r e  

the only CL carrier capable of transferring methyl groups as 

carbanions. The carbanion form is required for the 

methylation of mercury. 

Corrinoids are coenzymes comprised of a tetrapyrrole derived 

corrin ring (see Fig. 1.1) (Stuppetich et a l .  1990) . The 

centre of the corrin ring contains a cobalt ion which is the 

a c t i v e  site of the molecule. Corrinoids are involved in 



m 2 y  e ~ y m a t i c s l l g  mediated nethyl t r a ~ s f e r s ,  s ~ c h  as 

ze tk i rn ine  s y n t h e s i s ,  nccleic a c i d  modification, production 

cf a e r k a r e  b j  nethanogens, and fixation of CO, in tne 

acetyl-CoA pathway [Krautler et 21. 1988,  Wood e t  al. 1 9 8 0 ,  

Eden and Fuchs  1 9 8 2 )  . 

Section 1 . 7  

Deaulfov2brio &sulfuricana LS 

Work w i t h  D. d e s u l f u r i z a n s  LS has snown the preseace of 

tobalaniz, s corrinoid coenzyme. The methylated form of 

this corrinoid (methylcobalarnin) isolated from D. 

desulfuricans LS, has been shown t o  m e t h y l a t e  mercury i n  

v i t r o  in a pH 4 . 5  ace ta te  b u f f e r  with ~g'- (Choi  and Bartha 
. , 

19931. - 'C labelling studies u s i n g  pyruvate, formate, 

serine, and HC0,-, indicate the operation of the acety l -CoA 

synthase pathway (Fig. 1.2)(Choi et al. 1994, Berman et ai. 

1 9 9 0 ) .  

When assayed for, enzymes of the acetyl-CoA s y n t h a s e  

pathway were present. From this evidence, Choi et a l .  

(1994) have proposed the production of methyl mercury via a 

modification of the acetyl-CoA pathway where t h e  methyl 

group originally destined for acetyl-CoA formation instead 

becomes the methyl group of methyl mercury (see Fig .  

1.2) ( C h o i  e t  a l .  1 9 9 4 )  . T h e r e  are weak p o i n t s  in the 

presentation of this scheme as a general mode1 for mercury 

methylation in osganisms o t h e r  than D. desulfuricans LS. i l  
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The acecyl-CoA pathway in many sulphate redacers i r x l u d i n g  

5 .  Yesu i für i cans  LS is a very mino r  pathway, as levels of 

e n r p e s  specific to t h e  pathway a r e  low, y e t  t h i s  species 

inethylaïes mercury (Choi e t  a l .  1 9 9 4 ) .  ii) W h i l e  

methanogens and acetogens a r e  both known t o  have s e v e r a l  

tnousand ioid g r e a t e r  concen t r a t i ons  of cobalamin, and carry 

out a c e t a r e  synthesis via t h e  acetyl-CoA pathway as  a major 

b i o s y n t h e t i c  r e a c t i o n ,  no members of either group have beer. 

shown t o  methyla te  mercury  iDaniels et  31. 1984, Choi et 31 .  

1 9 9 4 )  . 
Choi e t  al. (1994) have isolated from Desu l fov lb r lo  

d e s u l f u r i c a n s  LS, a 10-kDa c o r r i n o i d  p r o t e i n  t h a t  i s  capable 

o f  me thy l a t i ng  ~ g ' - a t  ra tes  up t o  600  f o l d  g rea te r  than  t h a t  

of free rnethylcobalamin. They propose t h a t  an enzyme 

specific t o  mercury me thy l a t i on  e x i s t s ,  w h i c h  they term 

mercury m e t h y l t r a n s f e r a s e .  They propose t h a t  t h i s  

t r a n s f e r a s e  enzyme works i n  con junc t i on  w i t h  t h e  IO-kDa 

c o r r i n o i d  p r o t e i n  t o  methylate  mercury, o r  a l t e r n a t e l y  that 

t h e  40-kDa c o r r i n o i d  p r o t e i n  contains w i t h i n  i t se l f  t h e  s o  

called mercury m e t h y l t r a n s f e r a s e  enzyme. The absence o f  

this rnercury m e t h y l t r a n s f e r a s e  enzyme, whether it be a 

separate enzyme o r  a p a r t  of t h e  40-kDa c o r r i n o i d  p r o t e i n ,  

would explain why organisrns wi th  much g r e a t e r  concen t r a t i ons  

of methylcobalamin and enzymes s p e c i f i c  t o  the acetyl-CoA 

pathway are incapable of  rnercury methyla t ion .  However, Choi 

e t  a l .  ( 1 9 9 4 )  p rov ide  no ev idence  t o  suggest that this 



niethyLtransferase enzyF.e (whether ic is a separate enzyme or 

a par: of t h e  10-kDa corrinoid p r o t e i n )  is not  j u s t  t h e  

normal a e t k y l x a n s f e r a s e  enzyme required for the t r m s f e r  of 

the methyl group from cobalamin to carbon monoxide i n  r h e  

formation of  CH,-CO-SCoA. 

Soction 1.8 

Raaaona for motcury mmthylation 

One of che least understood q u e s t i c n s  s u r r o u n d i a g  

mercury aecbylaticn is why organisms methylate rnercury at 

a l l .  One prcposed expianation is that mercury methylation 

functions as a d e t o x i f y i n g  process (Pan-Hou and Imura 1982) . 
Nercury mechylation as a ietoxifying mechanisrn seems 

coünterintuitive, because methyl mercury is more toric than 

~g"; however, rnethyl mercury is less soluble than ~g:', and 

c h u s  d i f f u s e s  o u t  of t h e  ce11 more read i ly ,  thereby lowering 

the overall mercury concentration in the immediate 

environment of the ce11 (Boudou et al. 1991). Evidence 

suggesting methyl mercury diffuses more rapidly across ce11 

membranes than does ~g", and thus leaves t h e  ce11 more 

r a p i d l y ,  cornes from phospholipid bi layer  studies using 

c h l o r i n a t e d  forms of methyl  mercury and ~g' ' ,  ( C H , H g C l  and 

HqC1-)  respectively (Boudou et al. 1991) . Only one study 

supporting methylation as detoxification mechanism exists, 

that of Pan-Hou and Imura (1982). Pan-Hou and Imura (1982) 

found that a vitamin B,, auxotroph of C l o s t r i d i u m  



sochleariurn, incapable of methylation and cured of che  

demethylation plasmid showed greater sensitivity t o  3gz*  

t h a n  d i d  t h e  p a r e n t  strain, which w a s  capable of rnethylaticn 

but also cured of the demethylation plasmid. 

The demethylation plasmid is the plasmid containing the 

mer operon .  The  mer operon is composed of severa l  genes, 

the most important being merA and m e r B ,  which code for a Hg 

reductase and a n  organomercury lyase, respectively (Br inkman 

and Olson 1988). The remaining genes are involved in 

transpcrt and in regulating the expression of m e r A  and m e r B  

(Weber 1993). Opponents of the idea that mercury 

methylation is a detoxifying mechanisrn, cite the increased 

toxicity of methyl mercury and the existence of a more 

efficient detoxifying mechanism, ie. the mer operon, which 

as mentioned above has both a demethylating capacity and a 

mercury volatilization capacity (Weber 1993, Brinkman and 

Olson 1988) . When induced, and only nanomolar 

concentrations of mercury are required t o  induce mer 

transcription, t h e  mer operon produces enzymes for the 

cleavage of methyl mercury resulting in t h e  production of 

CH, and ~ g : '  (Se l i fonova  et a l .  1993, Robinson and Tuovinen 

1984). The ~ g = +  is then reduced t o  I3go which has an 

extremely low vapour pressure and q u i c k l y  escapes t o  t h e  

atmosphere. 



Section 1 .9  

Abiotic iurcury u t h y l a t i o n  

Since the chernical methylation of mercury via 

rnetkylco~aiamin, under acidic conditions has been 

ùemonstrated, and no single definitive mode1 for the 

micrnbial methylstic~ oxists, s î n e  zf t h e  p r s s i b l e  

alternative explanations for the methylation of mercury ïill 

be discussed. 

Carbocaticn donors  such as ~dimetnylsulfonio)propionate 

and n e t h y l  iodide may nethylate Hg,-+ via a radical mediated 

process resulting in a one-electron oxidation of ~ g , ' ~  (Weber 

1 9 9 3 ) .  

Methylcobalarnin, mono, di, and tri methyl tins, and humic 

matter have also been suggested as possible abiotic 

mechylators of mercury (Weber 1993). As mentioned earlier 

methylcobalamin methylates mercury abiotically under acidic 

conditions; however, little is known about the abundance of 

methylcobalarnin in the environment, outside of living 

organisrns. Evidence that does exist does not seem to 

lnd ica te  a correlation between cobalamin concentration and 

methyl mercury concentration in the environment (Regnel and 

Tunlid 1991). Methyl transfers fram the various methyl tins 

to mercury have been demonstrated in the lab, but no 



e x p e r i r n e n t a l  evidence for environmental mercury rnethylation 

v i a  nethyl t i n s  exists (Weber 1993). The comnon occurrence 

of humic aatter in aquatic systems and the demonstration of 

in vitrs methylation of mercury by numic matter, indicate 

t h a t  humic matter i s  the most likely of abiotic candidates 

Bartha (1986) demonstrated that humic matter was responsible 

for l e s s  t h a n  1/10 of  the methyl mercury forrned from anoxic 

estuarine sedirnents. 

Sactaon 1 .10  

Diff icult iaa i n  conductinq xaaauch on urcury r thy la t ion  

Like any type of research, t h e r e  are i n h e r e n t  

d i f f l t u l t i e s  in studying mercury methylation. Some of these 

difficulties appear when trying to relate what is known 

about t h e  microbiology of  mercury r n e t h y l a t i o n  w i t h  what i s  

seen in the environment. Some of the difficulties exist due  

to limitations in analytical technique. Others e x i s t  due to 

difficulties in controlling variables of microbial activity. 

A few examples of these difficulties follow. 

Al1 t h e  work done t o  date on the microbiology of 

mercury methylation in pure culture used concentrations of 

mercury several hundred to several thousand fold higher t h a n  

what is seen in natural systems not receiving point source 

contamination, or even in very polluted areas exhibiting 

h i g h  levels of methyl  mercury in the f i s h  a t  the h i g h e r  



t r o p h i c  leveis. Thus  I t  must be asked, a r e  t h e  l a b o r a t c r y  

experiments r e l evan t  t o  what i s  occurring i n  t h e  

environnent? I n  laboratory experiaents, using sediments, 

increasing mercury concentrations from 10 to 100  ppm 

resulted in an irzrease in methylation (Jensen and JernelOv 

19691 . While i n  experiments w i r h  Dosslfî~.Qkric 

d e s u l f u r i c a n s  LS, increases i n  i no rgan ic  mercury from 0 . 1  to 

10.0 pg per ml, under ferrnentative c o n d i t i o n s  and 10.0 t o  

50 .0  pg per m l  f o r  sulphate reducing conditions, resui ted in 

decreases in methyl nercury production ( C h o i  and Bartha 

1 9 9 3 ) .  I n  the environment, t o t a l  mercury proves t o  be a 

poor indicator of methyl mercury concentrations from system 

to systern, suggesting that mercury methylation activity 

varies in different aquatic environments (Kelly et al. 

1 9 9 5 ) .  Yet the addition of mercury to sediments results in 

an increase in methylation in the system ( F u r a t a n i  and Rcdd 

1 9 8 0 ) .  

Contradictory r e su l t s  achieved using molybdate a s  an 

i n h i b i t o r  of SRB ie .  near complete inhibition of mercury 

methylation or a near complete lack of inhibition, would 

tend t o  indicate that other organisms are capable of mercury 

methylation in the environment (Matilainen 1995, Compeau and 

Battha 1985). This contradicts the widely he ld  belief that 

sulphate reducing bacteria are the only significant 

methylators of mercury in the environment. Yet with the 

exception of an iron reducer no other otganisms have been 



isclated that demonstrace a significant role in mercnry 

xethylation in t h e  er.vircr.ment (pe r .  corm. Gilmour). 

In ccnjunction with this, contradictory resu l t s  exist 

for work involving the stimulation of mercury rnethylation by 

SRB, with addition of sulphate (Winfrey and Rudd i990). A 

pocenciai expianation exiscs for chis, although it is 

difficult to overcome experimental limitations in trying t o  

pinpoint the answer. SKB when growing on sulphate produce 

XLS, which has a high binding affinity for mercury and is 

thought C O  reduce its bioavailability. Thus sulphate 

stimulation of an aquatic system may in fact reduce the 

amount of mercury available for biomethylation such that no 

change in mercary rnethylation rates occur, y e t  t h e  

methylating potencial has increased due to increases in the 

SRB popülation. 

SRB that methylate mercury and can grow fermentatively, 

convert mercury to methyl mercury i n  the greatest proportion 

to added mercury when growing in the absence o f  sulphate 

(Choi and Bartha 1993). Attempts to measure rnercury 

methylation in pure culture at environmentally realistic 

concentrations have been limited until recently, due to the 

lack of suitably sensitive detection equipment (Alli et 51. 

1994). Mercury concentrations i n  aquatic systems, showing 

significant levels of methyl mercury, can be  at or n e a r  the 

detection limit of even the most sensitive equipment. The 

difficulty is futther compounded when ttying to develop 
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growth media free of mercury contarninants such that one can 

achieve realistic environmental concentrations. 

Saction 1.11 

Objactivai 

The objectives of this thesis prnjec t  were dorit?ei fr-rn 

the following observations: 

i) The evidence implicating SRB as the p r i n c i p l e  

methylators of rnercury in estuarine sediments is based on 

experimencs using molybdate as a specific inhibitor of SRB. 

ii) Pure culture work with SRB shows that t h e y  

methylate best when ~ 0 , ' -  is low or absent and under  these 

conditions molybdate would not be expected to inhibit SRB 

because it is thought to work through cornpetition with SO,:-. 

iii) Many genera of microorganisms other than SRB have 

been shown in the past to methylate mercury in pure culture 

at high total nercury concentratiocs. 

iv) Past work investigating mercury methylation in pure 

culture and the majority of work on methylation in water and 

sediment have a l 1  been done using high total rnercury 

concentration. 

Therefore 1 have proposed to; 

i) investigate the specificity of molybdate inhibition, 

and its mode of action;  

Fi) investigate factors a f f ec t i ng  rnercury methylation 

in pure culture; 



new su rvey  variety 

microorganisms i n c l u d i n g  a selection of ;ab s t r a i n s ,  and 

e n r i r c n r n e n t a l l y  significant microorganisms, at lower nerco ry  

concentrations, using ~g"' t echn iques  more s e n s i t i v e  t h a n  

p a s t  work b u t  still not  a t  environmental c o n c e n t r a t i o n s ;  

at total mercury concentrations approximating mercury 

concentrations seen in the environment. 
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Section 2.1 

Intxoduction 

Molybdate has long been h e l d  as a specific inhibitor of 

sulphate reducing bacteria (SRB) (Postgate 1952) . The 

initial research on molybdate inhibition of SRB was 

e c x û z i c â X ÿ  driven f o r  industrial nceds iOrmeiand ana 

Capone 1 9 8 8 ) ,  s u c h  as the prevention of corrosion of steel 

structures, foulinq of hydrocarbon fuels, and pollution of 

deep water wells and domestic hot water systems (Postgate 

1984). With the ability to inhibit the growth of SRB 

responsible for these problems, molybdate has been an 

effective industrial tool and research has continued in this 

direction (Hamilton 1985). 

