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been examineg for the presence of sulphide-forming bacteria.
6 strains of clostridia, 2 Citrobacter SP. and 7 strains of

Alteromonas wWere isolated ang tested for their ability to form

sulphide from a variety of oxidized inorganic S-sources
(tetrathionate, thiosulphate, sulphite) together with cysteine.
The clostridia were able to do so readily from thiosulphate ang
Sulphite. A1l of the other Strains were pPositive when tested’
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I INTRODUCTION

Many ores have been deposited under reducing conditions with
the resulting formation of sulphides. Some are simple sulphides
such as pyrites (FeSz), chalcocite (CuZS), sphalerite (zns),
millerite (NiSs), greenockite (Casy, Sycoporite (Cos), molyb-
denite (MoSz), galena (PbS) and Cinnabar (HgS) while others

are complex 'mixed' sulphides such as chalcopyrite (CuFes),
stannite (CuzFeSnS4) cobaltite (CoAsS) and pentlandite

( [Ni,Co,Fe] 9Sg) - The weathering of sulphide ores brought
about either by direct chemical action or mediated by microbial
attack results in the production of water-soluble forms of
sulphur such as thiosulphate and sulphate. These may then be
discharged into Streams and lakes. The question raised in this
investigation was "In such aquatic systems are bacteria present
which are Capable of reducing oxidized forms of inorganic
sulphur to sulphide which then reacts with base metal cations
forming insoluble sulphides?". This could result formally in

a resynthesis of the original ore.

In order to perceive the present investigations in perspective,
A general overview of microbial sulphur metabolism is given.
Clearly, only the major groups of organisms have been reviewed
and even then a number of limitations and some areas of special
difficulty must be taken into consideration.

1. All microbes have an absolute requirement for sulphur which
is required for the biosynthesis of essential amino acids.
In the present context, however, attention is focused on
bacteria involved in the transformation of sulphur compounds
at concentrations far higher than those required to support
their anabolic activity.

2. Attention is directed almost exclusively to the metabolism
of inorganic sulphur compounds and transformations of organic

sulphur compounds are noted only in passing.




3. Not all groups of the bacteria discussed have been equally
carefully examined and in Some, only a few strains of a
given taxon have been investigated, In certain Cases, the

sulphur metabolism including growth physiology, biochemical
Studies of eénzymatic activity and analysis of metabolites. W
The results obtained by these various procedures, which have
seldom been carried out simultaneously, are not always

=2 (sulphide) and +6 (sulphate). 71t is convenient to discuss
Separately the Ooxidative and reductive Segments of the sulphur
cycle.

The oxidative segment

the oxidation of inorganic compounds belong to the genus
Thiobacillus. Although these Oorganisms are both biochemically

and physiologically heterogeneous, all are characteristically
able to oxidize a variety of reduced sulphur compounds in-
cluding sulphide, elemental Sulphur and thiosulphate to
sulphate. Oxygen and, for two species, nitrate

(Thiobacillus denitrificans and Thiomicrospira denitrificans)

are the electron acceptors, carbon dioxide is generally used
as the source of carbon and a marked lowering of the PH




of acidity (s2~ 4+ 4 HyO = 50, + 8 0" + 8 o). 1n certain
Situations they may, however, occur in large numbers without
bringing about acidification (3] < Increasing interest has
been devoted to exploiting thisg commercially in the leaching
of ores (4, S8,

This is accomplished by two distinct processes: (i) by micro-

bial oxidation of sulphide to sulphate, often simultaneously

with the oxidation of FeII to FeIII and (ii) by chemical

reactions between Felll and theore (e.gq. UOZ)' It has also been™"

Proposed that they be used for removal of unwanted pyrites
from coal ( 5),

The potential role of Beggiatoa should not be underestimated
even though certain aspects of metabolism have not been
finally resolved (6, 32) nearly 100 years after their initial
isolation (7). These are strictly aerobic Oorganisms able to
oxidize sulphide to elemental sulphur but it seems that this

truly chemolithotrophic, it seems most likely, that they are
primarily, or Completely dependent on a heterotrophic mode

of growth (8). One curious Capability is that, under anaerobic
conditions, the stored elemental sulphur may be re-reduced to
sulphide.

The acidophilic thermophilic genus Sulfolobus (9) is an

important organism in oxidation of sulphur which occurs in

thermal springs but appears to be restricted to such habitats.

Anaerobic phototrophic bacteria belonging to the families
Chromatiaceae and Chlorobiaceae are able to carry out the
reduction of carbon dioxide using sulphide or elemental
sulphur which are thereby oxidized to sulphate (10). In
sulphide-rich anoxic lakes, these organisms may be dominant
and they have attracted enormous interest over many years so
that an extensive literature exists. Interestingly, it may
be noted that some sulphide-tolerant Cyanobacteria which
normally carry out OxXygenic photosynthesis have been shown




to carry out a similar Yeaction though in this case sulphide
is oxidized only to elemental sulphur (11).

