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1. SUMMARY

Viabie counts of sulphate-reducing bacteria,
able to use a range of different growth substrates
were determined in sediments from two Sea Lochs
(Etive and Eil) and an estuarine site (Tay), in
Scotland. The composition of the sulphate-reduc-
ing bacterial population, in terms of substrate
utilization, broadly corresponded to the in situ
substrates for sulphate reduction and concentra-
tion of substrates at each site. Addition of ac-
ectate, lactate, propionate, butyrate, hydrogen and
glutamate /serine (20 mM) to replicate slurries
from each site resulted in stimulation of the cor-
responding population of sulphate-reducing bac-
teria and the in situ rates of sulphate reduction.
The metabolisin of the added substrates and
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changes in bacterial phospholipid fatty acids
{PLFA) were quantified. With the exception of
acetate and hydrogen, added substraies were in-
completely oxidised, producing a mixture of fur-
ther substrates, which predominantly were se-
quentially oxidised, and resulted in the stimula-
tion of a mixed population of suiphate-reducing
bacteria. There were significant changes in the
PLFA of slurries with added substrate compared
to controls. Acetate was completely removed at
all sites and the small increase in even chain
PLFA together with the absence of stimulation of
any other biomarker, indicated that acetate was
oxidised by sulphate-reducing bacteria distinctly
different from those using other substrates. A
biomarker for Desulfobacter, 10 Methyl 16: 0, was
not stimulated in any of the acetate slurries or in
slurries where acetate was produced. Biomarkers
for the propionate utilizing Desulfobulbus sp
{17 :1w6, 15: 1wé) were always stimulated in pro-
pionate slurries and also in lactate slurries, where
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partial lactate fermentation produced propionate
and acetate. In lactate and glutamate /serine
sturries from the Tay estuary and lactate and
hydrogen sturries from loch Etive the biomarker
for Desudfovibrio sp (i17: 1w7) as well as those for
Desuifobulbus were stimulated. This provides di-
rect evidence for the significance of Desulfovibrio
sp. within sediment slurries and demonstrates the
competitive interaction between members of this
genus and Desulfobulbus sp. for lactate, hydrogen
and amino acid metabolism. At the estuarine site,
sulphate reduction was limited at higher sulphate
concentrations (about 3.5 mM) than the Sea Loch
sites {< 2 mM) and this had a significant effect
on propionate and butyrate metabolism, as well
as on methane production. These results demon-
strate that although the sulphate-reducing bacte-
rial population at each site could metabolise
identical substrates, the types of sulphate-reduc-
ing bacteria involved and their sulphate thresh-
olds were characteristically different,

2. INTRODUCTION

During the last decade major advances have
been made in quantifying the ecological signifi-
cance of dissimilatory sulphate reduction within
marine, estuarine and freshwater sediments. This
process has been shown to play an important, and
often 2 dominant role in carbon flow within these
environments [1-6). There has also been a com-
plementary increase in the metabolic diversity
and flexibility of sulphate-reducing bacteria iso-
fated [7]. Together, these have changed the per-
ception of sulphate reduction. Initially it was
thought to be an environmentally restricted activ-
ity, mediated by a iimited and metabolically con-
strained group of specialist anaerobes. But the
more recent perception is of a process of wide
ecological significance, catalysed by a metaboli-
cally diverse and flexible group of bacteria, not
solely restricted to anoxic environments [8]. De-
spite this progress there is still little direct evi-
dence to confirm which, if any, of the increasing
number of sulphate-reducing bacterial isolates are
significantly active in the environment, or how
sulphate-reducing bacterial populations vary be-

tween different sedimentary environments. Im-
provements have been made in culturing tech-
niques for enumerating different types of sul-
phate-reducing bacteria, and this has resulted in
significant correlation between numbers of sul-
phate-reducing bacteria and rates of sulphate re-
duction [9] and substantial increases in the recov-
ery of sulphate-reducing bacteria from sediments
110,11]. Viable counts, however, still tend to un-
derestimate the in situ population, especially in
deeper sediments layers {11]. Also, they do not
discriminate between different sulphate-reducing
bacteria which utilize the same substrate and this
is not resolved by subsequent microscopic analy-
sis of enrichments or colonies as this has Hmited

ther complicated if the growth substrate is incom-
pletely oxidised or fermented, as a range of dif-
ferent types of sulphate-reducing bacteria de-
velop, and the dominant type changes with in-
creasing incubation time {12]. Direct analvsis of
bacterial cellular compenents, which do not re-
quire growth, such as gene probes [13.,14] and
phospholipid farty acid analysis (PLFA, Refs. 12
and 15) have the potential to overcome many of
the above problems and thus provide accurate
characterization of the in situ bacterial commu-
nity.