Since its initial consideration for industrial use, 

molybdate has also been frequently used in environmental 

microbiology as a means of isolating the effects of SRB in 

mixed natural populations (Ormeland and Capone 1988). The 

first use of molybdate as a specific inhibitor of SRB for 

environmental studies was by Ormeland (1976). Others have 

used molybdate for similar purposes ( see  Ormeland and Capone 

1988, for a detailed review) . 
There are thought to be two different modes of action 

for the inhibition of SRB by oxyanions. Molybdate, as a 

member of the Group VI oxyanions, acts as an analogue of 

sulphate, and cornpetes for uptake by sulphate reducers 

creating a cornpetitive inhibition situation (Furuska 1961, 



Postgate 1952). A further biochemical inhibition occurs 

once t h e  rnolybdate is in the ce11 (Oremland and Capone 1 9 8 8 ,  

T a y l o r  and Orernland 1979). The f i r s t  step in the sulphate 

reduction pathway requires t h e  activation of the sulphate 

through association with the enzyme ATP-sulfurylase (Peck 

one ATP,  producinq adenosine-5'-phosphosulphate (APS) (Peck 

1959). This ATP is secovered in subsequent reductions 

(Voordouw 1993 for review, Peck 1 9 6 0 )  . In the presence of 

molybdate one ATP is spent to produce an adenosine-5' 

phosphornolybdate complex (APMo)  v i a  ATP-sulfurylase, which 

is unstaDle and q u i c k l y  dissociates, without the recovery of 

AT?, and without participating in the further reductions 

required t o  produce additional ATP (Wilson and Bandurski 

1958). Molybdate can then go on to form another APMo 

complex repeating this futile cycle. By causing t h e  

h y d r o l y s i s  of  AT? via ATP-sulfurylase, molybdate causes a 

reduction of the cellular ATP content (Taylor and Oremland 

1979, Peck 1962). 

Even though molybdate has  been used extensively as a 

specific inhibitor of SRB in ecological studies, a number of 

questions about its use remain. For example, what are the 

effects of molybdate on t h e  activities of other bacteria? 

Jones et a l .  ( 1 9 8 2 )  reported t h e  inhibition of 

rnethanogenesis i n  freshwater systems at molybdate 

concentrations of 20 M. Concentrations of molybdate 
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ranging frorn 2 aM to 100 mM h a v e  been used t o  s u c c e s s f u l l y  

inhibit s u l p h a t e  reduction in a variety of systems (Ormeland 

and Capone 1988). Wolin and Miller ( 198C)  report the 

inhibition of bydrogenase synthesis in Ruminococcus albus by  

molybdate at a concentration of 0.01 rnM, and significant 

inhibitirn zf ;rswtF, a t  a molybdate concentration of  fi.i m. 

This suggests further investigation into the specificity on 

molybdate inhibition would be prudent. 

More importantly, what are t h e  effects on SRB w h i l e  

growing i n  the absence of sulphate? SRB, depending on the 

strain, can grow on a wide variety of substrates either 

ferrnentatively or w i t h  alternate terminal electron 

acceptors, in low sulphate environments (Postgate 19841, but 

it is not known whether molybdate inhibits SRB under these 

conditions. In the fermentative mode of growth it is 

obvious that a means other than the sulphate reducing 

pathway is being utilized. Also respiratory growth on 

terminal electron acceptors other than sulphate may indicate 

the operation of metabolic pathways other than that which is 

operating while respiring on sulphate. There is minimal 

experimental data on the effects of molybdate on SRB w h i l e  

growing on fermentative substrates or alternate electron 

acceptors. Thus we do not know whether molybdate add i t ions  

i n h i b i t  SRB i n  general, or only affect those ce l l s  currently 

using sulphate as a terminal electron acceptor. This is an 

important question because the test of effectiveness of 
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rolybdate in e n v i r o n n e n t a l  studies is inhibition of sulphate 
* - 

reduction (measured by the conversion of  ''Ço;=' :O " Ç = - !  rith 

no test for attivity of the SRB carrying out o t h e r  types of 

energy metabolism. 

The present  work is undertaken in order 1) that a 

hr îsder  x d e z s t a n d i u g  ûf ;he e f fes ts  sf rnoiybdate on 

organisms other t h a n  SRB may be ga ined ,  and 7 )  t o  

investigate the effects of rnolybdate on SRB w h e n  grown i n  

t h e  absence of sulphate. To this end inhibition studies on 

a w i d e  range of  bacteria were undertaken, as w e l l  as 

inhibition studies of SRB grown on a range of substrates. 

The effects of molybdate on ATP l eve l s  of D. d e s u l f u r i c a n s  

and 9-203, a Desul fov ibr io  species capabie of methylating 

mercury, grown on a v a r i e t y  of substrates and t h e n  exposed 

to aolybdate were investigated. A key question is whethe r  

the sulphate reduction pathway, wnich interacts w i t h  

molybdate, is operational in the absence of sulphate. Thus 

experirnents were also done t o  determine i f  selected SRB 

continually express the sulphate reducing pathway or if it 

must be induced by the presence of sulphate. If it is 

inducible, is molybdate a l s o  an inducer? 

Saction 2.2 

Mata+ialr and mthoda 

i) O t g a n i a u  u u r i n . d  

The following organisms were tested for inhibition by 



molybdate; Acetobacteriurn woodii DSM 1030, Dssu l fov ib r i o  

baarsii DSM 2 0 7 5 ,  D .  d e s u l f u r i c a n s  DÇM 1 9 2 4 ,  D. 

d e s u l f u r i c a n s  Essex 6 DSM 642, D. d e s u l f u r i c a n s  ATCC 2 7 7 7 4 ,  

D. v u l g a r i s  DSM 6 4 4 ,  Desulfobulbus propionicus DSM  2 9 3 7 ,  

Desulfotomaculum gutcoideum DSM 4024,  D. r u m i n i s  DSM 2154,  

Entsrobacter aeroqenes ATCC 1 3 0 4 8 ,  Escherichia coli MF 130, 

L a c t o b x i l l  u s  p l a n t a r u m  ATCC 8014, Metnanococcus 

thcrmol i t h o t r o p h i i u s  DSM 2095, M~thanosarcina barkêri s t rain 

Fusaro DSM 804, Methanosphaera stadtmanae DSM 3091, 

Methanospirill um nungaeti s t r a i n  GP1 D S M  1 1 0 1 ,  Myxococcus 

xan t h u s  DK 1050,  Pseudomonas fl uorescens 4 93 , Rhodospirill um 

rubrum ATCC 1 1 1 7 0 ,  Staphylococcus iureus 96, and 

Strsp tococcus  faecal is  9 7 .  

The non-sulphate reduc ing  eubacteria tested comprise a 

variety of Gram n e g a t i v e  and Gram positive species. Among 

the Gram negative species is included Myxococcus xanthus, an 

organisrn suggested to be phylogenetically related to the SRB 

(Devereux e t  al. 1989) . The remaining Gram negative 

organisms as well as the Gram positive are al1 species, or 

members of genera that in the past have been shown to 

methylate rnercury (Hamdy and Noyes 1975, Rowland et a l .  

1975, Vonk and Sijpesteijn 1973), with the exception of 

Rhodospirilum rubrum, which was chosen for its ability to 

grow phototrophically under anaerobic conditions and i t s  

ability to oxidize H,S to sulphate. 

Methanogens were chosen for investigation due to their 
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e a r l y  iapiication in aercury rnethylation (Wood èt al. i963). 

O f  f o u r  species of methanogens examined, representatives O: 

the th ree  recognised orders of methanogens are present 

(Vogels e t  al. 1988). Mêthanococcuç t h e r m o l i t n o t r o p h i c u s  i s  

a member of t h e  group Methanococcaeles, Methanospirill ua 

h u r i j a a t i  ând ? & ~ n a o s a r c i n a  barkeri, are members o i  tne 

groüp Methanomicrobeailes, and Methanosphaera stadcmanae, is 

a rnember of the group Methanobacteriales. Methanogens and 

S R B  a re  b o t h  strict anaerobes and can be found occupying the 

same anaerobic environments. Inhibition of methanogenesis 

has been reported previously with molybdate concentrations 

of 2 3  mM ( Jones  et al. 1 9 8 2 ) .  

a i )  Dotumination of growth 

To determine the ef fec ts  of molybdate on the growth of 

t h e  l i s t e d  microorganisms, with the exception of M. xanthus, 

al1 were grown anaerobically in triplicate in 9 ml of the 

required media, and inoculated with a 10% (1 ml) inocula 

from a mid-log phase culture. Growth was measured via 

changes in optical density at 660 nm in a LKB 

spectrophotometer (Novaspec II). Balch-Wolfe tubes, 15 ml 

nominal capacity, Bellco stoppered with butyl rubber 

stoppers and aluminum crimp tops were used as the culture 

vessels. Prior  to degassing and autoclaving, molybdate was 

added from stock solutions of 1 M, 0.1 M, 0.01 M, and 0.001 

M to achieve final concentrations of 30 mM, 20 mM, 1 0  mM, 1 



, 2 . 1  i n3  9-21 91!, 3.1 a l  o f  zhe appropriace s t o c k  

xss  s2ded r o  9.9 ml of xed ia  t o  x h i e v e  ccnceztraticns o f  

7 L J -  rb !  =O lu TM and 0 . 2  and 0 . 3  m l  of che 1 M stock *.vas 

iddea cc 6 . 7  ml of media t o  ach ieve  concent ra t ions  of  2 8  n~ 

and 30 zM respectiveiy. 0.1 ml distilled water was used cc 

b r h g  t h e  volüae up :O  9.0 ml where required. All z u l t u r e s  

were i nc l i ba ted  in t h e  dark ,  with rrhe except ion of  

2hodospiri:im r u b r ü m ,  which was incubated under 

incandescent Light. M. :<anthus was grown aerobically i n  50 

91 of  media in side arm f l a s k s .  M o l y ~ d a t e  was added to t h e  

sed iô  p r i o r  to autoclaving. From a 1 bl s t o c k ,  1 . 5 ,  i. O ,  and 

2 . 5  a l  xere added t c  48.5 ni of nedia ,  with distilled water 

^seci C O  b r i z g  t h e  f i n a l  voiurne up to 50 ml where necessarï, 

r o  ackiêve concentrations of 30 mM, " mm, and 10 mM, 

respectively. From 3 . i  M, 0.01 M, and 0 . 0 0 1  M stocks,  0 . 5  

ml Nas added t o  4 8 . 5  ml of media. Volume was made up t o  50 

ml with distilled water to achieve molybdate concentrations 

of 1.C niM, 0.1 mM, and 0 . 0 1  mM. Growth was measured i n  a 

K l e t t  Sumerson  photocolourimeter. Media formulations and 

grswth conditions are listed in appendices A, 8, and C a  

iii) tnduction of rulphata rduct ion  patàway r i a  molybdata 

To determine if molybdate has t h e  ability to induce t h e  

sulphate reduction pathway in fermentatively growing SRB, it 

Nas first determined if c e l l s  of Desulfovibrio desu l fu r i ca ix  

DSM i E 4 ,  Desulfovibrio d e s u l f u r i c a n s  ATCC 2 7 7 7 4 ,  D. 



ïul g a r i s  3ÇN 611, DesülfsDulSus p r ~ p i o n i c u s  DSM 2 0 3 2  and 

3 e s ~ ' ~ f 0 t s m a c ~ h m  r v m i c u s  DÇM 2154, continuously express  t h e  

enzyaes required to reduce sulphate, even vhen grown 

fermentatively, or if these enzymes need to be induced by 

the presence o f  sulphate. Cells were grown in b a t c h  culture 

in 500 ml of fermentative media (appropriate f o r  the 

organism) in 1 litre Pyrex reagent bottles (Corning) (see  

appendices A, 5, and C, for media formulations, solutions 

and growth conditions). Cells were harvested at late log 

phase  in a Coy anaerobic charnber (Coy Laboratory Products 

Inc. 2 2  M e t t y  Drive, Ann Arbor Michigan 48103) with an 

atmosphere of 90 :10  MJH,,  then placed in O-ring sealed 

centrifuge bottles and centrifuged at 4,225 x g for 15 

minutes. Again in an anaerobic chamber the supernatant was 

discarded and the pellet resuspended in 100 ml of harvesticg 

~ u f f e r  (see appendix B for formulation) t h e n  dispensed in 50 

ml aliqouts to two, 100 ml serum bottles, stoppered with 

butyl rubber stoppers and aluminum crirnp tops. To each of 

the bottles, 5 ml of a fumarate sulphate solution was then 

added. For Desulfobulbus propionicus a l a c t a t e  su lphate  

solution was used in place of the furnarate sulphate solution 

as D. prop.ionicus is known to grow ferrnentatively on 

lactate. The serum bottles were then incubated i n  a water 

bath at the appropriate temperatures (see appendix C) for 

the duration of the experirnent. Sarnples were t h e n  drawn at 

time zero and t h e n  at 2 minute intervals and analyzed for 



sz lphide  produc=icn  v i a  t h e  rnethod o f  T r ï p e r  and S c h l e g e i  

:1964) with sample and reagent volumes be ing  reduced by 1/10 

f o r  c x v e n i e x e .  

iv) DeterPining ATP contant 

To àeterrnine the effect molybdate has on cellular AT? 

c o n t e n t  of  cells growing on a variety of ferrnentative 

subsïrates, and terminal electron acceptors, Desulfovibria 

d e s u l f u r i s m s  DSM 1 9 2 4  and D. desulfuricans B-203 were used. 

D. d e s u l f u r i c a n s  DSM 1924 grows fermentatively on a wide 

variety of substrates and tan utiiize a variety of terminal 

electron accsptors . D. dêsulfuricans B-703 grows 

fermencatively as well as respires sulphate, and is known t o  

rnethylaie mercury. They were grown in f i v e ,  500 ml batch 

cultures i n  1 L Pyrex reagent bottles (Corning) (see 

appendices A, 3, and C for media formulations, amendments 

and growth conditions). Cultures were grown to near  the end 

of  log phase and harvested in a Coy anaerobic chamber with 

an atmosphere of  90:lO N,/H,,  then placed in O-ring sealed 

c e n t r i f u g e  bottles and c e n t r i f u g e d  at 4,225 X g for 15 

minutes. Again in an anaerobic chamber the supernatant was 

discarded and the pellets are resuspended in 100 ml 

harvesting b u f f e r  and dispensed  in 20 m l  amounts to four, 

100 ml nominal capacity serurn bottles stoppered with butyl 

rubber stoppers and alurninum crimp tops. Molybdate was 

addea to two of the bottles to a final concentration of 10 



1 .  3.11 f w r  S c c t l e s  receLFed 2 . 5  n1 of t h e  r , z t r i e n t  

s c l ï t i s n  sppropriate f o r  t h e  m t r i e n t  nediun on :diich tiey 

were 3rc*,c (see appendices A and B for f ~ r m l a t i o ~ s ) .  The 

b c t t l e s  were then tncubated for one houx  at 30'  C. Csl tu res  

u e r o  then passed once at 12,000 p s i  thrcugh a F r e n c h  

pressure ce11 (SLM Instruments) and analyzed for ATP content 

us ing  t h e  luciferase l u c i f e r i n  assay (Kirnich .-t a l .  1 9 7 3 ) .  

Section 2 . 3  

Reaultr and Diacuarioa 

à) Dotadnat ion  o f  molyb&ta inhibition rp~cificàty 

Bo inhibition vas seen f o r  a n y  o f  t h e  non-ÇRB 

eubacteriai species tesred (see Figüres  2.1 through 2.9 at 

end o f  chapteri a t  concentrations xp t o  30 mM nolybdâte. 

