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1. SUMMARY

Fatty acids of two strains of sulfate-reducing,
sporeforming bacteria Desulfotomaculum ruminis
21 and D. species 43 were analysed. In addition,
the common fatty acids, very-long-chain fatty acids
up to C,,, including saturated acids with straight
chains were identified. a-Hydroxy and a,w-di-
carboxylic acids with more than 20 carbon atoms
were also detected. None of the above-mentioned
compounds have so far been described in sulfate-
reducing bacteria and, therefore, their presence
offers a new concept of biosynthesis of these
compounds and chemotaxonomy of the sulfate-re-
ducing bacteria.

2. INTRODUCTION

Sulfate-reducing bacteria are an interesting
group of microorganisms capable of dissimilatory
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sulfate respiration, a process whereby inorganic
sulfur compounds are utilized as terminal accep-
tors of respiration. As a result of this electron
transport, sulfides are the normal end products.

In order to determine chemotaxonomic rela-
tionships among individual bacterial species, the
structure of compounds used for their taxonomic
classification (i.e. fatty acids in this case) must be
precisely established. Thus, the chain length and
branching, as well as the number and position of
the unsaturated bonds must be determined. Gas
chromatography-mass spectrometry (GC-MS) with
a capillary column is needed for their identifica-
tion.

In a sulfate-reducing bacteria of the species
Desulfovibrio, fatty acids (FA) (Cys_,¢), iso-, ante-
iso- and straight-chain both saturated and mono-
enoic [1] were found. Position isomers of the
straight-chain and branched monoenoic FA could
be detected. C,;_,3 B-hydroxy acids, straight-
chain, iso- and anteiso, were also present.

In D. desulfuricans branched monoenoic FA
were found; ai-17:1 is thought to be a biological
marker of the presence of some sulfate-reducing
bacteria in sediments [2). In addition, #-hydroxy
and branched monoenoic FA were reported to
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occur in the genus Desulfovibrio; none of the FA
was longer than C,, [3}.

In the genus Desulfobulbus, acids with an odd
and even number of carbon atoms (saturated and
monoenoic) were found; surprisingly, however, no
branched acids (saturated or monoenoic) could be
detected [4]).

A few authors have studied the content of FA
in the genus Desulfotomaculum and found that it
did not differ very much from that of other genera
and species of sulfate-reducing bacteria [5,6].

The occurrence of very-long-chain fatty acids
(VLCFA) in sulfate-reducing bacteria has not been
reported. Although these acids were detected in
sediments, they were assumed to be higher plant
residues [6-9). In bacterial samples isolated from
these sediments, no FA longer than C,, were
found in the cells after subsequent growth. The
work of Taylor and Parkes [7] who showed a
chromatogram with peaks having a retention time
longer that of C,, is an exception in this respect.
Therefore, we tried to demonstrate VLCFA in two
species of the genus Desulfotomaculum by means
of the capillary GC-MS.

3. MATERIALS AND METHODS

3.1. Bacterial isolates and culture conditions

The sulfate-reducing sporeforming bacteria De-
sulfotomaculum ruminis strain 21 and De-
sulfotomaculum sp. strain 43 were isolated from
saline soils in Kazakhstan (U.S.S.R.). The strains
were cultivated on a growth medium containing
(g/1): Na,SO, (3); KH,PO, (0.3); CaCl,-2H,0
(0.225); NH,Cl (0.3); KCl (0.2); NaCl (1); MgCl,
-6H,0 (0.5); trace element solution containing
Fe, Zn, Mn, B, Ni, Co, Cu, Mo [10}; vitamin solu-
tion containing p-amino-benzoic acid, biotin,
nicotinamide, pantothenic acid, thiamine, pyrido-
xine, folic acid [11] and sodium lactate (20 mmol/
1). The initial pH was 7 and was adjusted by
sodium carbonate. In addition, sodium dithionite
(20 mg/1) and rezazurin (indicator of O,) were
also added. The cultures were grown in 10-1 ves-
sels at 30°C.