Bacteria contain characteristic PLFA in the
Cp-Co region [16,17} which distinguish them
from eukaryotic organisms and often from each
other. PLFA may therefore be used to charac-
terise complex microbial communities in situ
[12,15]. Several sulphate-reducing bacteria have
specific PLFA [18-21] and these have been shown
to be effective in characterising the sulphate-re-
ducing bacterial community within marine sedi-
ment sturries {18]. The aim of this research was to
use PLFA to characterise the sulphate-reducing
bacteria in contrasting sites, and compare these
data with both viable counts and the in situ
substrates for sulphate reduction [22]. Selected
populations of sulphate-reducing bacteria were
obtained in sediment slurries, to which a range of
individual substrates had been added, and the
metabolism of these substrates was quantified.
This allowed the PLFA of the viable sulphate-re-
ducing bacterial population to be differentiated



from the PLFA of non-viabie, dormant or dead
biomass [12,23].

3. METHODS

3.1. Sampling

Three sampling sites were used, two sea lochs
on the west coast of Scotiand, Lochs Etive and
Eil, and Kingoodie Bay in the Tay Estuary, on
the east coast of Scotland [22]. Sediment cores
approx. 30 cm in length were obtained in perspex
tubes using a gravity corer [24] for the sea lochs,
and by hand at low tide for the Tay estuary.
Cores were brought back to the laboratory on ice
and stored at 5°C until use, which was normally
the next day,

3.2. Sediment slurries

For each site a known volume of sediment was
sectioned from the anaerobic zone [4] of several
different cores, into a beaker continually flushed
with oxygen-free-nitrogen (OFN). This sediment
was then transferred into an anaerobic cabinet
{(Forma Scientific), and thoroughly mixed. An
equivalfent volume of deoxygenated 50% (v/v)
seawater, containing ! mM Na,§, was mixed with
the sediment and then passed through a 1 mm
sieve, Whilst mixing, the slurry was distributed in
150 ml amounts into screw cap conical flasks (250
ml) which were sealed with a septum. The flasks
were removed from the anaerobic cabinet, with
subsequent additions or removals being made via
the septum, with OFN flushed svringes. Deoxy-
genated solutions of the sodium salts of acetate,
propionate, lactate and butyrate were separately
added, in duplicate, to provide a final concentra-
tion of 20 mM. For the Tay estuary site a mixture
of 10 mM glutamate and 10 mM serine was also
added. Flasks were flushed for 5 min with OFN,
leaving a slight positive pressure. Flasks without
additions were either used as controls or flushed
with H,/CO, (80,20, v/v). A shurry sample (5
ml) from each treatment was taken for time zero
analysis and then the flasks checked for gas leaks.
Slurries were then incubated on an orbital shaker
(100 rpm) at 28°C in the dark. Incubations were
terminated when the initial substrate or immedi-
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ate fermentation product had been removed
which was generally after 14 days, or when there
was no substrate change after 4-5 days. For the
Tay estuary only, the effect of longer incubation
(28-32 days) and further sulphate additions (4-15
mM) on propionate and butyrate metabolism were
investigated. After incubation, slurries were
frozen and then freeze-dried prior to extraction
for PLFA analysis.

3.3. Analysis of siurries during incubation

Samples were removed approximately daily and
filtered through a pre-combusted glass fibre filter
paper (GFF, Whatman} to remove particulate
matter. Samples for sulphide and sulphate deter-
mination were added to zinc acetate (4 ml sample
to 1 ml 10% zinc acetate) to prevent sulphide
oxidation and aliquots taken for sulphide [25] and
sulphate [3] analysis. Volatile fatty acids and lac-
tate were determined by ion chromatography (Di-
onex, Sunnyvale, USA). Samples with high con-
centrations of volatile fatty acids (> 1 mM) were
diluted (1:250) with double-distilled water before
analysis, whilst sampies with lower concentrations
were vacuum distilled [22] to remove interfering
salts, Headspace gas analysis (H,, CH,, CO.)
was conducted on a Pye Unicam Model 104 gas
chromatograph with a katharometer detector [22].
At the end of the experiment the flask headspace
was adjusted to atmospheric pressure with a ni-
trogen filled manometer prior to gas analysis.
Amino acid concentrations were determined by
HPLC (Gilson, Ltd.) as O-pthaladehyde deriva-
tives on a reverse-phase column [26].