The reductive segment

as the electron acceptor for oxidation of the carbon source
and concomitant production of sulphide. On the other hand,
certain clostridia €.9. Clostridium perfringens, are able to
reduce sulphite to sulphide in complex meda (14) but these

Organisms are not obligately dependent on this reduction for
énergy production and growth: this then clearly distinguishes

(Cis freundii) ang Proteus (Prot. mirabilis ang Prot. vulgaris) .
As will be discussed later, demonstration of this Capability

depends Critically on the experimental methods for detecting
sulphide production. Evidence has been presenteqd that a few
facultatively anaerobic bacteria (1le, 17)may use tetrathionate,
‘thiosulphate Or sulphite as terminal acceptors for anaerobic
growth on non-fermentable Substrates. Anaerobic growth of
strictly aerobic organisms, however, Comparable to that of
Pseudomonas aeruginosa or Paraccoccus denitrificans with

nitrate, Seems not to have been observed.




Most members of the Enterobacteriaceae are able to reduce

selenite to elemental selenium (22) and Some genera e.q.

*r,“

Salmonella are markedly resistant to high concentrations of

selenite.

The genus Alteromonas Consists of a group of strictly aerobic

Gram negative bacteria somewhat resembling the genus
Pseudomonas but having a significantly lower DNA base ratio

(23). Among these Oorganisms, there exists a group
(Alt. putrefaciens,[24]characteristically able to produce

sulphide from thiosulphate in complex media. These are pheno-
typically and genotypically heterogeneous but have a very
wide distribution (25) and were primarily the subject of the
present study. It should be stressed at the outset that very
little indeed is known of the physiology of these organisms
which have attracted attention pPrimarily in connection with
the spoilage of food and in the clinical environment.




IT MATERIALS AND METHODS

1 Isolation of organisms

which containeg (g/1): tryptone, 15: yeast extract, 5. soy
Peptone, 5: liver extract, 7: ferric ammonium Citrate, 1: ‘H&u
sodium sulphite, 1: Tris buffer, 1.5. The pH was adjusted to T
7.3 and agar (10 g/1) added before autoclaving. Plates were in-
Cubated in an anaerobe jar for 4 g at 23°%. Black colonies were

b) Isolation of aerobic and facultatively anaerobic bacteria
from the water samples was carried out by two different proce-
dures.
(i) Samples (1.0, 10 ml) were filtered through sterile
0.45 p membrane filters which were then placed on
plates of Triple-sugar-iron (TSI) agar: these were
incubated at 23°%¢ for 2 d ang black colonies picked
and purified by streaking on nutrient agar.

(ii) Samples (300 ml) were added to 30 ml ten times con-
centrated peptone water medium adjusted to pH 7.2.
The completely filled bottles were then incubated
anaerobically at 4°c for 4-6 weeks. Portions were
Spread onto deoxycholate-hydrogen sulphide-lactose
(DHL) agar (26) and incubated anaerobically for 2 g
at 239, Black colonies were picked and purified by
Streaking on nutrient agar.

Additional strains were also examined. These were, from the IVL
Culture Collection: st+ Escherichia cali, Edwardsiella tarda,
Citrobacter freundii, Proteus mirabilis and Proteus vulgaris.

Professor L. Le Minor, Institut Pasteur Paris, kindly provided
strains representing the four Salmonella subgenera:




I, . S tzghimurium and S. eénteritidis: 1L, 8. sofia:

LTIT: S. arizonae: IV s. ochsenzoll, (S. houtenae).

stain, testsg for catalase and production of sulphide in
Perfringens agar.

b) All other Strains were Characterizeq to species by methods
used in thig laboratory (25, 2714 the facultative anaerobes
using biochemica] Feactions carried out at 307 C and the aero]
Organisms by their ability to hydrolyse DNA, Tween 80, gelati

out at 17OC.

N Ability of strains to Produce sulphide from Ooxidized

inorganic sulphur Sources

Na2804 (not for anaerobes) 2.4
Na2803 (all strains) il 0
Na28203-5H20 (all strains) 2.1
Na284o6 (all strains) 153
Cysteine (not for anaerobes) 3.0

Controls without added S-sources were always included.

a) For anaerobes, the Perfringens basal medium lacking
thiosulphate wWas used: the S-sources were added, the PH adjusted




and incubated at 23%: pPositive reactions were generally ob-

tained within 4 4.

b) For the other Oorganisms, different media were tried in-
cluding a complex medium based on TsT agar, and the soft agar
medium of Lautrop (29): these produceg variable results and
eventually the following pProcedure was developed. ASS medium
without agar was Supplemented with yeast extract (0.5 g/1) and
ferrous sulphate (0,3 g/1): glucose and sucrose both at con-




LIT RESULTS AND DISCUSSION

to sulphide,

2. from the water samples using membrane filtration, 6 strains of
Citrobacter Sp. and 1 strain of Alteromonas putrefaciens,

3. from the low-temperature enrichments, an additional 6 strains
of Alteromonas putrefaciens.