? 2essics fsr  the nethanogens t e s t ed  are  shown in fable -.if 

as derived from F i g u r e s  2 . 1 0  t h r o u g h  2 . 1 3  (see end of 

In this study, two of the tested methanogens, 

Msthanococcus thermol i thotrophicus and Yethanospirill um 

h u n g a t e i ,  showed significant inhibition of growth, as 

determined by culture turbidity, at molybdate concentrations 

much lower than 20 mM. This may give cause to reconsider 

the use of molybdate as a means of isolating the activities 

of the methanogens from those of SRB when working with mixed 

natural populations. This bears special significance in the 

area of mercury methylation, as the use of molybdate was the 



Table 2.1: Xettaccgens t e s t e d  f o r  innibiticn of  g rowth  
kg moly~dare 

Me thanosphasra 

s t a d t m a n a e  

no inhibition up 

co inhibition up 

Methanococcus 

thermoi i thotrûphi cus 

inhibition at 2 0.1 f i l '  

.Ve thanospl  ri 11 um inhibition at r i.0 r n ~ '  

hunga t l a i  

Inhibition as deterrnined by culture turbidity as compared 
to control containing o n l y  -trace amounts of iolybdate a s  
media component (see appendix for media formulation). 
%M = miLlimolar 
Experimental determinations are average of triplicates. 
Media for Methanococcus thermoli thotrophicris and 
Mechanospirillum hunga tei contains no sulphate . The medium 
f o r  Methanosphaera s tad tmanae  conta ins  (NH,) SO, (see 
appendix for media formulation). 



ii) The affect of iolybdato on tha gtowth of SRB with and 

without rulphato 

Tne inhibition of  SRB while respiring on a variety of 

t e m i n a l  electron acceptors and while growing on a v a r i e t y  

of fermentative substrates a r e  shown in t a b l e s  2 . 7  and 2.3,  

respeccively. Data f o r  these tables are drawn from f i g u r e s  

3-14 t h r o u g h  2 . 3 8  ( see  end of chapter) . In results reporced 

here, S R B  grown on nitrate, thiosulphate, sulphite, 

fumarate, lactate, and  Fyruvate, were i n h i b i t e d  by molybdate 

a: various concentraticns. As can be seen from table 2.2, 

SRB growing with terminal electron acceptors other t h a n  

sulphate were inhibited by molybdate, witn growth on 

thiosulphate the most sensitive to molybdate. Table 2.3 

shows the inhibition of severa l  SRB while growing 

fermentatively. For the SRB represented in tables 2 . 7  and 

2.3, notice that inhibition by molybdate occurred at lower 

concentrations for fermentative growth than it did f o r  

growth on sulphate. 

Such data are in apparent conflict with prev ious  work 

on the inhibition of SRB by molybdate. It was proposed that 

molybdate inhibited these organisms only when growing on 

sulphate (Newport and Nedwell 1988). Inhibition of  by 

molybdate was thought not to occur while t he  SRB were 



Table 2 . 2 :  Ichibitrry aoiybdate concentrations on s u l p h a t e  
reaucing bacce r i a  wnile growing on v a r i o u s  terminal e l ec t ron  

C e s u l  f o v i  bri O 
d e s u l  f u r i c a n s  
(DSt4 1 9 2 4 )  

Desulfovibrio 
baarsli 
(DSM 2 0 7 5 )  

Desulfotomacul um 
r g m i n i s  
( D S M  2154 )  

Desulfotomacul um 
guttoideum 
(ÛSM 4 0 2 4 )  

Poor Growth  

1 G e s u l  f obulbus 1.0 r n ~ '  N/A= N / D ?  
propionicus 
(DSM N 3 2 )  

- mM = millimolar 
'N/A = not  applicable organism does not grow on t h i s  
substrate 
' N / D  = not determined 
'partial inhibition, complete inhibition seen at 10 f o l d  
higher molybdate concentration 
'Partial inhibition 
E x p e r i m n t a l  d e t e r m i n a t i o n s  a re  average of triplicates 



Table 2 . 3 :  I r 2 - i b i t o r y  zolybda~e concentzations sn s ï l p t a c e  
reaüc ing  t a c t e r i a  wnile growing fermencatiT;eiy 

E c w i f ~ t ~ f l a c u l z m  
ruminis 
(DSEI 2154) 

D e s u l  fotamacuium 
gut~oideum 
(9SM 4 3 2 4 )  

Desul fzbuibus N/A= FI/  D~ 2.1 rriM 
prapionicus , (DSY 3332 )  
m M  = mM molybdate 
' N I A  = n o t  applicable organisrn does no t  grow on this 
substrate 
W D  = n o t  determi~ed 
Experinental  determinations a r e  average of t r i p l i c a t e s  



g r o x i n g  feraentatively. Newpor t  and Yedwell ( 1 9 8 9 )  reported 

h t k  sf inhibition of SRB while growing fermentat iyiely,  

hrwever;  t h e y  empioyed a method other tnan culture curbidity 

ta determine if inhibition had occurred. They investigated 

t h e  effects of molybdate on fermentatively growing cultures 

of Desulfovibr io  v u l g a r i s ,  strains NCIB 11779 and NCIB 

94442, D e s u l f o t o m a c u l u m  r ü m i n u s ,  strain NCIa 8 4 5 2 ,  and 

~ssülfocomaculum d e s u l f u r i c a n s ,  strains N C I B  8 3 7 3 ,  NCIB 9335  

and NCIB $ 3 0 7 .  The method they employed involved the 

introduction of molybdate to cultures with an initial ce11 

density, determined with a haemocytometer, of 10' cells/ml. 

Àfte r  a Cive day incubation, cultures with a ce11 density 

less than 5 X 10. cellshl were considered to be inhibited. 

k i n g  this method changes in ce11 number, ie. growth, can 

occur and still be considered inhibited if a specified ce11 

density is not met. Using optical density as a measure of 

growth to deterrnine if inhibition occurs shows changes in 

ce11 number over time and allows the cornparison of both 

growth  rate and final ce11 density at the end of the 

incubation for the various concentrations of molybdate used. 

So instances of partial inhibition can be distinguished from 

cornplete inhibition. Partial inhibition being reduced 

growth rate and or reduced ce11 density at the end of 

incubation, while complete inhibition would be seen as no 

change i n  ce11 density over the incubation period. 



iii) Induction o f  th. aulphita taduction pathway 

Since molybdate has been shown to inhibit SRB while 

g r o u i n o  f e r m e n t a t i v e l y  it was of importance t o  d e t e r m i n e  if 

molybdate could  induce the expression of the s u l p h a t e  

reduction pathway i n  SRB t h a t  do not  constitutively express 

the pathway. 

Of r h e  f i v e  SR5 shown in table 2.4, two, Dssu l fov ib r io  

desulfuricans DSM 1924 and D. v u l g a r i s  DSM 6 4 4 ,  were shown 

noc CO express continually the capacity to reduce sulphate. 

C e s u l f s v i b r i o  d e s u l f u r i s a n s  DSM 1 9 2 4  and D. vulgaris DSM 644 

required 40  and ? O  minutes respectively, a f t e r  exposure to 

sulphate t o  induce the enzymes tequired for sulphate 

reduction. Thus when growing fermentativeiy in t h e  absence 

of sulphate t h e y  lack the ability to reduce sulphate and 

must have exposure to sulphate in order t o  gain t h e  ability 

t o  reduce sulphate. 

As can be seen in Table 2.4 molybdate does not induce 

sulphate reduction in these SRB. This is significant as 

inhibition of SRB by rnolybdate was thought to occur v i a  

interference with the normal functioning of the sulphate 

reduction pathway. While growing fermentatively neither 

Desulfovibrio d e s u l f u r i c a n s  DSM 1924 or D. v u l g a r i s  DSM 644 

express the sulphate reduction pathway nor does molybdate 

induce this pathway as determined by the measusernent of S,. 

Molybdate must then cause inhibition by some other means, as 

both these organisms are inhibited by molybdate when growing 



b â c i e r i a  s f z e r  g r o w t h  on  ferrnencscive zedium 

Tinê Required Indrstic~ by 
irgezisn ?rior t o  I f i i t i a i  ' lo l  ybcaze 

Sulphate 10 XM 
3 e d u c t i o n  
(Minutes) 

Desul f ~ b u l S u s  
p r ~ p i o r : i i u ~ '  
(DSM 2 0 3 2 )  

Desulfotornacul um 
runinus 
(DSM 2 1 5 4 )  

Methylates mercury 



fermentatively (Table 2.3) . 
i v )  The effect of molybdata on callulat ATP contant 

TaDie 7.5 shows the effect of molybdate on the  

content of two SRB species. One of which methylates rnercury 

(Desulfovibrio s p  8-2031. Both were tested while growing 

fer;i;e-c--- , , , a , i , ~ , y  ---' .- ûrï fürnârate 2nd whiie respiring on suipnate. 

2esulfo:~l 'brio desulfuricans ( D S M  1924) was also tested while 

respiring on nitrate, thiosulphate, and sulphite. As can ~e 

seec from the table molybdate reduces the amount of ATP 

under both  ferrnentative and respiratory conditions, with 

fermentative conditions being particularly sensitive. It is 

important to know that f o r  Desu l fov ib r io  d e s u l f u r i c a n s  DSM 

1924 the sulphate reduction pathway is not expressed while 

growing fermentatively and yet cellular ATP c o n t e n t  is 

drastically reduced when growing fermentatively on either 

fumarate or pyruvate. This indicates that molybdate must 

obviously act as an inhibitor in some other fashion t h e n  

that suggested by Newport and Nedwell (1988) and Taylor and 



Toble 2 . 5 :  Effec t s  o f  molybdate on ASO levers  of 
2osillf-i*it.ri; d e ~ ~ ! f ~ r i x n s  3S14 1924 and 2 a s ~ ' Y ~ i i k z i z  s p .  
E-233 jrown on va r ious  su8strates 

Subrtrrte ATP 
(ng/mg p-t) 

Minua 
Holybdata 

Darulfovibrao &su1 furicum 
S~lphate 2 5 9 0 5  2 U . 3 %  

N i t r a t e  30300  1: 4 . 7 %  

Thiosulphate 3 0 4 4 7  I 3 . 2 %  

Sulphize X i 8 7  4 6 . C %  

Fumarate 1 6 6 7 5  4 4.2 '5  

Pyruvate 22935  ,+ 2 . 3 %  

Dmautfovibtio ip .  8-203 

Sülphate 1 0 6 3 8  -s 7 . 5 %  

f imara t e  3 6 6 4 2  t 3 . 4 %  

.L 

I 

-After one hour i n c u b a t i o n  wi th  molybdate 

ATP 
(ng/nq ptot) 

Plur 
Molybdata' 

Parcent 
o f  

Control 



Section 2 . 4  

MolyOdate had no effect on a wide range of eubacterial 

species a t  concentrations that were inhibitory to a number 

o f  S R B .  Molybdate inhibited a l 1  the SRB tested regardless 

n f  whothor  rhoy  x e r e  g r î n i ~ q  f e r ~ e n t a t i v e l y  or respicing. 

Molybdate aid not induce the expression of the sulphate 

reduction pathway in SRB that do not continually express t h e  

pathway, yet rnolybdate caused the reduction of cellular ATP 

content of Desu l fov ibr io  desu i fu r i cans  DÇM 1424, a species 

c h a t  does not continually express the sulphate reduction 

pathway. It can be concluded that molybdate does 

effectively inhibit SRB, even when grown in t h e  absence û f  

sulphate and when the sülphate reduction pathway is not in 

operation. A mechanisrn for inhibition by molybdate other 

than what is t h o u g h t  t o  occur f o r  growth on sulphate is 

obviously rasponsible for the inhibition seen in t h e  absence 

of sulphate. 

Molybdate also inhibited Methanococcus 

tnermoli chotrophicus and Methanospirrill urn hunga tei.  

Although inhibition of methanogenesis due to molybdate has 

been previously reported ( J o n e s  et a l .  1 9 8 2 )  t h i s  is t h e  

f i r s r  reporting of p a r t i c u l a r  species o f  methanogens  being 

inhibited by molybdate. Molybdate d o e s  i n h i b i t  some 

methanogens at concentrations well w i t h i n  the range of 

molybdate c o n c e n t r a t i o n s  often used t o  inhibit and t h e r e f o r e  
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i s o l a t e  t h e  activities of SRB. T h i s  may c a l 1  into question 

i h e  use of molybciate to separate the environmental 

activ; i c ~ e s  -: of  SRB and methanogens.  T h i s  is particuiarly 

pertinent in areas of methyl mercury research i n  which 

molybdate was used tc assign the r o l e  o f  environmentally 

si;nificant ze r ix ry  x t h ÿ L ü t i c n  t o  t h e  SRB.  Parcicüiarly 

wben e a r l i e r  work has dernonstrated mercury rne tny la t ion  in 

l a b o r a t o r y  experiments w i t h  

s p e c i e s ,  and f u n g i ,  a s  well 

(Hamdy and Noyes 1 9 7 5 ,  Vonk 

1 9 7 1 ) .  

a number of non-SRB eubacterial 

as methanogen ce11 extracts 

and S i j p e r s t e i n  1973, Landner 
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Figura 2 . 4 .  Tha &faet of  molyMata on tha growth o f  
Lactabacilltu plantamm ATCC 8014 whila gzowing 
uuuobiail ly -- on m a t  paptoiu bzoth. 

control, 1.0 iWrolybd.tm, H l 0  JI 
iolybdato, e20 iL(mlybdatm, t 3 0  
m1yW.t.. Value. u n  t& .-aga o f  
tripliortai . 
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Figuta 2 . 5 .  Th. offaet o f  molyMata on th. gto*th of 
)arXococcu. untâw DR 1050 whilo groring 
auobically on caaitona and uinucl u l t a  btoth. - 

aontrol, 1.0 m melybdatm, 10 r 
molyMata, 20 WiolyMato, t 30 i)L 

mlybdit. a Vilru.  u a  th. avmrigm of  
triplioritmr . 





Figura 2 . 7 .  Tîaa affact o f  ro1ybd.t. on th. grouth o f  
RhARA~irillii rubni ATCC 11170 whifa growing 
photot~oghically und.r uuorobic conditiona. 
Z conttol, , 1.0 ~ m ~ y b â a t a ,  W 10 in 
i a l ~ t a ,  i 20 m .01yk~t., +r 30 i~ 
iolybdaf.. Valrw. .n üu . ruagi  o f  
t r i p l i a k a  . 



F i g u r e  2 .8 .  Th. affact o f  rolybditm on thm growth of 
Stapàylococcru aumua 96 whila growing 
anauobically - on ym8t -ton brotb. 

# control, 1.0 m m l y ~ . k ,  m l 0  .W 
glybd~ta, 4 20 mMiolybdate, + 30 a 
ro1ybd.t.. V81U.8 .n thr aVmr.9. o f  
triplicatar . 
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F i g u r e  2 . 1 4 .  Tha &faet o f  iolybdatm on th. prowth of 
knrlfaartku propianicru D M  - 2032 *hile growang 
f .rrntatàvmly on lactata. . control, 
.. 0.01 m molybdata, . 0 . 1  m wlybdat., 

1.0 ab4 molymata, ' 10 EH mlybdata. 
Val-8 U O  th. .-agi o f  eiplica-8. 



o L  
O IO 20 30 4 0  50 60 70 

Thno (hourr) 



O '  
O 20 4 0  60 80 100 120 140 160 

T i n u  (hourr) 

Figura 2.16. Thm offaet of molyMata on th. qrowth of 
&.uffotaaicuïu gutt0id.u D m  4024 wMla 
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growing f.riuitativmly on f-ata. _ control, 
0.01 r 1~01ybd.t.~ 0.1 m ioiy~it., 
i 1.0 r -iybd.ta, + 10 ii( -1ybd.t.. 
Valumi u m  th. 8ruagm of tciplicatai. 



Figure 2.17. Th. effmct of iolybdato on th. grouth o f  
~ 8 u Z f o t o u c u l u  gutt0id.u DSâ 4024 while 

'1 g r o w w  on laet.. ud 8ulphata. _, control, 
.: 0.01 m miy~.tr ,  .O.% m ioiy~it., 

1.0 d(iolybdat., -(. IO rm1yMita. 
Valu. u* t h  8lmr.g. of tripliacito8. 