3.4. Viable counts of sulphate-reducing bacteria
Viable counts of sulphate-reducing bacteria
were determined in sediment from each site and
incubated slurries, using the agar shake technique
[27} and different growth substrates. In order to
optimize viable counts two different media were
used [10], adjusted for the salinity at each site.
Postgate’s medium ‘E’ was used for lactate, bu-
tyrate and H, utilizing sulphate-reducing bacte-
ria, whilst Widdel’s medium was used for acetate,
propionate, ghitamate and serine utilizers. One
ml of sample was initiaily diluted in 9 ml of 0.9%

{w/v}) NaCl containing I mM sulphide and
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0.00001% (w/v) cetyl trimethylammonium bro-
mide (CTAB, Ref. 10) and then serial tenfold
dilutions made using the agar shake technique.
Additional iron (66 ug FeS0,7H,0 in 9 m! com-
plete medium) was added to Widdel’s medium so
that sulphate-reducing colonies would be charac-
terized by black iron sulphide formation [18].
Agar shake tubes were incubated at 28°C for 28
days and black colonies counted,

3.5. Lipid analysis

Lipid extraction of approx, 15 g of freeze-dried
material was performed in a chloroform / meth-
anol/ 3% aqueous NaCl solution as described by
Dowling er al. [30). After silicie acid separation of
the phospholipid fraction, methanolysis of the
fatty acid methyl esters was conducted in a sohi-
tion of toluene/ methanol / KOH [30]. The pure
methyl esters ware analysed initially in their origi-
nal state on a Shimadzu GC9A capillary gas
chromatograph, using both polar and non-polar
columns. Subsequent analysis of the monoenoic
and cyclopropyl fractions was by comparison with
hydrogenated samples [31]. Final confirmation of
fatty acid identity was obtained by capillary-mass
spectrometry (Hewlett Packard 5995A), as previ-
ously described {30]. Quantitative data were nor-
malised to 100 and expressed as percentages.

4. RESULTS

4.1, Distribution of sulphate-reducing bacreria in
sediments

Suiphate-reducing bacteria were present in the
three sites at all depths, but their distribution in
the estuarine site was different from those in the
Sea Loch sediments (Fig. 1). At all sites total
numbers of sulphate-reducing bacteria were high-
est in the 5-10 em interval (2.2 to 11.4 x 104 /mb).
In the Tay Estuary numbers subsequently de-
creased markedly (3.2 X 102 /ml at 28 cm), whilst
in the Sea Loch sediments there was only a slow
decrease with sediment depth (4.2 x 103 /ml at 28
cm). Despite this, the total population of sul-
phate-reducing bacteria in the top 28 cm of sedi-
ment was still higher (approx. x3) in the Tay
Estuary compared to the other sites. The distri-
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Fig. 1. Distribution of total viahle sulphate-reducing bacteria
with sediment depth, Loch Elive (®), Loch Eil {4) and the
Tay Estuary (&),

bution of various types of sulphate-reducing bac-
teria in the Tay Estuary was also very different,
as lactate utilizers represented over 70% of the
total viable population (Tabie 1), The sulphate-
reducing bacterial population in the Sea Loch
sites was much more uniform with acetate, Dropi-
onate, butyrate, and lactate-utilizers ali compris-
ing significant proportions of the total popula-
tion. In Loch Fil, lactate was again the dominant
substrate but in Loch Etive the percentage of
acetate and lactate-utilizers were similar. Loch
Etive was also the only site where hydrogen-
utilizers were present at similar concentrations to
the other bacterial types.

4.2. Metabolism in the sediment slurries

In almost all the slurries there was a small
Increase in the concentration of added substrates
by day one. The reason for this is unclear, but
presumably it was due to equilibration processes
within the slurry. The sediment slurries were
anoxic and remained so throughout the incuba-



tion period with suiphide being produced, ai-
though in the controls the amount produced was
small {approx. 1 mM). Addition of substrates to
the slurries resuited in marked decreases in sul-
phate {(between 3.6 & 19.6 mM) and increases in
sulphide concentrations (between 2 & 16 mM) at
all sites (Table 2). The relationship between sui-
phate removed and sulphide produced varied
considerably from the expected stoichiometric re-
lationship of 1:1, and hence a significant amount
of the sulphide produced must have precipitated
as iron sulphides. This was most marked in the
Tay estuary slurries where the sulphate /sulphide
ratio was abour 3:1 compared 0 2: | for the Sea
Loch sites (Table 2) and reflects tie relatively
high iron concentrations in the Tay estuary [25].
Sulphide at high concentrations (above §—[2 mM,
Ref, 29) is toxic 1o sulphate-reducing bacteria and
its precipitation by iron in these experiments gen-
erally kKept concentrations below this level, ensur-
ng the optimal development of suiphate-reducing
bacteria.