The biochemical reactions of the Citrobacters and alteromonads
are given in Tables 1 and 2. It should be noted that the citro-

Their assignment to this genus was kindly suggested by
Dr. C. Richard, Institut Pasteur, Paris. The strains of
Alteromonas putrefaciens were similar to most strains isolated

in this laboratory (25) andg belonged to saccharolytic biotypes.

Before Presenting results on sulphide formation, it seems
necessary to make a digression into some methodological problems
which arose. The various methods used for estimating the ability
of an organism to produce sulphide from a given S-source differ
not only in methodology but in sensitivity. Three widely used
procedures may be distinguished.

(1) Use of a complex growth medium containing the
S-source and a soluble form of iron (generally
ferrous sulphate or ferric ammonium citrate) and
usually solidified with agar. In this medium,
sulphide formation is accompanied by the formation
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of a black pPrecipitate of ferrous sulphide which
is readily seen in stab cultures. The sensitivity
of this method is considered relatively low, but
this procedure is reproducible and is probably the
one most commonly used, for eéxample, in Triple-

Sugar-iron agar, Kligler-iron agar and Perfringehs
agar,

(ii) A variant has been developed in which a strip of
Paper impregnated with a solution of lead acetate
is suspended in the gas phase above a liquid culture.
This is a highly sensitive method able to detect
amounts of hydrogen sulphide not demonstrable by
method (i). ror example, some strains of aeromonas
are positive using this method.

(iii) Less frequent use has been made of dense cell sus-
pPensions incubated with the S-source over short
periods and using a variety of methods for detec-
ting sulphide formation, generally method (ii)
above.

The present study used the relatively insensitive method de-
pending on visible formation of black ferrous sulphide
(method (i)).

The ability of the clostridia to reduce the various S-sources
in a complex medium is given in Table 3 and requires little
comment except to note the apparent toxicity of tetrathionate.
These results are in agreement with data in the literature for

Clost. perfringens (14).

The investigations on the other strains yielded unexpectedly
complex results in spite of attempts to use different test
systems. The following is, threfore, a simplified summary of
the results obtained.




Proteus vulgaris: 1443 (glucose)
Alteromonas putrefaciens: 603 (glucose)
Citrobacter freundii: 193 (sucrose)

to produce sulphide from Seéveral inorganic S-sources in a de-
fined medium (29, 30). The single Strains tested in the Present
study was unable to do so: No explanation for this discrepancy
c¢an, at the moment be put forward.

b) Cysteine was much more widely used but its reduction
depended Critically on the carbon source. Using sucrose, all

4 strains of Proteus, 5 of Salmonella, 8 of Citrobacter, 1 of
Escherichia coli, all strains of Alteromonas putrefaciens from
Garpenberg and 2 out of 9 others were able to produce sulphide.
When glucose was the carbon source, however, only the strains

C) No strain was able to produce sulphide in the defined
medium from ejither sulphite or tetrathionate.

Two general and important conclusions can be drawn from this
investigation. First,all strains examined here were able to
produce copious amounts of sulphide in a complex medium Supp-
lemented.wiﬂlthiosulphate. On the other hand, very few indeed
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Tequirements and in this study, no attempt was made to develop
a defined medium. Nonetheless, these strains were able to use a
range of the S-sources tested.

cannot at present be elucidated.
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VI TABLES 1-3

it was felt unnecessary to give frequencies: inétead, the symbols
+ and - are uged for positive and negative reactions Trespectively,




%ecarboxylation of: arginine
lysine

. ornithine

Utilization of: Ccitrate

malonate

Hydrolysis of: Urea
ONPG
gelatin
Formation of indole

Methyl red reaction
Vogues-Proskauer reaction
No3—> NO2

Hydrolysis of: esculin
DNA
TWEEN 80
Phenylalanine deaminase

Formation of acid from:

inositol
sorbitol
rhamnose
sucrose

raffinose
amygdalin
arabinose
xylose

adonitol
lactose
salicin
cellobiose

trehalose
mannitol
maltose

sorbose

glycerol
mannose
galactose

18

Table 1. Biochemical reactions of 6 strains of HZS+Citrobactersp.



Table 2. Biochemical reactions of 7 strains of
Alteromonas putrefaciens

cid in TSI medium =
ulphide in TSI medium o

Xidase

gelatin

ydrolysis of: DNA
TWEEN 80

ecarboxylation of ornithine 15

ormation of acid from: glucose
maltose 5
sucrose =

arabinose -

19
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Sulphur source
Strain nr Sulphate Sulphite Thiosulphate Tetrathionate

1476 - + + +
1477 - + %+ NG
1478 - + + NG
1479 - + + -

NG: No growth