Fi- 2.18. Th. mffact o f  ro1ybd.t. on tha grouth of 
~ 8 u Z f o t a a u c u l ~  ritarinus D m  2154 whila - -- ( 

m i n g  fumantativoly on f u ~ r a t o .  control, 
- 0 . 1  m molyMata, . 1.0 r mlybd8t., + 10 r m0lybd.t.. va1-8 u m  th. avmsagm of 

t r ip l i cakr .  
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Fi'igura 2.24. '1a. &fa& of mo1ybd.t. on th. growth of 
Lkntlfoofbzio &m.liurirul, DSâ 1924 whila - 
growing on lactata uid ma1ph.t.. control, 
. 0.01 aM molyMata, .O.& iW mlybdatm, 

1.0 aMmlybdak, -+ 10 rio1ybd.t.. 
Valru. u. the alruagr of ttiplicrtr.. 





Figura 2.26. Th. mffct o f  molybditm on th. growtïa o f  
~ .u l fOVfbr io  ûasulkutfcum ATCC 27774 w b l r  
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growing f-tativaly on f i r u a t a .  control, 
0 .1  mM molybd.fr, . 1.0 in molybdat., 
10 iI( mlybd.t8. Valua. .t. th. arrragm o f  

triplieatma. 
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Figura 2.28.  T h m  affact of rolybdit. on th. grouth o f  
&malfewibrf O & l f w i c . n r  ATCC 27774 whila -- 
growing fermmtativmly on pyruvatm. --, COIL-01, 

0.01 in mlybd8t0, m 0 . 1  m iolybd.t., + 1.0 P)(molyw.ta, -.- 10 iaiolybdata. 
Value8 u a  th. avuag. of triplacitai. 
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Figura 2.30. Th. affmct o f  molyMata on th. gtowtïa o f  
~ a u î f ~ f o  dr.ttlfuricam ATCC 27774 whila - 
growing on lactata ud thiomulphatm. control, 
: 0.01 r m0lyM.t.: . 0.1 m-1ybd.t.: 

1.0 HiolyW.to, + 10 aMmlybdata. 
Valumm ara th. avuaqm o f  ttipliutaa. 









Figura 2.34.  T b  offmct o f  rolybâ8t.m on tha gtowth of 
~ n t l f o o i b z f o  âema2furicriu D8n 642 whila 

1 

growing on l8ct.r and malphatm. -- control, 
0 . 1  m QOlyWit., . 1.0 r molyMita, 
10 iiI! m1ykLt.m V.lii.8 .ta the avmragu of 

kziplicakr. 





F i g u o  2.36. Th. affact of m1yM.t. on th. g+orth of 
k . u l f O P f b r f  O maiquia D(W 644 - whilo growing 
fumuhtativrly on f m a t m .  , control, 

- 0.1 Jliolybdat.,  a1.0 ibImlybd.t., 
10 -1-ta. V8luii8 U a  th. 8-8- of 

tripliCata.. 



Fi- 2 . 3 7 .  Tha affact of mlybdata on th. growth o f  
0..PlfWi&io vuîguia D(PI 644 whila growing - on laetatm uaâ nittata. L control, 

- 0 .1  m ioly&dAta, . 1.0 m mlyWitm, 
i 10 m =1-ta. v.u.. .n +& of 
t+iplic8tm. . 
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Figura 2.38. Th. m f f m c t  of ro1ybd.t. on th. growth of 
0..ulfo+iario r i ü p u i a  D(PI 644 whàlm growinq - 
on l8ct.t. .nd malphato. - aonttol, 
; 0 . 1  a i o l y M i t m ,  m1.0 in mlybdat., 

10 a io1ybd.t. . ValUO8 a th. a-8- of 
t r i p l i a t e a .  
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Section 3.1 

Introduction 

The ability tc n e t h y l a t e  mercury has  been 5emcnstrated 

in a wide range cf microorganisms, and in a number of 

laboratories (Gilmour and Henry 1991, tompeau and B a r t h a  

1 Q Q K  U a m A t *  3r2d hl-" - d - - t .. d...d J . .w,es 1 9 7 5 ,  R û v h n d  a t  d i .  1 3 7 5 ,  Yonk a n a  

Sijpesteijn 1 9 7 3 ) .  Environrnenta l ly  significant mercury 

methylation has so far been attributed primarily ta the 

sulpnate reducing bacteria ( S R B )  (Compeau and Bartha 1985) . 
However, e a r i y  workers, and even some current researchers, 

suspect c h a t  methanogens contribute to environmental mercury 

aethylating activity [Drake et al. 1996, Wood st al. 1968) . 
Farly wurk investigating methylation of mercury by 

bacteria involved che use of high concentrations of 

inorganic m e r c u r y ,  generally i n  t h e  forrn o f  rnercury chloride 

3r mercury nitrate. The majority of methyl mercury work 

done XI date  nas u t i l i t e d  total mercüry concentrations many 

thousands of tirnes higher than mercury concentrations seen 

in pristine environments. This includes work with pure 

cultures of bacteria, and sediment, soi1 and water 

investigations. The concentrations used have ranged from as 

low as 50 ng/ml to as high as 50,000 ng/ml (Zhang and Planas 

1994, Hamdy and Noyes 1975). Pristine environments have 

been reported to have concentrations as low as 0.11 ng/L 

(Kelly et al. 1995). The exception to these investigations 

is the work of  Stordal and Gill (1995) who have developed a 



method of measuring nercury methylation rates at 

environmental realistic total mercury concentrations, üsing 

h i g h  spec i f ic  activity Hg-203; however, this technique has 

not been applied to anything other than environmental 

samples. 

1; vas therefvre of interest to conaucc a survey o i  

pure cultures of microorganisms to determine if the 

capability to methylate mercury is comon. In the following 

investigations a sensitive radiochernical technique is 

employed, allowing for the use of significantly lower 

concentrations of total mercury than in previous tests of 

individual species (Furutani and Rudd 1980). The organisms 

surveyed included a range of taxonomically diverse as x e l l  

as ecologically s i g n i f i c a n t  species. The collection 

contained methanogens, due to their early implication in 

mercury methylation (Wood et al. 1968) , SRB, including 
organisms previously not tested for methylation and 

organisms that have been shown capable of mercury 

methylation !Gilmour unpublished d a t a ) ,  an acetogen, which 

like methanogens have high methylcobalamin concentrations, 

Myxococcus xanthus, due to implications that it is 

phylogenetically related to the SRB (Devereux et al. 1989), 

as well as species that have been teported by earlier 

workers to be capable of mercury methylation (Gilmour and 

Henry 1991, Compeau and Bartha 1985, Hamdy and Noyes 1975, 

Rowland et al. 1975, Vonk and Sijpesteijn 1973) . 



C u r r e n t  understanding of mercnry methylation suggosts 

t h a t  anaerobic  conditions a r e  favourab le  f o r  rnechylati-g 

activity (Cornpeau and Bartha 1984) . As mercury c0mp1e:~:es 

stronçly to sulphide t h i s  calls into question the 

bioavailability of mercury when sulphide concentrations are 

techniques ie. the use of Ti-NTA as a reducing agent, were 

utilized to reduce the interference of sulpnide i n  regards 

to mercury bioavailability. Mercury is known to cornplex 

stronqly with sulphide (Hg-S stability constant and 

much less strongly witn N'TA (Hg-NTA stability constant 

10: i . j  ) thus making more mercury available for methylaticn 

when Ti-NTA is used as a reducing agent (Dyrssen 1989, 

Martel: and Smith 1974). 

The identification of organisms that can methylate 

mercury has been accomplished in the eristing literature 

using gas chromatography and radioisotopic methods. Both of 

these techniques required the use of hign concentrations of 

inorganic mercury. The more recent technique of Cold Vapour 

Atomic Fluorescence Spectroscopy (CVAFS) is capable of  

detecting total and rnethyl mercury at sub 1 ng/L levels 

which is currently the most sensitive detection available. 

It is of interest to determine, by using CVAFS, if organisrns 

identified as being capable of rnethylating mercury at high 

concentrations are capable of methylating mercury at or near 

environmental concentrations. 



In e a r l y  investigations of  mercury methylation, 

xetiinoge~s appeared as l i k e l y  candidates. Mercury 

cethylscion was apparently favoured under anaerobic 

conditions and methanogens are strict anaerobes (Jensen and 

Jernelov 1 9 6 9 ) .  The t r a n s f e r  of  a m e t h y l  group to the 

transferred methyl groups carbon atom be negatively charged 

( c a r b a n i o n ) .  Methylcobalamin is involved in the t r a n s f e r  of 

negatively charged methyl groups and methanogens are known 

to con ta in  high concentrations of methyl cobalamin 

(Stuppetich et al. 1990, Stupperich and Krautler 1988). 

In later work Compeau and Bartha (1985) proposed 

sulphate reducing  acter ria as the principle methylators of 

mercury in the environment because molybdate inhibited both 

sulphate reduction and mercury methylation activity in 

sediments. Compeau and Bartha ( 1 9 8 5 )  also isolated a 

Desu l fov ib r io  desu l fur icans  s t r a i n  which actively methylated 

mercury. It was later found to contain methylcobalamin, and 

the enzymes of the acetyl CoA pathway (Berman et al. 1990, 

Choi and Bartha 1993, Choi et al. 1994). From isotopic 

tracer studies following CI' labelled metabolites to the 

methyl group of methyl mercury, the participation of the 

acetyl CoA pathway in mercury methylation was established, 

in their isolate (Berman et al. 1990, Choi et al. 1994) . 
Since their isolation of a mercury rnethyla t ing  s t r a in  of  

SRB, other workers have isolated or i den t i f i ec i  many more SRB 



speîies capable of methylating mercury [Gilrnour and Henry 

1991). 

Interestingly not a l 1  SRB are capable of mercury 

methylation, and methylation of mercury is not exclusive to 

one genus nor is it shared among strains of the same 

s p e c i e s .  As discüssed i n  Châpter 1, Sect ion i . 7 ,  Choi ana  

Bartha ( 1 9 9 3 )  found the presence of a 40-kDa protein 

associated w i t h  the c o r r i n o i d  of  Desulfovibrio d e s u l f u r i c a n s  

LS. I f  t h i s  40-kDa  p r o t e i n  is i n  fact required for mercury 

methylation, than its absence in other organisms would 

expiain t h e i r  inability to methylate mercury, it does n o t  

however, address the question of why only certain SRB would 

possess this enzyme, and why methanogens or acetogens would 

n o t .  

In this chapter a survey of microorganisms for the 

ability to methylate mercury was conducted on a group of 

organisms containing, SRB, non-SRB eubacterial species, 

methanogens and an acetogen. The ability to methylate at 

environmentally realistic concentrations of total mercury 

was also investigated to determine if the organisms capable 

of mercury rnethylation at total mercury concentrations many 

fold higher than those seen in the environnent, are actually 

capable, and thus potentially responsible for metcury 

rnethylation in the environment. The effect of culture 

conditions such as, pH, substrate, gas phase, temperature, 

and nickel concentration, were investigated to determine 



t h e i r  Changes 

s * ~ b s t r s t e ,  and temperature, have been shown t o  a f f e c t  

mercnry m e t h y l a t i o n  i n  experiments i n v o l v i n g  sediments and 

pure cultcres (Regnell 1994, Regne l l  and Tunlid 1991, 

Steffan st 31.  1988, Korthals and Winf r ey  1987 ,  Xun et a ? .  

involving ii: [Sëitt and Cypionka 1986). In this respect 

tney compete with methanogens for Hz, and generallÿ o u t  

compete t h e  methanogens f o r  t h e  Kr (Abram and Nedwell 1 9 7 ? ) .  

Growth of SRB witn and without H, available in the gas phase 

say a f f e c t  the metabolic activities of SRB, and rnay 

t h e r e f o r e  affect mercury methylation. Nickel is a required 

element in the enzyme, carbon monoxide dehydrogenase (CODH), 

which is an essentia? component of the acetyl CoA pathway. 

The ace t y?  CoA pathway is a proposed pathway for t h e  

rnethylatior. of rnercury in 3 e ç u l f o v i b r i o  desuifurizans LS, 

suppiementing growth media with additional nickel may effect 

expression of CODH such that changes i n  mercury rnethylation 

may result. Cobalamin has been shown t o  mediate mercu ry  

methylation in extracts of methanogenic bac te r i a  and has  

been shown t o  be involved in mercury methylation by 

Desulfavibrio desulfuricans LS. Cobalamin concentrations 

may provide evidence of a trend among organisms that can and 

cannot methylate mercury. 



Section 3 . 2  

Fol?owing a r t  the organisms surveyed f o r  t h e  abilitÿ t o  

. . y~otht? '  J --- a t n  -.-- r n n r r i i - < r :  w u - 2  - 4 * ~ e t ~ ~ ~ ~ t ~ = i ÿ , ~  y.;ûJ;i YS:.: ~ ~ j ~ ,  a û ~ i ; ; ~ ~  

megùtrriun ATCC 14581, B .  subtilis ATCC 6051, iesulfsbulbus 

+ ~ r c p i s r ? i c u s  DSM 3032,  Desulfstomaculum r u m i n u s  DSM 2 1 5 4 ,  

Desulfovibrio baarsii DSM 7075 ,  D. desulfuricans ATCC 2 7 7 7 4 ,  

3. desulfuricans DSM 6 4 2 ,  D .  d e s u l f u r i c a n s  DSM 1924, D .  

v u l q a r i s  DSM 6 4 4 ,  Desul fov ibr io  s p .  B-203,  Entrrobacter 

aerogenes ATCC 13048, Escherichia coli MP-180, E .  coli XL-1 

B l u e ,  Lac tobas i l l u s  p lan tarum ATCC 8014,  Methùnosarcina 

barkeri DSM 8 0 4 ,  Msthanosphaera s tadtmanar  DSM 3091,  

Methanospi ri1 1 um hunga tei DSM 1 1 0 1 ,  Pseudomonas fl uorsscens 

4 9 3 ,  Rhodospirill um rubrum ATCC 11170 ,  Staphylococcus aureus 

96, Streptococcus faecalis  9 7 .  As indicated in appenciix C, 

rhe organisms were grown on a variety of media, and where 

applicable, under aerobic and anaerobic conditions. 

Çurveyed organisms were exposed to two concentrations of 

mercury, a low concentration of 74 ng per ml and high 

concentration of 5000 ng per ml mercury in t h e  form of 

HgC1:. 

Assays for the rnethylation of mercury were conducted i n  

two ways. For  those organisms demonstrating slow growth, 

and yielding low amounts of biomass (methanogens and SRB), a 
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p r o - = o n c e n t r a t i o n  of cells   ri or t o  the addition sf xercnr-  

~ 3 s  p e r f r r n e d .  This uas ar. 3t:empt t o  anplify 3-y  ne rcu ry  

rethylating capabilities, making detection cf metnyl 3e rcu ry  

eas ie r .  For organisms grcwing quickly and producing high 

bionass y i e l d s  (non-SRB e u b a c t e r i a l  spec i e s ) ,  a pre- 

coocencraiinn cf cellr wac mt per fnr r .e& 

The pre-concentration procedure consisted of growing 

t h e  organisrn in b a t c h  culture in 6 to 8, 1 litre reagent 

bottles in 50G ml of the appropriate growth medium. The 

cultures were n a r v e s t e d  in an  anaerobic charnber and 

dispensed CO cen t r i fuge  bottles, w h i c h  had a nominal 

c a p a c i t y  of  1 0 0  ml and were equipped w i t h  an O r i n g  seal 

capable of maintaining anaerobic conditions. The 

supernatant was poured off and the pellets resuspended in a 

small volume of fresh media, and t h e n  recombined. To the 

resüspended c e l l s  enough tresh media was added to bring the 

total volume up to 260 ml, this was mixed by shaking and 

dispensed i n  aliquots of 65 ml to four  100 ml nominal 

capacity Wheaton glass serum bottles. The bottles were 

sealeci witn k t y l  rubber  stoppers and removed from the 

anaerobic chamber. Upon removal the bottles had aluminum 

crimp t o p s  affixed. To the samples a 100 pl addition of 

working stock mercury/mercury 2 0 3  (see appendix 5 f o r  

formulation) s o i u t i o n  was added via a hamilton micro 

syringe, immediately after which two samples were acid 

killed to stop metabolic activity, b y  t h e  addition of 5 ml 
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o f  4 N H C 1  administered *:ia 3D p l a s t i c  syringe and 2 2  garge 

n e e d l e  t h r o u ç h  t h e  b ~ t y l  r ü b b e r  s t o p p e r .  Samples were 

inzcbated f o r  48  hours,  a f t e r  which the live sarnples were 

acid killed by t h e  addition o f  5 ml of 4 N HC1 administered 

a g a i n  via plastic BD syringe and 37 gauge needle. Samples 

were allowed to sit no l e s s  than 10 m i n u t e s  and no l o n g e r  

than 2 2  minutes b e f o r e  being assayed for methyl mercury. 