in Lochs Etive and Eil all substrates, with the
exception of butyrate, were compietely removed
during the incubation period, with concomitant
sulphate reduction. Butyrate was univ partially
degraded (9 & 49% Loch Erive & Eil, respee-
tively, Table 2). Tay estuary slurries were similar,
eXcept buth propicnate (34%) and butyrate (77%)
were incompictely utitized, despite being incu-
bated for 28 days, compared to 14 days for the
Sca Loch slurries, At ajl SIES aCelale Was CoImn-

Table |

Distribution of sulphaie-reducing bacteris {SRB) in sedinenis
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pletely removed within (4 days, presummably to
carbon dioxide, and propionate was incompietely
oxidised to acetate (Figs. 2 and 3). Lactare
metabolism was more complicated, beiny partly
fermented to acetate and propionate and partly
oxidised to acetate. The propionate produced was
subsequently oxidised to acetate (Fig. 2). Butyrate
in the Sea Loch slurries was oxidised to acetare
but in the Tay Estuary slurries there was partial
oxidation to acetate and partial fermentation as
indicated by the production of propionate, The
concentration of propionate was relatively small
(<3 mM) and varied markedly with time in a
cyclical manner (Fig. 3). In replicate Tay slurries
with propionate and Butyrate, plus eievated sul-
phate (35 mM), both substrates were compietely
metabolised within 10 days {(Fig. 4. Bumvrate
metabofism  again oveurred intermediare
propionate production. The effect of suiphate in
determning propionate and butyrate metubotism
in Tay slurries was further investigated 1 siurries
with normal sulphate concestrations w which was
added additional sulphate (4 mM) when substrare
removal hud ceased. This addivon resuitad i oa
rapid and complere decomposition of Lutyrate
and renewed removal of propionate, bul nod com-
plete decomposition (Fig. ). Further sulphare
additions to the propionate slurry alse stimulated
decomposition but again degradation was incom-
plete (Fig. 4).

In Tay slurries with glutamate ang serine {ju
MM zacl) glutamine (3.5 mM) was present, a few

warit
Willl

wind surries compured 1o natural substrates for sulphaie reduction

Substrate %¢ SRB in sediment % SRB in control G subsirate for sulphaic
sturry reduction **
Etive Ei Tay Etive = Eil # Tay * Etive Eil Tay

Acetate 28 18 10 25 29 9 100 64 a5
Lactate n 4 7 34 38 73 - - +3
Fropionate 19 19 6 10 18 7 - i3 6
Bubrate i4 4 & 6 I3 6 5 7
Hyvdrogen 13 [ 0 3 4 4 2 1] -
Glutamate n.d. n.d. n.d. n.d. n.d. { - 2 t
Serine n.d. n.d. n.d. nd. n.d. 1 - 2 1

n.d,, Not determined.

* SRB composition in sediment and control not signiticantly diterent (£ - QU35 Mann & Whitney U-test,

** Dara from Parkes et al., 148y,
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Fig. 2. Anaercbic metabolism of acetate. lactate. propionate,
and butyrate (20 mM) added 10 Loch Etive slurries: acetate
(®), propionate (4}, lactate {®), butyrate {£3). The patterns
of metabolism in Loch Eil slurries were identical to those
for Loch Etive and hence summary data only is presented

(Table 2).
30
Acetate a Prapionate C
1/\
- 20 F F 8
=
£
p
= 10+ r
B
5 \.\“1¢~¢. !
2 ” . - .
= Lactate b Butyrate d
= .'. ._'/.\'/4
g \ [
S ot
) \
/
G

10 -‘aS

w

Incubation time (days}

Fig. 3. Anaerobic metabolism of acetate, lactate, propionate
and butyrate (20 mM) added to Tay Estuary siurries: acetate
(e), propionate { 4 ), lactate (®), butyrate (0).
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Fig. 6. Anaerobic metabolism in conirol and hydrogen siur-
ries; acetate {8), propionate (4 ),

hours after set up (Fig. 3), with a corresponding
reduction in glutamate (3 mM). This glutamine
was rapidly removed {day 1) followed by serine
(dav 3) and then gilutamate (dav 4) with the
production of acetate, Acetate concentration in-
creased until day 5 and then was rapidly and
completely removed by day 10.

Concentrations of volatile farty acids in the
hvdrogen supplemented slurries and controls were
low, approx, 10 and 2 ©M for acetate and propi-
onate respectively. In the hvdrogen slurries, how-
ever, there was a peak in acetate about day eight
which was most marked in Tay {60 uM) and
Etive (22 M) slurries (Fig. 6). in the Tay slurry a
very small propionate peak coincided with the
acetate peak and this was the only hydrogen
slurry to produce methane (Table 2). Trace
amounts of methane were also present in Tay
slurries with propionate and butyraiz but methane
was absent when elevated sulphate concentra-
tions were used {Table 2),

4.3. Stimuiation of sulphate-reducing bacteria in
the sturries

The addition of specific substrates always re-
sulted in a stimulation of the corresponding pop-
ulation of sulphate-reducing bacteria, ranging

from 224-2.000% compared to the control and
many of these increases were highly significant
(p < 0.05). In addition, other sulphate-reducing
bacteriz were also stimulated. Thus substrate ad-
dirions resulted in a marked increase in the total
sulphate-reducing bacterial population compared
to the controis (Table 3). The average stimulation
for ali substrates and sites was 240% with the
largest stuimulation in Loch Eil {363%) and the
lowest in Loch Etive (135%).

4.4 Stimulation of bacrerial lipid fatty acids in
slurries

Marked differences in the distribution of PLLFA
in the substrate added slurries, compared to the
contreds, were found over the Cl12-C19 range
whete bacterial contributions would be expected
[16], There were both increases and decreases in
individuat PLFA, but as increases in PLFA should
be specifically associated with the stimulated sul-
phate-reduciag bactenial populations (Table 3).
only increases will be considered (Table 4). These
increases were usually substantial (average 2409%)
and the majority were significant (P < (.03). Ac-
etate addition resulted in only minor changes in
PLFA, these were in the even chain fatty acids
16:0 (Etve and Eil} and 16: 1w7 (Tay). Addition
of the other substrates produced marked in-
creases in a range of PLFA and there were clear
differences between the three sites. In general,
lactate, propionate. hydrogen and glutamate/
serine addition resulted in increase of odd num-
bered PLFA, both saturated and unsaturated
{13:1wo, 15:0, 117:1w7 and 17:1w6}, whilst bu-
tyrate addition stimulated both even and odd
chain PLFA (16:0, 16:1w7, 15:0). At all sites
17:1w6 was consistently increased by propionate
and lactate addition. In Etive slurries with hydro-
gen and Tay slurries with glutamate and serine
bath 17:1w6 and 117: tw7 increased, but in Eil
slurries phlus hydrogen only i17:1w7 was stimu-
lated. There was no increase in 10 Mel6:0 in anv
of the slurries. In addition to these substrates
related changes cy!7:0 and 17:0 appeared to
increase in Tay slurries whilst 14:0, i15:0 and
18:0 were often stimulated in Loch Eil slurries.
No site related increase in PLFA was apparent
for Etive slurries.



5. DISCUSSION

The distribution of different types of sul-
phate-reducing bacteria at each of the three sites

broadly corresponded to the contribution of dif-

ferent substrates to sulphate-reduction (Table 1)
and the concentration of substrates present [22].
For example, lactate-utilizing sulphate-reducing
bacteria were numerically dominant in the Tay
Estuary, lactate was the major substrate for sul-
phate reduction and lactate concentrations were
high at this site. Conversely, acetate was a more
important substrate for sulphate reduction in the
Sea Loch sites, especially Loch Etive, and the
percentages of acetate-utilizing sulphate-reducing
bacteria were correspondingly higher at these sites
than the Tay Estuary. Loch Etive was the only
site where hydrogen was a substrate for sulphate
reduction and this was also reflected in the viable
counts (Table 1). These differences in the distri-
bution of sulphate-reducing bacteria were largely
maintained during incubation in the control slur-
ries (Table 1). Also numbers of total sulphate-re-
ducing bacteria at each site reflected the meas-
ured rates of sulphate reduction; with the Tay
Estuary, having much larger viable sulphate-re-
ducing-populations (Fig. 1) and rates of sulphate
reduction [4] than the Sea Loch sites. Therefore,
viable -counts of suiphate-reducing bacteria do
reflect the substrates utilized by naturai popula-
tions and the intensity of suiphate reduction. A
similar conclusion was recently made by Jgrzen-
sen and Bak [11]. In addition, as these character-
istic populations were approximately maintained
within subsequent control sediment slurries, stim-
ulation of specific types of sulphate-reducing bac-
teria within substrate supplemented slurries
should provide a useful approach to further char-
acterise sulphate-reducing bacterial populations
from different environments and to study their
metabolism.