For c u l t u r e s  n o t  requiring a pre-concentration of 2 e l h  

a 1 XI innoculum of a mid log phase culture was used to 

innoculate 6 serum boctles containing 65 ml of the 

appropriate medium. To four of the innoculated serum 

bortles a 500  pl addizion of a sterile mercury/mercary 233 

working stock soiution was added. To two of the four 

bottles a 5 ml addition of 4 N HC1 was added to stop 

biclogical activity. Al1 6 samples were t h e n  incubated at 

the appropriate temperature for the particular organism 

being surveyed (see appendix C) for 24 hours. After 

incubation a 500 pl addition of a sterile mercury/mercury 

233 was made to the two samples not previously recieving the 

addition. Immediately a f t e r  t h e  mercury/mercury 203  

addition biological activity in these two samples was 

stopped by the addition of 5 ml 4 N HC1. Samples were 

analyzed for methyl mercury v i a  the pro tocol  detailed in c )  

Yethy l  mercury extraction pro toco l .  
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b) ~fiecta o f  chamical 6 phyaical parametorr on mrcury 

mthylation; pH, aubatrate type, gaa phara comporition, 

nickol concantration, and t.nporatuto. 

For t h e  following e>:periments m e t h y l a t i o n  assays  were 

c o n d x t e d  i n  a f a s h i o n  similar t o  t h a t  f o r  che  s u r v e y  

p c r c i o n ,  aiscussed above, for c e l l s  not r e q u i r i n g  a pre- 

c o n c e n t r a t i o n  step. Al1 cultures were incubated üntii ihê 

end o f  I s g  phase  and a f i n a i  nercury concentration of 7 3 0  cg  

per 31 was rsed. Protein conten t  was determined v i a  t h e  

p r o t e i n - d y e  binding nethod of  Bradford ( B r a d f o r d  1 9 7 6 ) .  

Samples wêre a n a l y i e d  for rnethy l  mercury via the protocol 

detailed in c )  Methyl rnercury extraction p r o t o c o l .  

Cesul fovibr is  sp. 8-233 was chosen as the experirnental 

organism for a l 1  the following esperiments. Désu l f~v ibr i s  

sp. 9-203 grows weli f e r m e n t a t i v e l y  on boih f u m a r a t e  and 

pyruva te ,  and actively rne thyla tes  mercury, thus it is a 

suitable organ i sm on which t o  conduct a v a r i e t y  of 

m e t h y i a t i o n  experirnents. For al1 experiments except the  

effect of temperature exper i rnents ,  cultures were grown a 

minimum of one subculture undet the experirnental conditions. 

To determine t h e  effect  of pH on mercury methylating 

ability, Desulfovibr io  sp. 8-203 was grown in 65 ml of 

Posïgategs medium D (see appendix A for formulation) 

buffered to pH values of 5 . 7 5 ,  7 . 5  and 8 .75 ,  w i t h  c i t r i c  

acid, 4-sorpholineptopanesulfonic acid (MOPS), and 2- 

(cyclohexylamino)ethanesulfonic a c i d  (CHES), respectively.  



Tr leteraine zhe e f f e c t  cf substrate on m e r t ü r y  

... ..L~,..l-a:icn b-m..- ibilicy C c ? s u l f i v i S r i ~  S P .  9-303 was grown in 65 

F m l  ? o s r c p c e 1 s  medium D with pyruvate,  o r  f~marate 3s t h e  

carbor! source ( see  appendix A for f o r m u l a t i c n ) .  

To determine t h e  effect of gas phase composition on 

uercur;. z e th j r l a t i ng  ability, Dssu l fov ibr io  s p .  8-203  was 

growr, i:: 6 5  mi of P o s t g a t e ' s  medium D w i t h  NI and HI as t h e  

respective ,as phases (see appendis A for formulation). 

T o  deterinine t h e  effect of the addition of n i c k e l  on 

mercury r c e t h y l a c i n g  ability Desulfovibrio s p .  a-203 was 

grown i n  65 m l  o f  2ostgate's medium D with and without the 

addition of nickel beycnd that suppiied in the miceral 

slixir used in media preparation (see appendix A and 8 f s r  

f o r m i l a t i o ~ )  to a f i n a l  concentration of 0 . 0 8  nM. 

To determine the effects of temperature on rnercury 

n e c h y l a t i n g  a c t i v i t y ,  Desu l fov ib r io  s p .  B-203 was grown in 

six 1 litre reagent bottles c o n t a i n i n g  500 ml Postgate's 

medium (see appendix A and B for formulation and 

preparaïion) to mid-log phase. Celis  were h a r v e s t e d  i n  an 

anaerobic  chamber i n t o  O- r i ng  capped c e n t r i f u g e  boctles. 

Centrifuge bottles were removed from t h e  anaerobic charnber 

anci c e n t r i f u g e d  4 , 2 2 5  x g f o r  15 minutes. After 

centrifuging the bottles were placed back i n  the anaerobic 

chamber, supernatant discarded and pellets resutpended in 

200 ml of f r e s h  medium D. The 200  m l  s u s p e n s i o n  was then 

dispensed in 25 ml aliqouts to eight 1 0 0  ml nominal  capac i ty  





c c c z ~ n t s  o f  separatcry f r n n e l  was poared ioto a 1 5  ml test 

n b e ,  stopperod a ~ d  centrifuged f o r  10 minutes at 834  :< g .  

Frcm t h e  c e n t r i f u g e d  test tube  10 ml of  t h e  c iea r  tol t iene 

was pippetted into a 30 ml test tube and 5 ml of  2 . 5  rnM 

LJâlS,O, ir, ? Y %  ethanol solution was added, s h a k e n  and aliowed 

t o  stand for 5 mizutes. Four millilitres of tne 

zhiosnlpnate layer  (bottom) was p ippe t t ed  i m o  a 7 ml glass 

c e s t  x b e  w i t h  a scintered glass stopper. To this i ml of 

3M h: was added and snaken. One millilitre of benzene (HPLC 

graàe) was added and shaken for 5 minutes, and then  aiLowed 

to stand Ecr 5 ninutes. rive hundred microlitres of  che 

ben-ene l a y e r  was p i p p e t t e d  into 10 ml BCS scintiilation 

cocktail. The samples were counted in a scintillation 

coün t e r  with an open count window. 

ii) Exparimanta to datamina the ability to utbylata at 

anvironaantally tmalirtic total marc- concmnttataoa8 

a) Organiu tmrtod 

Desulfobulbus propionicus uas the osganism selected for 

testing. It has been shown i n  p r e v i o u s  work t o  methylate 

n e r c n r y  while growing fermentatively on lactate in 

Ferrnentative Freshwater Widdel (FFW) medium (C.C. Giimour, 

unpüblished d a t a ) .  FFW medium did not p r e s e n t  i n t e r f e r e n c e  

problems with t h e  CVAFS analysis f o r  total and methyl  



serzurj, as JLd ?ostgate's nedium O u h i c h  is t be  grîld=h 

.i.edirm for P r s ü i f ~ v i 5 r i ~  sp. 8-203,  hence t h e  se lec t icn  of 

&sdfo ,hc iSus  propionlzus  f o r  tnis experirnent. 

b) Total and r t h y l  morcury analyria 

Samples were analyzed f o r  t o t a l  and methyl mercurÿ 

concentrations via CVAFS at Flett Research Ltd. Wicnipeg, 

ME. Canada. 

C) Glaaawara ptapatation 

Al; g?assware used in tne following experiment was 

vigorously scrubbed with S p a r t l e e n  detergent and rinsed x i t h  

tap vater, triple rinsed with concentrated H C 1  acid, triple 

rinsed with in house reverse osmosis (RO) conditioned water 

t h e n  filled with a saturated EDTA solution and allowed CO 

sit ove rn igh t .  The g lassware  was t h e n  t r i p l e  rinsed with RO 

water, inverted over  paper towels and allowed t o  d r y .  A11 

b u t y i  rubber stoppers were soaked ove rn igh t  i n  a saturaced 

EDTA solution and rinsed with RO water. 

d) Media ptmpuation 

Fermenta t ive  freshwater Widdel medium (Widdel and 

Pfennig 1981) was used as the growth substrate. The medium 

was p r e p a r e d  (see appendix A f o r  formulation), dispensed and 

bottled in 500 ml amounts in 1 i Wheaton r e a g e n t  b o t t l e s  

under a laminar flow hood to r e d u c e  dust contamination. 

Media was deqassed as described in appendix A and 

au toc laved .  A l 1  inedia and solutions were allowed to sit in 

direct sunlight for one week prior to use to a l low for 



possible met h-1 
7 A-- Aernicals  were r e a g e c  grade azd zhe rnercüry o c z r r r i c g  

as s ccntamicant in che  reagents acred 3s t h e  scurce  cf 39 

f o r  the methylation experiments. The  water used i n  n a k i n g  

t h e  media was from a Milli Q ultra p u r e  filtration system. 

a) Growth conditionr 

I m e a i s c e l y  p r i o r  r o  s e ,  med ia  was reduced wizh IL-?I I . i  

: see appendix 3 f o r  f o r a a l s t i o n  and usage)  . Al: c u l t u r e s  

were inoczla:ed w i t h  a 10% inoculqm fzom a single l a c e  l o g  

phase cultgre t h a t  had been subcultured t w i c e  into medium 

prepared as described in t h e  p rev ious  section. C ü l t u r e s  

were z h e n  i x x ~ a t e d  a t  37:  C f o r  7 2  b c ~ x  in t h e  d a r k .  At 

rhe end o f  incubation, cu i tu res  were a c i d i f i e d  with ID ~i o f  

coccen t ra ted  YC1 t o  stop bioLogical  a c t i v i t y  and i h e n  f r o z e n  

x t i l  ciae ~f analÿsis. 

(see  appendix D f o r  discussion of p i t f a l l s  o f  low l e v e l  Hg 

iii) Cobalamàn Exporimanti 

a) Cobalamin Aaray 

A commercially available radio immuno-assay (SimulTRAC- 

S RADIOASSAY KIT VITAMIN B:: ['-CO] /FOLATE ['"II Becton 

Dickinson) was used f o r  t h e  quantitative determination of 

cobalamin. The assay was conducted as per the instructions 

provided with the assay k i t .  



b) Organiama tested 

The following ozganisns were assayed f o r  zobalamin 

ccr ! ters ; Psszl fzbulkus p r l p i z n i c u s  DSM 2033 ,  

P s s u l f ~ r x n a c u l  am r ü m i n u s  9SM 2154,  Desu l fov ib r io  

d e s u l f u r i ï a n s  s t r a i c s  DSM 1934,  D S M  6 4 2 ,  ATCC 2 7 7 7 4 ,  

P s s u l f x i S r i o  species ND 1 3 2 ,  and B-203, Desulfovibri~ 

v u l p r i s  CSM 6 4 4 ,  E s c R s r l c h l 3  coli, Methanosarrina barkeri 

9SM 8 0 4  s t r a i n  Fusaro,  Methanosphaera s t a d t m a n a a  DSM 3691 ,  

m i  M x h a n o s p i r i l l u m  h u n g a r e i  DSM 1101 s t r a i n  G P 1 .  O f  the 

abcve named organisms, Desulfabulbus propionicus, 

2esulfovibris sp .  a-2C3 and N D  131, are a l 1  capable o f  

nercury aethylation. Where applicable t h e  S R B  were grown 

f e r m e n t o c i v e l y  and on  s u l p h a t e .  F r o t e i n  con t en t  vas 

deterrnined v i a  t h e  Bradford p r o t e i n  assay (Bradford  1376). 

Section 3 . 3  

Ra8ult8 and Diacurrion 

a) Mthylation auriroy 

O f  t h e  22 organisms tested for mercury methylating 

a b i l i t y  at both a low and h i g h  concentration of rnercury, 

o n l y  two organisms displayed mercury m e t h y l a t i n g  a b i l i t y .  

00th of  these, Desulfobulbus propionicus  and Desul fov ibr is  

s p .  3-203, have previously been shown by o t h e r  researchers 

t o  be capable of mercury me thy l a t i on .  O f  the 2 0  organisms 

cha t  d i d  not  show t h e  capac i ty  t o  a c t i v e l y  methylate mercury 

several were species that i n  previous work by o t h e r  



researckers had sknm the capacity :o n e t h y l a t e  mercury.  

Yone of  t h e  t h r e e  methanoçens tested were capable  of  

3 e t h y h c i n g  Hg. This agrees with earlier work dernonstrst ing 

methylation of  mercurÿ bÿ ce11 e x t r a c t s  of methanogens but 

not 5y intact c e l l s  (Wood et al. 1968). This rernains a 

curious point in that metnanogens nave h i g h  c o n c e n t r a t i o n s  

of  methylcobalamin, have  been implicated by other workers  of 

being involved in Hg methylation, have ce11 e x t r a c t s  capable 

of rnethylacion yet in whole cells are unable to methylate. 

Of t h e  SRB tesied only DesulfoSulbus propionicus and a 

Desui fov iSr io  sp. 3-203 were capable of methylating mercury. 

Two members of the  genus Desul fov fbr io  t h a t  were cested,  

narnely C .  desulfuricans and 3. b a ù r s i i ,  f a i l e d  t o  

dernonstrate mercury methylation. Considering that other 

aernbers of this genus have demonstrated mercury methylaticn 

and in fact strains of  D. desulfuricans have  demonstrated 

a e r c u r y  methylation, it can be seen that methylation is not 

a wide spread t r a i t  and appears to be very strain specific.  

ii) Espozinntr achà~ving ultta-low total v t c u r y  

concant~ation8 and utilizing -8 ditaction of v t h y l  

marcurjf 

Table 3.1 shows t h e  results of the low level mercury 

methylation experiments conducted with Desulfobulbus 

propionicus. As can be seen D. propionicus is capable of 

methylating mercury at extremely low total mercury 



l c r s i  M e r x r y  concentration Concentration o f  Hg ng/L as 
zq/: 1z TFW aedim CH,Eg0 
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:oncentrations . In p r s v i o ~ s  worh s e v e r a l  researc!-.ers have 

repcrted t o t a l  s e r c u r ï  zoncen~r~tions in freshwater systems 

o f  5 . 5  ng/L for Vandercook Lake, Wisconsin, to 7 . 2  t o  1 6 . 3  

n g / L  f o r  v a r i o u s  sites at the Experimental Lakes Area, 

Ontario, Canada ( K e l l y  et al. 1995, Zillioux et al. 1993) . 
Both  

The total 

sites are  considered 

rnercury concentration 

pristine environments. 

achieved 

t h i s  esperiment f a l l s  within the range of concentrations 

seen for pristine freshwater systerns found in t h e  US and 

Canada. This is believed t o  be the first reporting of 

nercury methyiation by a pure bacterial culture at 

environnentally realistic total mercury concentrations. 

This demonstration of mercury rnethylation at u l t r a  iow 

l e v e h  of total mercury, approaching and indeed reaching 

n a t u r a l l y  occurring levels, lends support to the argunent 

c h a t  SRB play a significant role in mercury methylation in 

the environment by demonstrating that they can icdeed 

methylate mercury at concentrations found in nature. It 

also validates the work utilizing mercury-203 in h i g h e r  

concentrations demonstrating mercury rnethylation, by showing 

the same organism methylating rnercury over a range of 

concentrations extending in the lower range to envitonmental 

concentrations. 



iii) ~ f f e c t a  of phyrical patwaotera on mgrcury 

mrthylation: pH, rubattate, gaa phaie, nickel and 

tempetatute 

Doe to t h e  convenience of working with mercury-203 when 

conduc t ing  mercury methylation experiments requiring 

e x e n s i v e  manipulation of the growth medium, t h e  nercury-223 

proroco: was ckosen t o  examine the effects of pH, gas p h s s e ,  

nickel crncentration and temperature on mercüry methylation. 

The mercury-203 protocol eliminates the need f o r  extensive 

and iabcrious cleaning and handling procedures required to 

schieve total rnercury concentrations seen in che C 7 4 F S  

experiaents. Also the risk of accidental mexcurÿ 

contamination is removed when utiliring the rnercury-203 

protocol as experimental mercury additions are many rimes 

greater than accidental contamination sources (see  appendix 

D for mcre detailed discussion of accidental contamination). 

The effects of pH on mercury methylation can be seen in 

table 3.2. The cells were grown at the indicated pH values. 

Slightly more mercury is methylated at a pH of 5.75, then a t  

7.5, and very  little rnercury is methylated at a pH of 8.75. 

However, when corrected for total biomass represented by 

total protein content, the amount of mercury merhylaced per 

unit of biornass is the same for al1 three pH conditions, 

indicating that mercury methylation is related to total 

growth yield of the methylating strain. 
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The e i f e z t  cf zickel  o n  t h e  a b i i i t y  3f D e ç ü l f - ~ ~ i ~ r i ~  

sc. 3-233 t o  methylate mercury  c a n  be seen i n  t a b l e  3 . 2 .  :t 

is soparent  t h s t  a srna11 increase i n  nickel  c o n t e n t  i n  the 

medium results in an i n c r e a s e  i n  mercury  m e t h y l a t i o n .  This 

h o l d s  t r u e  when corrected f o r  biomass. This suggests that 

nickel nas some e f f e c t  on the p h y s i o l o g y  o f  mercury 

metnyiacion. The proposed mechanism of methylation f o r  

Desulfoïibrio desu l fu r i cms  LS is via t h e  ace ty l  CcA pathway 

of  wh ich  che nickel r e q u i r i n g  enzyme c a r b o n  monoxide 

dehydrogenase (CODH) is an e s s e n t i a l  component .  The 

a d d i t i o n a l  nickel may r e i i e v e  some l i m i t a t i o n  i n  the full 

e x p r e s s i m  o r  f u n c t i o n i n g  o f  t h i s  enzyme, in C e s u l f o v i b r i o  

s p .  B-703. 

The e f f e c t  of temperature on mercury rne thy la t ion  c a n  be 

s e e n  i n  Fig. 3 . 1 .  The  figure shows t h e  r a t e  o f  mercury 

m e t h y l a t i o n  over  a r ange  o f  t e r n p e r a t u r e s .  I t  can be seen 

chat mercury methylation occurs o v e r  the e n t i r e  t e m p e r a t u r e  

r a n g e  tested. It can also be seen that the r a t e  of mercu ry  

m e t h y l a t i o n  i s  c o n t r o l l e d  by t h e  temperature. This 

indicates that mercury r n e t h y l a t i o n  does not  t u r n  o f f  a t  t h e  

iower temperature range examined, but responds to 

temperature effect as a physiological process would be 

e x p e c t e d .  

The da ta  i n  Table 3 . 2 .  show that substrate has an 

effect on the amount of mercury methylated in each c u l t u r e .  

Yet when t h e  amount of  mercury methylated is correlated t o  
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t o t a l  protein c î n t e n t  it is apparenc t h a t  on a mass p e r  mass 

basis, nercury  n e t h y l a t i o n  is t h e  same, a g a i n  s h o w h g  t h e  

relacionship ~ e t w e e n  b a c t e r i a l  growth r a t e  and m e r c x y  

m e t h y l a t i o n .  

The e f f ec t  of gas phase composition on rnercury 

methylation can be seen i n  Table 3 . 2 .  Similar amounts of 

metnyl mercury are seen under both conditions as is similar 

p r o r e i n  content ,  indicating similar growth r a t e s  for both 

conditions. T h i s  f u r t h e r  dernonstrates t h a t  mercury 

m e t h y l a t i o n  is controlled by growth rate. 

i v )  CobrlWn expmtimanti 

In Table 3.3 are the cobalarnin values for the 

organisrns tested. Although the nurnber of organisrns 

t e s t e d  i s  far from exhaus t ive  it is apparent t h a t  

methanogens indeed have considerably higher cobalamin 

c x t e n r  as measured by t he  radio-immun0 assay. The r e s u l t s  

also sugçest t h a t  those SRB capable cf mercury methylation 

appear t o  have higher cobalamin content t h e n  those that 

cannot methylate mercury. Increased cobalamin content 

correlating positively with mercury methylation lends 

support to the involvement of the acetyl CoA pathway as the 

mechanism of mercury methylation. A larger range of both 

mercury rnethylating and non mercury methylating SRB would be 

required to draw a definitive conclusion. 



I Desil2fcvi5rio desu l fu r i cans  
GSY 11924 

2 s s u i f o v l b r i o  s p .  
a-203 

D e s u l f o v i b r i o  desulfuricans 
ND-132 

D e s u l f o v i b r i o  m l g a r i s  
DSM 6 4 4  

Eschérichia coli 
Y? 180 

I 
- - - -  - 

Methsnosarcina barkexii  
D Ç M  8 0 4  

Methanosphaera s t a d t m a n a e  
DSM 3 0 9 1  

Methanospirillum h u n g a t s i  
DSM 1101 

Assay v-a1Ues a r e  the average ( 

Cobalanin c o n c e r t  
(ng/g p r o t e i n )  

l a c t a t e  3 3 , 8 7 6  

sulphate 9 9 6  

fumarate 2 , 3 W  

s u l p h a t e  3 3 2 
. .- . - . - - - - - 

fumarate 1 , 9 8 7  

sulphate 956 
. . . .. . . . - 

furnarate 1,198 

suiphate 1,411 

fumarate 

s u l p h a t e  

fumarate 

sulphate 

T triplicates. Standard 
deviation of a l 1  cobalaminmeasurem~nts ( 1 0 % .  For ali SRB 
sulphate indicates growth with sulphate as the terminal 
electron accepter, lactate a ~ d  fumarate indicate 
fermentative growth. A l 1  o t h e r  organisrns were grown on 
media particular to each species. See appendics for media 
formulations. 



3ifferences in cobalixin ;cnter.t s x u r r e d  f o r  

i ? ? i - l d s a l  SR3 xhen g r o w r  ferrnentatively sr in Ehe p resence  

cf s u l ~ h i t e ;  nowever, no  pattern is a p p a r e n t  in the d a t a .  

Sect ion  3 . 4  

Concluiion 

i) Marcury iuthylation ruroey 

It is apparen t  from t h e  survey d a t a  t h a t  t h e  ability t o  

nezhylate mercury is s t r a i n  specific.  Amongst b o t h  rhe SRB 

and the other eubacteriai species surveyed, several species 

~ h a t  have previouslÿ been shown by o ï h e r s  to methylate 

nercrry f a i l e d  to demonstrate chis capacicy in this survey. 

ii) evAslS expaxhont8 

?rom t h e  d a t a  shown it is seen that Cesulfobulbus 

p r q o l s n i s u s  kas the capacity t o  methylate mercury when 

x e t c a r ÿ  is present in exceedingly low concentrations. This 

indicates tnat it is possible for D. p r ~ p i o n i c u s  t o  

contzibute t o  me thy l  mercury p r o d u c t i o n  i n  pristine 

environments. Since mercury methylation occurred while D. 

p r ~ p i o n i c u s  was growing fermentat ively this suggests t h a t  a 

correlation between s u l f a t e  reduction and mercury 

methylation need not exist. F i n a l l y ,  with the indication 

that one species of SRB is capable of mercury rnethylation a t  

low total mercury concentrations it is not unreasonable to 

expect other mercury methylating SRB (ie. mercury 



n e t k y l a t i o n  sc high mercary a n c e n t r a t i o n s )  capable of 

n e r z i r y  nethylation a t  envircnmentally r e a l i s t i c  t o t a l  

n e r c x r y  c c x e n t r a t i o n s .  If so this would add f u r t h e r  

support ta t h e  claim c h a t  SRB are environmentaliy 

signif icant rnethylators of mercury. 

iii) Mercuq-203 orpariunta 

The rate of mercury methylation appeared to be 

unaffecced under t h e  variety of conditions tested when 

normalized to ce11 biomass. Figure 3.2 shows the 

relationship between ce11 biomass a s  represented by protein 

content and m e t h y l  nercury concentration. It is readily 

apparent chat ml?  biomass dictates the amount of methyi 

nercury that will be produced. Again from F igüre  3.2 and 

the data in Table 3.2 it is apparent that the ratio of 

mercury methylated to p r o t e i n  content was similar for a l 1  of 

these various experirnental conditions. This would be 

consistent with the concept of mercury metnylation being an 

incidental consequence of normal metabolism. This is 

furthet supported by the rnercury methylation experinents 

tnat have shown mercury methylation ovec a range of 

temperatures. As temperature affects the rate of metabolic 

a c t i v i t y ,  it is also seen to affect the rate of rnercury 

rnethylation. 



Figura 3.2. Ralationrhip bat- col1 bàomm 88 
rapxarrntd by pgotmin contant, and mathyl 
muciuy concentration 



iv) Cobalurin orpatinunta 

I t  is apparen t  t h a t  methanogens have h i g h e r  cobalamin 

csn te r t  t h e n  SRB. Among the SRB there is an indication that 

r-arcury methylating strains may have higher cobalamin 

content t h e n  non mercury methylating strains. This may give 

support CO the proposed role cobalamin has in mercury 

methylating activities of the SRB. Namely, that those SRB 

capable of methylating mercury have a significantly higheï 

cobalamin content than non mercury methylating straias. 

This does n o t  address t h e  situation presented by methanogens 

which have significantly higher cobalamin content y e t  have  

n o t  demonstrated mercury methylation in intact cells but 

only in c e 3  ext rac t s  {Wood st a i .  1968). 

t) S-ry o f  conclurion8 

F r o m  the body of work in this c h a p t e r  it can be s e e n  

that mercury methylation is not wide spread arnong the 

surveyed organisms. Indeed it is o n l y  seen i n  t h e  SRB, and 

among the SRB only select species and or s t r a i n s  were 

capable of mercury methylation. Of those that were capable 

of mercury methylation, one was shown to methylate mercury 

over a wide range of mercury concentrations. T h i s  was the 

f i r s t  demonstration that a pure culture can methylate 

rnercury at the extremely low concentrations of mercury 

typical of pristine natural environments, further supporting 

the role of SRB as significant mercury methylators in the 



e n v i r c c z e ~ t  . T r r m  experiaerts  cocducted usicg nercxry-233 

i: is apparent :kat changes ic physiology had ? ic r?c  d i r e c t  

e f f e c t  on nercxry aethylaticn o t h e r  t h a n  b y  s f f e c t i z g  

growth, which  p o s i t i v e l y  c o r r e l a t e d  w i t n  rnercury 

methy1a:ion. This would suggesr t h a t  i n  t h e  environment any 

changes iû a sys tem c h a t  r esu l t  i n  increased growth o f  

rn icrobia l  communities would then result in inzreased 

produccion of  n e t h y l  rnercury. 

Examinat ion  of cobalamin concentrations among mercury 

netnylating and non mercury methylating SRB showed a crend 

of h i g h e r  cobalamin concentrations in mercury methylators 

t h a n  i n  non mercury rnethÿia tors .  This tends t o  support che 

ro i e  of ca8alarnin as t h e  donor of  t h e  carbanion m e t h y l  g raup  

t o  mercury. 



Conclusion 

Section 4 . 1  Thesis conclusions 

Soction 4 . 2  Suggaitiona fot the direction of future work 



Section 4 . 1  

Theai8 concluaionr 

The s t zdy  of  bacterial mercury methylation poses a 

ncmber of interesting challenges. The f i r s t  of these 

challenges is in resolving the data present in the a l r eady  

e x i s c i i q  bûdy 2: xûrk sri t h e  sübjest. 

Two a a j o r  focus  a reas  have develsped with respect to 

research in mercury methylation. One a r e a  is research 

ccnducted on pure cultures of bacteria  capable of rnercury 

metnylation. The û t h e r  is research on undefined nacural 

populations of bacteria, mainly in l a k e  sediments, 

demonstrating mercury methylation activity. 

The pure culture work nas identified a nurnber of 

bacterial species capable of mercury methylation, while the 

work with natural populations, either in soil, sediment or 

water, nave es tabl i shed some of  the parameters that affect 

mercury aethylation in the environment. 

One of the most challenging aspects of research on 

mercury methylation is reconciling the information available 

from the pure culture and natutal popula t ion  work. Extracts 

of rnethanogenic bacteria were shown to methylate mercury yet 

w h o h  cells of methanogens were unable t o  methylate mercury 

(Wood et al. 1968). Early exper iments  with the undefined 

bacterial population found i n  aquaria sediment initially 

established the bacterial nature of rnercury methylation 

(Jensen and Jernelav 1969). These same experiments showed 



of  Tercury nethyiition, conf i r rn ing  t h e  ability o f  b a c c e r i a  

t a  zethylate rnertury. 
*. hitk tne knowieage ~ h a t  nercury methyiacicn 1 s  favoured 

ünccr acaerobiî c o n d i t i o n s  aad t h r o u g h  t h e  üse of  rnolybdate, 

it kas  n e e ~  shown that SRB axe s i g n i f i c a n t  m e t h y l a t o r s  of  

serîury (Csmpeau and Sar tha  1 9 8 5 ) .  This has l ed  t o  t h e  

isolacion on a number of  p u r e  c u l t u r e s  o f  SR8 t h a t  can 

n e ~ n y l a t e  mercury (Giirnour and Henry 1 4 3 1 ,  Compeau and 

B a r t h  3 8 5 ) .  

From t h e  w o r k  cûnducted i n  t h e  p r e v i o u s  chapters sf 

t h i s  t h e s i s  a number of conclusi~ns can be made. The f l r s t  

portion of  che research d e a l t  w i t h  rhe s p e c i f i c i r y  sf 

noiybdate as  an i n h i b i c o r  of ÇRB. Three s i g n i f i c a n t  

c o n c l u s i o n s  can be drawn from t h i s  work. The f i r s t  was tiiat 

f c r  3 u ide  v a r i e t y  of eubacterial species molybdate proved 

to be non-inhibitory at concentrations t h a t  a r e  indeed 

inhibitory to SRB. So it would seem that molybdate is 

irideed a s p e c i f i c  inhibitor of SRB. 

The second significant conclusion is drawn from t h e  

evidence that two methanogens are inhibited a t  

concentrations lower t h a n  those commonly used to inhibit 

SRB. This would indicate t h a t  the use of molybdate to 

isolate the activities of SR0 from other b a c t e r i a  should be 



c a r e f u l i y  considered acd ncc assumed to b s  an  a b s o l u t e .  