All substrate additions to the slurries resulted
in increases in sulphate reduction (Table 2), the
suiphate-reducing bacterial population (Table 3)
and PLFA compared to controls (Table 4). Al-
though the addition of specific substrates always
resulied in enhancement of corresponding popu-
lation of sulphate-reducing bacteria, other types
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were also stimulated, but usuvally to a much lesser
extent (Table 3). This reflected the incompiete
oxidation of substrates other than acetate, which
provides acetate and sometimes propionate in
addition to the added substrate (Figs. 2-3). The
acetate and propionate were subsequently uti-
lized by other sulphate-reducing bacteria result-
ing in an increase in their numbers {(Tablie 3) and
changes in PLFA (Table 4). In addition to this
indirect enhancement of acetate and propionate
utilizers, there was some increase in other types
of sulphate-reducing bacteria (e.g., lactate and
butyrate utilizers in Loch Eil and Tay Estuary,
Table 3), which may reflect subsirate flexibility by
the enriched bacteria.

Although acetate addition clearly increased ac-
etate-utilizing sulphate-reducing bacteria at all
sites (between 225-857%), there were only very
limited increases in PLFA {e.g., 16:0and 16: 1w7,
Table 4) and only the increase in 16:1w7 in the
Tay Estuary was significant {P < 0.05). The re-
sults for Loch Etive and Eil are identical to
previous results from Loch Eil [18]. Acetate-
utilizing suiphate-reducing bacterial belonging to
the genus Desulfobacter, are dominated by even
chain fatty acids, particularly 16:0 which repre-
sents approx. 30% of the total PLFA {21,32} The
increase in even chain fatty acids in the slurries,
however, i1s difficult to interpret as it is small
compared to the control. This is because acetate
is the dominant substrate for sulphate-reduction
at these sites and hence the biomass of Desul-
fobacter type sulphate-reducing bacteria (Table
1) and concentration of even chain fatty acids are
already hign (Table 4). In addition even chain
fatty acids are common bacterial fatty acids. The
absence of a stimulation of any other potential
PLFA biomarker for sulphate-reducing bacteria
[18], however, suggests that the increase in 16:0
is either due to Desulfobacter or other some
other acetate utilizing sulphate-reducing bacteria
with comparable PLEFA. A similar situation is
possible in the Tay Estuary, as- 16:1w7 1s also an

-important PLFA in all acetate-oxidising sulphate-

reducing bacteria examined [21]. Alternatively,
the increase in 16:1w7 may be due to other
acetate utilizers such as the Desulfobacter-like
‘fat vibrio’ and Desulfotomaculum acetoxidans
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which both contain high concentrations (30%) of
this fatty acid [21], Desulfotomaculum sp. have
been regularly isolated from the Tay Estuary
(34,351 but not from the Sea Loch sites.

10 Me 16:0 is an unusual PLFA characteristic
of Desulfobacter-type sulphate-reducing bacteria
and hence has been proposed as a biomarker for
these bacteria [21,30]. This PLFA, however, was
not stimulated in any of the acetate slurries or in
those where acetate was produced, which is con-
sistent with previous results {18]. Thus the use of
10 Me 16:0 as a biomarker for Desulfobacter sp.,
under these conditions, needs to be carefully
considered.

The stimulation of odd chain PLFA in the
slurries with lactate, propionate, hrydrogen and
glutamate /serine included potential biomarkers
for Desulfovibrio sp., i17: 1w7 and Desulfobulbus
sp. 15:1 and 17: w6 [18,19,20] and demonstrated
that these compounds were degraded by different
suiphate-reducing bacteria to those that degrade
acetate. Both Desulfovibrio sp. and Desulfobulbus
sp. utilize lactate and hydrogen, and in addition
- Desulfobuibus can incompletely oxidize propi-
onate to acetate [7]. Propionate slurries at all
sites had a marked increase in 17:1w6 and to a
lesser extent 15:1 which, together with the in-
complete oxidation of propionate (Figs 2, 3, 4},
strongly suggested that Desulfobulbus spp. were
the dominant propionate-utilizing sulphate-re-
ducing bacteria at these sites. The same PLFA
were also stimulated in Loch Eil siurries with
lactate and it seems likely that Desulfobulbus was
responsible for the oxidation of propicnate pro-
duced from the partial fermentation of lactate, as
previously observed [18). As approx. 20% of the
added lactate was oxidized at this site Desulfobul-
bus could also have been responsible for or in-
volved in this oxidation, although previous results
showed no stimulation of Desulfobulbus biomark-
ers during lactate degradation [18]. What is clear,
however, is that known Desulfovibrio sp. were not
responsibie for lactate oxidation as there was no
stimulation in its biomarker (i17:w7). This is
consistent with previous results from this site {18].
In contrast, in the lactate shurries from the Tay
cstuary and Loch - Etive biomarkers for both
Desulfobulbus sp, and.. Desulfovibrio sp. were