This i s  particclarly applicable to nethanogens, as SRB acd 

netharogens share a similar h a b i t a t .  This is f~rther 

supported by tne work of Wolin and Miller (1980) 

demonstrating that a s t r a i n  o f  Ruminococcus albus' 

hydrogenase a c t i v i c y  is aiso innibiced a t  m o i y ~ u a t e  

concentrations lower t h a n  what has been used t o  inhibit S2B 

i n  the  pas t .  Thus, there is stili some question about the 

current attribution of mercury methylation in the 

e n v i r o i m e n t  t o  SRB alone. There is no doubt that some SRB 

do indeed methylate mercury. Attributing the bulk of 

mercury methylating activity to the SR0 is based on the use 

of molybdate to suppress t h e i r  activity and the resultarx 

decrease in mercury methylation was directly attributed CO 

the inhibition of the SRB. Since molybdate also inhibits 

some inethanogens and ce11 free extracts of methanogens have 

been shown t o  rnethylate mercury the use of molybdate alone 

is not s u f f i c i e n t  t o  rule ou t  the participation of 

methanogens in mercury rnethylation. 

The third significant conclusion that can be drawn from 

the work with molybdate is that it inhibits SRB growing 

fermentatively, something p r e v i o u s l y  thought not t o  occur. 

This indicates that a rnechanism of inhibition different t h a n  

what has been proposed for the inhibition of SRB by 

molybdate is o b v i o u s l y  i n  operation. 

Frorn the data generated in the mercury methylation 



s t u d ÿ  it Is apparent c h a t  zercïry aethylition is tloselÿ 

q r c w t h  r a t e  w d  changes that affecc biornass prodzction 

correspondingly change the amount cf  mercury metnylaied. 

This would suggest that mercury methylation is catalyzed by 

a constirutive enzyme, o r  ar: i ea sc  an enzyme i~dependent of 

t h e  nature of bioenergetic substrate used but a f f e c t e d  by 

t h e  quantiry of substrate because tnat affezts growth rate. 

Cobalamin concent in the S R B  is significancly lower 

chan in :ne methanogens yet no known nethanogens methylate 

rnercury. O f  t h e  SRB tested chose  t h a t  are capable of 

mercury methylation a l s o  had the highest cobalamin content 

ûf a l ?  t h e  S R B .  Perhaps indicating its involvement in 

mercury methylation. 

From the data desived from che  low level mercury 

methylation work it is apparen t  t h a t  Desulfobulbus 

prsp ion i su s  is capable of mercury methylation a t  ertremely 

iow total mercury concentrations. Concentrations t h a t  are 

within the range of that seen for natural unperturbed 

environments. 

It is c l ea r  that a number of questions rernain in 

regards to microbial m e t h y l a t i o n  of mercury. In eubacterial 

rnercuzy methylators, other t h a n  t h e  SRB, is the rnercury 

methylation rate dependant on the growth rate, as seen w i t h  

t h e  SRB? 



Section 4 . 2  

Suggertions for th. diraction of futuxa work 

Wiile answering c e r t a i n  questions, t h e  c u r r e r t  work 

stlaulates the a s k i n g  of even more questions. The sürvey o f  

organis rns  ccnducted in this work did not f i n d  mercury 

mechylaïsrs ou t s i c i e  o f  che SRB; hcwever ,  several o f  the 

species tested have been shown by others to be c a p a ~ l e  of 

aercury methylation. It nus t  be remembered that the e a r l y  

work iooking at non-SRB eubacterial species used extremely 

h i g h  concentrations of total mercury as compared to this 

s c u a y .  This work and others indicates that tne ability CO 

a e t h y l a t e  nercury is strain specific, and therefore m t i l  

z a n y  zore s t r a i n s  cf nany Zore species are tested for 

xercury methylating a b i i i t y  it is difficult t o  c l ea r ly  

decermine  the extent of mercury methylatinq ability. 

Identification of non-SRB strains would allow investigaticn 

of mercury methylation in sornething other than an SRB.  T h i s  

would allow fc r  a comparison of mercury metnylating 

a~ilities and provide answers to t h e  questions; i) Are 

n e r c u r y  rnethyla tors  other than SRB capable of mercury 

rnethylation at concentrations t y p i c a l  of pristine natural 

environments? ii) What physiological factors affect rates of 

mercury methylation, or is mercury methylation sirnply 

influenceci Gy growth rate alone? iii) In a l a r g e r  and more 

d i v e r s e  survey of mercury methylating and non mercury 

inethylating ÇRB do the trends seen i n  cobalamin c o n t e n t  and 
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t h e  a b i l i t y  c o  z e t h y l a t e  mercary ho ld  t rue?  i v )  Are t h e r e  

t r e x i s  in zobalaein levels amongst S R 3  acd non-SRB x e r a r y  

met5ylators? ' J )  Does mercury methylation amongst SRB and 

n o n - S M  mercury methylators occur v i a  t h e  same metaboliî 

process o r  by a v a r i e t y  of processes? is. Does a mercury 

metnylating enzyme, 

r e a l i y  exist and if 

rnethylation f o r  a l 1  

as  suggested by Choi and i3artha ( i 9 9 3 )  

so is it t h e  means of mercury 

organisms capable of  mercury methylation 

or do other modes of mercury methylation operate?  Al1 of  

t h e  p roceea ing  questions, i f  answered, would g r e a t l y  a i d  o u r  

understanding of the phenornenon of  mercury methylation. 



Appandix A 

Media 
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7 r 3 . 4 5  g R,E23;, 3.1 p YqSC,+'K1O, 10 n i l  x inera l  e l i x i r ,  - u  7.i 

-:itani? scpplemex, 3 2  g :;east e x t r a c t ,  10.3 j fruczose, 

13.C g SaHCO,, G . 5  g cys t e i ze -Ki ,  1 ri1 resazurir .  s o h c i o r . .  

Gas pnaso 80:20 N,:CO,. For autotrophic growtn f rüc tose  is 

omitted and gas phase is changed CO 8 0 : 2 0  H,:CO-. F i n a l  pH 

v i )  Ffennig ' s freshwater  Desu1 P o v i b r i o  baarsi i nediürn 

al. contains L i t r e ,  sodium 

1 m l  minera i  e l i x i r ,  8 DL Eia,SeO: solution, 1 2  VL MafWO, 

solution, 1 m l  resazurin so lu t ion .  Gas phase 8 0 : 2 0  NI:CO:. 

F i n a l  pH 7 . 4 .  

vii) .5hoclospirill um rubrum medium (Medium 1308  ATCC 

cata lcgue)  , contains p e r  l i t r e ,  1 . 0  g yeas t  ex t rac t ,  0 . 5  m l  

ethanol, 1 . 0  g di-sodium succinate ,  5 . 0  m l  0.1% f e r r i c  

c i t r a t e  (aqueous s o l u t i o n )  , 0.5 g KH,PO,, 0 . 4  g MgS0,'7HZ0, 

O .  4 g Mac?, O. 4 g N H J 1 ,  0 . 0 5  g CaClIC2H,0,  O .  5 g sodium 

ascorbate, 1 ml minera1 elixir, 1 m l  resazurin so lü t i cn .  

Gas phase NZ. F i n a l  pH 6 .0 .  

viia) Methanococcus thermoli t h o t r o p h i c u s  medium [Sparling 

and Daniels 1986), contains p e r  l i t r e ,  0 .31  g KC1, 0.15  g 

NH,C1, 0.04 g CaCl2*HIO,  9 . 2 5  g K,HPO,, 0 . 2 5  RH,PO,, 11.7 g 

NaCl, 10 ml of  a 2 . 5  M MgCl,*GtI,O anaerobic sterile s tock  

s o l u t i o n ,  added a f t e r  au toc l av ing ,  0 . 1 6  g Na,CO,, 20.7 g 

sodium formate, 9.76 g 2-(N-morpholino)ethanesulfonic acid 



e?=nesu l fon ic  a c i d  ( H E P E S ) ,  i ml se lenate  solution, 1 ml 

t m g s c a t e  solution, 13 m l  mineral e l i z i r ,  i m l  r e sazur in  

s o h t i o n .  Gas phase  NI. Final pH 5 . 9 .  

i x )  N s t h x o s a r c i n a  barkerii nedium (MUiler s t  3 2 .  1 9 8 6 ) ,  

-, F n ccr. t i ir .s  per  l i z r e ,  0.22 g &if?O, ,  2 3  -J KIIIOO,, 0 . 5  g N H J 1 ,  

3 . 5  g 3 g Ç C , * 7 ï I 0 ,  3 . 2 5  c~ CaCl,*?H,C, 2 . 2 5  g :.iaCL, 9.001 g 

F e Ç O ; + X , O ,  10 n? v i t a m i n  suppiement, 1 ml m i n e r a l  e l i x i r ,  2 

? g y ê a s t  extract ,  - g t r y p t o n e ,  0 . 8 5  g ElaACO,, XI ni1 o f  a 40% 

methanol s o l u t i o n  ( 1 ,  1 m l  resazlirin s o l ? i t i o n .  Gas phase 

8G:20 N::COT. F i n a l  pH 6 . 8 .  

X )  bk tnanosphaera  stadtmanae medium (Sparling et al. 1 9 9 3 ) ,  

con ta ins  per l i t r e ,  7 .0  g t r y p t o n e ,  1 . 0  g yeast  e x t r a c t ,  0 . 3  

MgSO,VHIO, 0 .O8 g CaCl2*3k i lO ,  0 . 5  g sodium acetate ,  1 . 7  g 

flaCO,, 1.0 g NH,Cl, 15 ml vitamin supplement, 15 ml rnineral 

elixir, 10 ml of a 4 0  % methanol s o l u t i o n  (aàdea from an 

anaerobic sterile stock after autoclaving), 0.5 ml NarSeOj 

solution, 1 ml r e s a z u r i n  soiution. Gas phase 80 :20  N,:CO:. 

F i n a l  pH 7 .O. 

x i )  Methanospirillum hungatei medium (Danieis e t  a l .  1 9 8 6 ) ,  

con ta ins  per litre, 0 .3  g NaCl, 0.064 g MgC12*6H,0, 0.4 g 

NH,C1, 0.42 g sodium aceta te ,  0 .82  g K,HPO,, 0 .064  g 

CaCl,+ZH,O, 1.0 g NaCo;, 1 0  m l  rnineral elixir, 1 0  m l  vitamin 

supplement, 1 m l  resazurin s o l u t i o n .  Gas phase 80:20 



9,:CO:. F i n a l  pH 7.0. 

xii) ~ x x s c ~ ü s  x m t h u s  medium (Medium 791, ATCC cacalogüe) , 

c m t î h s  per litre, 10 .0  g casitone, 0 . 5  g E?gÇ0;*7HI0, 0.017 

g KH;?O,, KIHPO;. Final pH 7 . 6 .  

Ali culture media were autoclaved a t  121' C f o r  26  

m i x t  5 s  . $11 c l e  x i  a e x c e p  :-$:i;;rzzïç nzr; c::cs AT,":: 

~ L r r r e  ~ e d i ~ m  T g : ,  were degassed v i a  t h e  Bakn-Woiie 

x c h n i q u e  (Balch and Wolfe 1 9 7  61 . A l 1  SRB,  methanogen and 

acetogen î n l t ü r e s  f o r  t h e  molybdate survey were reduced with 

a 1% v / v  a d d i t i o n  o f  a 300  mM sodium s u l p h i d e  s o l n t i o n .  Al1 

SRB,  methanogen and acetogen cultures for mercury 

methylation experiments were reduced with 0 . 2 %  v / v  addition 

o f  a T i - N T A  s o l u t i o n .  



Appendix B 

Solutiona and Arii.ndmmntr 



The f o l l s w h g  is i lis: cf  solütions and amecdnents 

i sed i n  t h e  preceding evperinents. 

i) T! i~an in  supplernent (Wolin st. 3i. i963), c o n t a i n s  p e r  

litre, ?û.Û mg pyridoxine-HCl, 5.0 mg r i b o f l a v i n ,  5 . 0  mg 

thiamine, 5.0 mg nicotinic acid, 5 . 0  mg p-aminobeneoic acid, 

5.  0 r.g lipoic a c i d ,  2.0 mg biotin, 2.0 mg f o l i c  a c i d ,  i .  C mg 

cyanscobalamin.  

a i )  Mineral elixir (Belay e t  al. 1 9 8 4 ) ,  c o n t a i n s  p e r  

l i t r e ,  2 . 0 7  g trisodium r , i t r i loacetate ,  O .?1 g FeClI*6H,0,  

C.20 g C 0 C 1 ~ + 6 f f ~ O ,  0.10 g MnCl1+4H,O, 9.10 g ZnCL, 0 . 0 5  g 

CaCL,*?H,O, 0.05 g CuSO;*3H10, 0 . 0 5  g NaMoO,?H,O, 0.10 g 

MiC1,'6HI0. 

iii) nesazurin solution c o n t a i n s  25 mg resazurin per 100 ml 

distilled water. 

iv) Tungstenate solution is a 1 mM solution of  ÀJa2W0,+2H,O 

in distilied water. 

v) S e l e n a t e  s o l u t i o n  is a 1 mM solution of Na,SeO, in 

distilLed water. 

via) Harvesting buffer c o n t a i n s  per l i t r e ,  6.8 g KH,PO, and 

0 . 3 7  g MgCl: adjusted to pH 7 . 5 ,  degassed, placed under an 

N2 gas phase and autoclaved. 

iir) Vitarnin B:, solution is 0.1 g vi tamin  BL2 i n  100 ml 

distilled water. 

ir) DL calcium pantothenate s o l u t i o n  is 0 . 0 1  g DL calcium 

pantothenate in 100 ml distilled water .  



- a-' 
- 4 -  

. . x) =-marate s ~ L p h a t e  sclïtion cor.ïsizs Fer ;-cre, 4-54 g 

fï.?..arace ar.d 3 . 1 1  g Ma,SO,, degassed, placed zg&r ar, Ir- 93s 

phase and autoclaved. 

x i )  Lactate sulphate solution con ta in s  per iicre, 7 . 4  ml 

of a 63% sodium lactate solution and O. 14 g Na,SOi, 

degassed, placed  under an  MI gas phase and autoclaved. 

u i i )  Pgruvate  sulphate solution contains per  l i t r e ,  4.14 3 

p y r ü v a t e  and O .  1 4  g ?Ja,SO,, degassed, placed uilder an El: gas 

phase and autoclaved. 

x i i i )  Mercxy/rnercary 203 working stock s o l ü t i c n s  used f o r  

t h e  survey f o r  rhe  ability to methylate mercury, containeci 

210.5 pg Hg, with a specific activity of 50 pCi, in 5.0 ml 

total volume, and 16,250 pg Hg, with a specific activity of 

250 @Ci, in 5.0 ml total volume, generating a final mercury 

concentration of 74 n g h l  and 5000 ng/inl, respectivel;, when 

100 p1 addition is used. Mercury/mercury 203 working stock 

solution used for determination of factors affecting mercury 

methylating activity contained 1495 pg Hg, with a specific 

activity of 200 pCi, in 50.0 ml total volume, generating a 

final Hg concentration of 230 ng/ml when a 506  pl addition 

is used ( T h i s  stock is f i l t e r  sterilized before u s e ) .  

x i r )  T i - N T A  solution was prepared v i a  the  method of ~ o e n c h  

and Z e i k u s  (1983) and had a final concentration of 25 mM Ti 

and 1 0 0  mM NTA. 



Appandix C 

Growth Condition8 



The f o l l o v i c g  are  t h e  g r o w t h  conditions f o r  t h e  

oqacisms xsed in t h e  thesis research: 

.422t2ba;csrium wcodii DSM 1030 incubation tenFersture 30: C, 

medium DSM Y 1 3 5  with and without fructose. 