stimulated (Table 4). As these PLFA also in-
creased in hydrogen slurries from Loch Etive, it
would suggest that both these sulphate-reducing
bacteria were directly involved in lactate and
hydrogen oxidation. The involvement of propi-
onate-utilizing sulphate-reducing bacteria in lac-
tate metabolism was supported by a marked in-
crease in their population in lactate slurries from
all sites (Table 3). This is the first direct evidence
(i.e. not based on viable counts) that Desulfovib-
rio type sulphate-reducing bacteria are involved
in the utilization of kydrogen and lactate within
sediments, however, Desulfobulbus sp.competes,
often successfully, for the same role (Table 4).
The high proportion of lactate oxidation (70%) to
fermentation in the Tay estuary slurries, com-
pared with the Sea Loch slurties (average 25%) is
consistent with the lactate being a dominant sub-
strate for sulphate reduction at this site [223.

Surprisingly, Loch Eil hydrogen slurries re-
sulted in a stimulation of {17: w7 and not
17:1w6, which means that although Desulforib-
rio. sp were not responsible for lactate metabolism
at this site they were tnvolved in hydrogen
metabolism (Table 4), This contrasts with previ-
ous results from this site [18].

The addition of gtutamate and serine to Tay
slurries resulted in enhanced sulphate reduction
which was quantitatively similar to the other sub-
strate supplemented slurries (Table 2). The rapid
appearance of glutamine must have been pro-
duced from the added glutamate in combination
with ammonia in the slurries and possibly giu-
tamine synthetase, common in bacteria. The
amino acids were then rapidly oxidized in se-
quence: glutamine, serine and glutamate, with
production of acetate, which was oxidized once
all the amino acids had been removed (Fig. 3),
During the period of rapid antino acid metabo-
lism, and prior to acetate oxidation {0~6 days,
Fig. 5), there was rapid sulphate removal and
sulphide production (85 and 70% respectively of
final concentration changes). Therefore, sul-
phate-reduction was directly involved in amino
acid metabolism, inciuding glutamate, which in
other sediments is solely fermented (Burdige,
1991). A number of PLFA were stimulated (Ta-
ble 4) including the biomarkers for Desulfobulbus



sp. (17:1wé & 15:1) and Desulfovibrio sp.
(i17 : 1w7). As neither of these sulphate-reducing
bacteria can utilize acetate this further confirms
that sulphate-reducing bacteria were directly in-
volved in amino acid metabolism. Although the
degradation of amino acids by sulphate reduction
has been previousiy demonstrated at this [22] and
other sites [36,37] this is the first diract indication
of the. types of sulphate-reducing bacteria in-
volved. The invelvement of Desulforibrio sp. in
amino acid metabolism is consistent with results
of pure culture studies [38), but to our knowledge
amino acid metabolism in Desulfobulbus sp. has
not been demonstrated in pure culture [7]. Alter-
natively, amino acid metabolism may be due to
termentative bacteria coupied with Desulfovibrio
[30], or Desulfobulbus sp. in which propionate is a
major product [39] and Desulfobulbus would then,
in addition, be responsible for propionate re-
moval,7as no propionate was present in the slurry
(Fig. 5). The precise bacterial interactions in-
volved ‘will require further study but the rasults
clearly show the close involvement of both Desul-
foribrio and Desulfobulbus sp. in amino acid
metabolism, and also demonstrates the potential
of bacterial biomarker analysis to unravel interac-
tions of mixed microbial populations [30].

In the Sea Loch slurries butyrate was incom-
pletely oxidized to acetate, and as only about
50% of the theoretical acetate production
(butyrate : acetate, 1:1) was present (Fig. 2) there
was also significant acetate consumption. This is
consistent with the stimulation of acetate-utilizing
sulphate-reducing bacteria (Table 3) and would
account for the stimuiation of even chain PLFA
characteristic of Desulfobacter sp. (e.g., 16:0,
16:1w7). Changes in PLFA tended to be more
limited in Loch Etive slurries, as relatively little
butyrate was degraded (Fig. 2), but the stimula-
tion of odd numbered PLFA in Loch Eil slurries
(15:0, i15:0) may be due to butyrate-utilizing
sulphate-reducing bacteria. Conversely, they may
also be due to Desulfobacter sp., as the addition
of volatile fatty acids to pure cultures of Desul-
fobacter sp. results in an increase in odd num-
bered and branched PLFA [21]. The absence of
stimulation of the biomarker for Desulfovibrio sp.
demonstrates that these sulphate-reducing bacte-
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ria were not responsible for butyrate oxidation in
any of the sturries. despite the ability of some
species to incompietely onidize butyrate in pure
culture [7]. Butyrate metabolism in the Tay shur-
ries was different from that in the Sea Loch
sturries: (1) partial butyrate fermentation pro-
duced small amounts of propionate, and (2) very
little of the acetate produced was consumed, es-
pecially in the slurry without added sulphate (Figs.
3 and 4). Except for a small stimulation of 16: 1w7,
which was also found in the acetate slurry and
may reflect acetate oxidation (see previous dis-
cussion), the only PLFA stimulated was 18:1w7
which is a common PLFA.

The marked peak in concentrations of acetate
in the Tay and Etive hydrogen slurries and to a
much lesser extent in Loch Eil (Fig. 6) may have
reflected the activity of acetogenic bacteria, but
the amounts of acetate produced were probably
toc small and transient to have an affect on the
bacterial composition and thus on the distribu-
tion of PLFA. The same would apply to the small
amount of methane produced in the Tay slurries.
However, methane production in the Tay and its
absence in the Sea Loch slurries, with identical
hydrogen and suiphate concentrations, does
demonstrate that in addition to differences in the
composition of the sulphate-reducing bacterial
populations, there are some physiological differ-
ences between the bacteria from these sites. This
is clearly shown in the marked difference in pro-
pionate and butyrate oxidation. Propionate was
all removed within 14 days (Fig. 2) and sulphate
reduced to 2 mM in the Sea Loch slurries (Table
2), whereas in the Tay slurries, propionate degra-
dation was incomplete, even in the presence of 4
mM sulphate and traces of methane were pro-
duced (Fig. 3, Table 2). When excess sulphate
was added (35 mM), all the propionate was re-
moved and there was no methane production
(Fig. 4, Table 2). Propionate degradation in the
Tay, therefore, seemed to be sulphate limited and
this was confirmed when addition of extra sul-
phate allowed propionate metabolism to continue
(Fig. 4). A similar situation was observed for
butyrate degradation (Figs. 2, 3 and 4), There-
fore, the threshold at which sulphate becomes
limiting is higher in the Tay slurries (about 3.5
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mM} than in the Sea Loch slurries { < 2 mM) and
as a result of this other anaerobic bacteria can
more effectively compete for common substrates.
This may be a result of the much higher amount
of available organic matter [4] and higher sub-
strate concentrations [22] at the Tay site com-
pared to the Sea Lochs. A similar difference in
sulphate thresholds for sulphate-reduction has
been found between surface and deeper sedi-
ments [40].

Although there was a diverse population of
sulphate-reducing bacteria at all three sites, capa-
ble of degrading all the substrates added to the
slurries, there was a clear order in which sub-
strates were utilized, despite these substrates be-
ing utilized by different types of sulphate-reduc-
ing bacteria. For example, propionate and acetate
were utilized by Desulfobulbus and Desulfobacter
type sp. respectively, but acetate was not utilized
until all the propionate was removed (Fig. 2).
This may reflect the poor ability of Desulfobacter
sp 1o compete for limiting sulphate [41] or some
other factor (as sulphate was probably not limit-
ing for most of the experiment, see previous
discussion). Sequential substrate utilization does
not occur in slurries without added substrate [22],
but it does in enrichments for sulphate-reducing
bacteria [12], together with sequential changes in
the dominant sulphate-reducing bacterial popula-
tion. Therefore, considerable caution has to be
exercised in interpreting the results of viable
counts of sulphate-reducing bacteria on sub-
strates which are incompletely oxidized, as the
dominant types of bacteria will change with incu-
bation time. Bacterial PLFA analysis of such en-
richments would be an invaluable tool for charac-
terising the resulting populations, especially as
many of the sulphate-reducing bacteria cannot be
readily distinguished by microscopy.

These results demonstrate that the composi-
tien of the sulphate-reducing bacterial population
in sturries from the three sites studied were quite
distinct. This is comsistent with previous data
showing that the in situ substrates for sulphate
reducing bacteria at these sites were also differ-
ent {22]. In addition, the sulphate threshold char-
acteristics of the sulphate-reducing bacteria, from
the estuarine site varied considerably from those

from the Sea Loch sites. Further research is
required to determine how results from slurries
relate to populations and metabolism of sulphate-
reducing bacteria within undisturbed sediments
and to ascertain which environmental characteris-
tics (e.g., type and quality of organic matter input,
availability of sulphate, iron and other nutrients
etc.) determine the characteristic populations at
each site. PLFA analysis, however, in combina-
tion with measurements of the activity and
metabolism of the bacterial population, seem in-
valuable tools for such studies.
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