B a c i l l u s  subtilis ATCC 6051 incubation temperature 30:  C, 

media yeast peptone nutrient broth, and peptone glücose 

nutrient b r o t h .  

S x i l l u s  niega t e r i v m  ATCC 1.1581 incubation temperature 30' C, 

yeast peptone nutrient b r o t h ,  and pep tone  glucose 

nutrient b r o t h .  

Desul f ~ b u l b u s  prop ion icus  DSM 2032 incubation temperature 

3 7 '  C, medium ferrnentative freshwater Widdel. 

Cèsulfstomaculum r u m i n u s  DSM 2154 incubation temperature 30: 

C, medium Postgate's medium D with fumarate. 

Desulfovibrio baarsii DSM 2075 incubation temperature 30: C ,  

medium Pfennig's freshwater medium. 

Desulfovibrio desulfuricans DSM 6 4 2  incubation temperature 

30' C, medium Postgate's medium D w i t h  furnarate. 

Desulfovibrio desulfuricans DSM 1 9 2 4  incubation temperature 

30 '  C, medium Postgate's medium D with fumarate. 

Desulfovibrio desulfuricans ATCC 277724 incubation 

temperature 30" C medium Postgate's medium D with fumarate. 

Desulfovibrio desulfuricans ND-132 incubation temperature 

30' C medium Postgate's medium C. 

Desulfovibrio vulgaris DSM 6 4 4  incubation ternperature 30" C ,  

medium Postgate's medium D with furnarate. 



C, media yeast pep tone  n u t r i e n t  b r o t h ,  and peptone g lucose  

n u t r i e n t  Cro th .  

yeasz peptone n a z r i e n t  b r o t h ,  ana peptone gLucose x t r l e r t  

b r o c h .  

~ , e d i a  ::esst peptone  nutrient b r o t h ,  and peptone qhcose  

nutrient b r o t h .  

Lactsbscilius p l a n t a r u i n  ATCC 8014 incubation temperature 30' 

C ,  media yeast  p e p t o n e  n u t r i e n t  b r o t h ,  and  peptone glucose 

nut r ien t  b r o t h .  

Ys t : ? i . ? c i ~ ~ ~ ü s  t h e r m d  i thstrophi a s  DSM 2095 incubation 

Nethacosarcina b a r k e r i  strain Fusaro DSM 8 04 i ~ r u b a t  i o n  

Methanosphaera s tad tmanae  DSM 3 0 9 1  incubation temperature 

Msthanospirillum h u n g a t e i  s t r a i n  GP1 3SM 1 1 0 1  incubation 

temperature 37'' C m  

Pseudomonas fluorescens 493' incubation temperature 30' C, 

media, yeast peptone n u t r i e n t  broth, and peptone glucose 

nutrient Proth with K N 0 3 .  

Rhodospirilum rubrum ATCC 1117 0 incubation temperature 37 '  



C, aedim,  ATCC # 1338 .  

St@qp2scrccus suréus 9 0 '  incubation ternperature 30 '  C, 

xed ia  yeasc peptcne z u t r i e n t  broth, and peptone  g lucose  

nutrient b r o t h .  

S:re~*~eoccus fjiecalis 97 '  incubation temperature 30' C, 

media yeast  peptone nutrient broth, and pep tone  glucose 

nutrient b r o t h .  





s o x c a z i i c g  sub 15  nancgram p e r  l i t r e  coctentrations) is 

t h a t  ûf ccrxamifiat ion.  Possible contamination arises from a 

variet7 o f  sources and in the scope of t h i s  work identifying 

c o s t  o f  acalysis. A second d i f f i c u l t y  when dealing with low 

ievel  rnercury experiments is found  in the undetermined 

reactions of yercary w i t h  components of  che microbial g r c w t h  

medium, çlissware, and butyl rubber stoppers. Any residuai 

nercury c h a t  remains bound to t h e  culture vessels a f t e r  

zleaning can ne a possible source of contamination if it 

desorbs into the culture media. Also binding of mercury 

from the culture medium to the g l a s s w a r e  or stopper of the 

culture vessel can remove rnercury from the culture media. 

T5e exac t  extent  of  mercury b i n d i n g  or desorption from the 

glassware is beyond the extent of this research project. 

Tnis potential binding or Qesorption of mercury into the 

culture medium is r e a l l y  only of concern when dealing with 

cear environmental or ultra low total mercury 

ioncentrations. When dealing with mercury concentrations 

used in radio isotope based expeziments contamination by 

residual mercury or lcss of added mercury via sorption ta 

t h e  culture vessel does not pose a problem due the high 

concentrations used. 

Following is some of the preliminary development data 



ised in deve lop i rq  the low level  nethylàtion experirnents. 

F i ab le  3.1 shows Che e2:trerne range of nercury concentraticns 

f o r r d  in sanples t h a t  were not t r e a t e d  to any s p e c i a l  

c l e a n i n g  o r  handiing procedures bu t  rather were treated in 

t h e  r o u t i n e  used f o r  materials r a d i o  isotope 

sulphide a d d i t  i o n  mercury concentration. Obviously 

negat ive  mercury concentrations a re  an impossibility. The 

negative value seen for rnercury concentration thus indicates 

a limitation in tne assay procedure when dealing with nign 

sü lph ide  concentrations. This can pose  a serious concern 

when developing or conducting assays involving anaerobes 

that either require anaerobic conditions achieved with the 

use of sulphide or produce sulphide as a by-product of  c h e i r  

metabolism. It must be noted that the source of the mercury 

in the four samples is undetermined. It may represent 

mercury actually present i n  the water (both Milli Q and 

glass distilled), it may represent mercury in the reagents 

used in making the media, it may be contamination from the 

glassware and stoppers, it rnay have been introduced frcm 

some unknown source during sample collection, or some 

combination of the above. It is readily apparent that 

o r d i n a r y  cleaning procedures are i n s u f f i c i e n t  to produce 

reliable low total mercury concentrations. 

The second problem area encountered in d e v e l o p i n g  low 

level mercury protocols is tne undetermined reactions and  



T . . ?abLê Z . 1 :  r r e l ; m x a r y  r e s a i t s  showing r î nge  of r . e r x r y  
~ c n c e n x a ~ i o n s  in various ;qater sources and meàia  

Sample I ~g concentration 
L L 

Pcscgate's medicm D plus  
s ~ l p n i d e  1 

HiLi Q water 
L 

Glass alstllled wate r  

3 7 6 . 1 9  r.g/L 

91 .15  2q/5 



Table 92: 3eveloprnental d a t a  d e t a i l i n g  methy? rnercury 
concentrations and spike recovery  rates  in b c t h  inoculaceci 
3rd zninoculated ~ostgate's medium 3 S R B  rültüre nedia 

9 o t t L e  
I d e n t i f i e r  

L 

1 - 
I 

2 

3 
? 
3 

- - -  

5 

6 

1 - 
7 - 
3 

4 

Sample Type 

A 

3. 

B 

3 
- - 

9 

C 

2 

9 

D 

E 

i t lethyl Hg 
concentration 
ng/L 

0.928 

k Q 4 6  

0.019 

0.019 

0.00 

0.10 

C.OC1 

0.00 

0.00 

0.00 

5 I E :  

B. Desulfovibrio s p .  8-203 grown t o  t h e  end of log phase. 
C. Desulfovibrio sp. 8-203 grown to mid-point of log phase 

t h e n  treated with molybdate 30 mM final concentration. 
D. Desul fovibr io  d e s u l f u r i c a n s  DSM 1934 f rozen a f t e r  

inoculation. 
E. Desulfovibr io  d e s u l f u r i c a n s  DSM 1924 grown t o  t h e  end of 

log phase .  
F m  Desul f o v i b r i o  desul furicans DSM 1924 grown to mid-point 

of l o g  phase then treated w i t h  molybdate 30 mM f i n a l  
concentrat ion.  

G. Uninoculated Postgatels medium D with filmarate. 

S p i k e  
Recovery 

8 . 7 

E . ?  

8 . 7  
1 

8 . 7  

8 . 7  

8 . 7  

82.96  

82 .86  
A 

83.86 
1 

4.81 
I 

0.031 

0,0362 

0.007 

0.056 

0.011 

0.018 

0. 014 
t r o z e n  a f t e r  

6 

4 . 8 1  

4 . 8 1  

4 . 8 1  

4 . 8 1  

4 . 8 1  
1 

4.81 

4 - 8 1  
inoculation. 

F Y 

7 

8 
1 

9 

d 
L 

e 

F 

F 

E 

G 

G 
A. Desulfovibrio s p .  0 - 2 U j  



r.eJiÿm and rhe cnltsre vesse1 i t s e l f .  This is apparent i n  

r a b i e  X f o r  t h e  sanple containing s u l p h i d e  i n  rega rds  to 

total mercury. The undetermined reactions methyi rnercury 

can undergo w i t h  t h e  cul ture  medium can ca l1  results into 

question can the data presented 

The range of  z e t h y l  mercury va lue  f o r  replicate samples and 

t h e  lm t o  e>:trernely low s p i k e  recovery r a t e s ,  indicate t h a c  

t h e  d a t a  is unreliable. Obvious ly  with such low s p i k e  

recovery rates t rue  m e t n y l  Hg concentrations cannoE 8e 

known. The cause o f  t h e  iow spike recovery r a t e s  i s  

anknown, 52t appears o n l y  w i t h  Postgate's medium D. This 

p r e v e n t t  any  easy coinparison of iow l e v e l  rnercury 

mechylation abiLities between t h e  two nercury  methylatiq 

SR9 species present in t h e  survey population. 
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Table El: Some ger t inen t  characteristics of  t h e  organisrns 
examiced in various aspects of the thesis research 

Footnotes to table: 
1. Shown by o t h e r  researchers to methylate mercury. 
2 .  :.lembers cf the genus have been shown by o t h e r  researchers 
to methylate mercury. 
2 .  ï e s t e d  f o r  nercu ry  methylation in :his work. 
4. Species has been shown by other researchers to be 
ishibited by rnolybdate while r e s p i r i n q  sulphace. 
5. Species has been shown by other researchers not ca be 
irhi~ited by rnolybdate while growing fermentatively. 
6. Tested for molybdate inhibition in this work. 
7 .  fested for aethylcobalarnin content in this work. 
'Cepartment of Microbiology, University of Manitoba culture 
coilection. 
'~esignation assigned by C. Gilmour, undeposited culture 
3 particular form of anaerobic respiration involving as 
electron donor and CO: as the terminal electron acceptor .  In 
the case of the methanogens, it can also involve some simple 
organic compounds s u c h  as, methanol, formate, methyl 
mercaptan, a c e t a t e ,  and methylamines. 
'Axaerobic respiration via nitrate. 
'~erobic respiration in the dark. 
%naerob ic  respiration in the light. 



2 r q a n ~ s n  

Ase tsbdczer: un x c d i  J 

C.SM Lû33 

(3xyqeri 
Talerance 

S ~ ~ z : l i u s  a e 3 d r e r : x  
ATCC 14591 

st r l c t  
anae  robe 

3.  sLbc:~ l s  
ATCf 0051  

Hetabollsm 

aetobe 
anae robe 

Cesulfûvibr:~ b a a r s r l  
3SM 2 0 7 5  

Cesu: faPlbr:c S P .  
?JE-132 

Aad 
i n f o  

d ~ d e r o b l c  respr r a t l s n  
f e rmen ta t i ve  

ae robe  
dnaerobe  

2esu lFcv1br~s  s p ,  
B-2r;3n 

3 , 6  
L 

1 

a e r o b i  z r e s p i r a t i o n  
o n a e r o b i t  t e s p i r a t i o n  

s t r i c t  
anaerobe  

s t r i c t  
anaerobe  

D. desulfur~cans 
2% :324 

:,:, 3 

aezobic r e s p r r a t r o n  
a n a e r o b i c  r e s p i r a t ~ o n  

s t r i c t :  
anaerobe  

D. ciesulfurlcans 
DSM 1542 

2 ,  3 , O  

anae rob i c  r e s p i r a t i o n  

dnae rob i s  r e s p i r a t i o n  

s t r i c t  
anaerobe  

D. desulfuricans 
ATCC 27774 

1 , 3 , C  

. > - !  -, - 1  

anae rob i c  r e s p i r a t i o n  
f e rmen ta t i on  

1 

s t r i c t  
anaerobe  

D. vulqaris 
DSM 644 

1 1 2 ,  3 1  

4 , ;  

1 

anae rob i c  r e s p r c a c i o n  
f e r rnen~a t zon  

s t r i c t  
anae robe  

Wesulfobulbus proplonlcus 
DSM 2032 

2 , 3 , 4 ,  
O ,  7 

a n a e r o b i s  r e s p i r a t i o n  
f e rmen ta t i on  

s t r i c t  
dnaerobe  

cesulfoccmdculum gutt~ldeum 
DSM 4024 

2 , 3 , 4 ,  
6 , :  

a n a e r o b i t  r e s p i r a c i o n  
f e rmen ta t i on  

s t r i c t  
anae robe  

Dm. ruminus 
DSM 2154 

2 , 3 , 4 ,  
6 , 7  

a n a e r o b i c  r e s p i r a t i o n  
f e rmen ta t i on  

s t r i c t  
anae robe  

Entercbactcr aerogenes 
ATCC 13048 

? , 3 , 4 ,  
5,6,7  

a n a e r o b i c  r e s p i r a t i o n  
f e rmen ta t i on  

s t r i c t  
anae robe  

EscAerich~d coli 
HP 180 and XL-Blue 

: ,  3 , 6 ,  
7 

a n a e r o b i c  r e s p i r a t i o n  
f e rmen ta t i on  

f a c u l t a t i v e  
a e r o b e  

Ldctobdcrlius pldntdrum 
ATCC 9014 

O 

anae rob i c  r e s p i r a t i o n  
f e rmen ta t i on  

f a c u l t a t i v e  
a e r o b e  

Ne t h a n o c o c c u ~  
thermolithocrophicus DSM 2095 

3 , 4 , 1 ,  
6 , 7  

r 

a e r o b i c  r e s p i r a t i c n  
f e rmen ta t i on  

a e r o t o l e r a n t  
anaerobe  

kthanosarcina barkeri 
D S M  8 0 4  

l e ? ,  3 ,  
6 

1 

a e r o b l c  r e s p i r a t i o n  
f e rmen ta t i on  

s t r i c t  
anae robe  

Methanosphaera s tadtmanae 
DSM 3091 

l , t t  3 ,  
61 7 

f e rmen ta t i on  

s t r i c t  
anae robe  

Methanospirrillum hungaeti 
DSM 1101 

2,3,6 

a n a e r o b i c  r e s p i r a t i o n '  

~ t r i c t  
dnaerobe  

Myxococcus xanchus 
DK 1050 

r 

6 

1 

a n a e r o b i c  r e s p i r a t i o n -  

s t r i c t  
anaerobe  

Pseudomonds f l uorescens 
4 9 3" 

1~ 

3,6, 7 

a n a e r o b i c  r e s p i r a t i o n '  

s t r i c t  
a e r o b e  

Rhodospirrillum rubrum 
ATCC 11170 

3,6,7 

a n a e r o b i c  r e s p i r a t i o n '  

a e r o b e  
anaerobe  

Staphylococcus aureus  
9 6& 

3,6,7 

a e r o b i c  r e s p i r a t i o n  

f a c u l t a t i v e  
pho to t roph  

1 

6 

a e r o b i c  r e s p i r a t i o n  
a n a e r o b i c  r e s p i r a  t i o n E  

f a c u l t a t i v e  
anae robe  

1,3,6 

aerobic r e ~ p i r a t i o n '  
a n a e r o b i c  r e s p i r a t i o n '  

3 ,6  

f e rmen ta t i on  
a e r o b i c  r e s p i r a t i o n  

?,3,6 
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