The cells were harvested by centrifugation at
various time intervals and washed with a phos-

phate buffer (0.01 mol/|, pH 7). After lyophiliza-
tion, fatty acids were prepared by alkaline hydrol-
ysis and reaction of free acids with BF;-methanol
(12}. Pyrrolidides were prepared according to
Andersson [13).

3.2. GC-MS identification

Methyl esters were identified in a Shimadzu
QP-1000 apparatus equipped with a fused silica
capillary column (60 m X 0.32 mm ID/SPB-1;
Supelco, U.S.A.); splitless injection, carrier gas
He. Oven temperature was programmed from 100
10 320°C at a rate of 4°C/min; lonization en-
ergy 70 eV, electron multiplier voltage 2.5 kV.
Pyrrolidides were chromatographed under identi-
cal conditions.

3.3. Gas chromatography

Position isomers were scparated on an 120-m
capillary column (two linked 60-m Supelcowax 10
columns, ID 0.25 mm) in a Hewlett-Packard 5890
apparatus (Hewlett-Packard, U.S.A.) separation
conditions: carrier gas hydrogen; linear velocity
35 cm/s; injector temperature (splitless) 270°C;
detector temperature, 280°C; oven temperature
was programmed from 150 to 250°C at 1°C per
min.

4. RESULTS AND DISCUSSION

The two strains used (21 and 43) were grown
under identical conditions. Table 1 shows growth
yiclds at various cultivation times. The amounts of
biomass and fatty acids (both absolute and rela-
tive) increased with increasing cultivation time.
The coantent of fatty acids reached 20 to 25% of
dry biomass in the late stationary phase. This
amount is higher than that reported for the total
lipids in the literature (14.3%, (3]; 3.0%, (6]). The
difference can be partially explained by dif-
ferences in treatment of the biomass samples;
alkaline hydrolysis liberates all FA bound by the
ester bond.

We were able to separate and identify more
than 70 peaks representing both the usual FA,
typical of sulfate-reducing bacteria, and acids that
have not yet been reported in these bacteria. First



Table 1

Content of dry weight, fatty acids and morphological exterior
Timeof D. species 43 D. neninis 21

harvest Dy FA % Dy FA %

® weight  (mg) weight  (mg)
(mg) (mg)

24" 270 s 203 220 5159

438" 440 95 216 670 110 164

72°¢ 1140 35 276 6% 125 198

* Mid-exponential growth phase, dividing exponential cells in
pairs. .

® Early stationary phase, single non-dividing cells some of
them with prospores.

€ Late stationary phase, cells single not-dividing, about 80%
with mature spores inside, non-synchronous, with or without
prospores.

of all, straight-chain, iso-, anteiso- and mono-
unsaturated FA were identified. The mono-
unsaturated FA were separated on a capillary
column and several position and geometric iso-
mers were obtained. Until now two (5] or three [6]
positional isomers have been reported in the genus
Desulfotomaculum. We observed three isomers of
both C,s and C4 FA. A further separation of C,,
monoenoic acids was accomplished on a 120-m
capillary column and as many as five isomers were
identified. On the basis of mass spectra of their
pyrrolidides, the structures cis 9-, 11-, 13-18:1
and trans-11-18:1 were proved. The structure of
the fifth isomer was not determined, however,
retention characteristics give evidence in favour of
15-18: 1. Surprisingly, no monoenoic branched FA
of the type i-17:1 or ai-17:1 were found in our
samples; they are considered a taxonomic marker
of the genera Desulfovibrio and Desulfotomaculum
[2,3,5,6). Even the single ion monitoring (SIM)
with the detection limit around 0.001% of the total
injected sample and the scanning of the abun-
dance of the ions m/z 282 (M*) 253 (M-29 = M-
C,H,) and 250 (M-32 = M-McOH) (i.e. conspicu-
ously intensive peaks in the region of the molecu-
lar ion) failed to detect these acids.

To our best knowledge, acids longer than C,,
have not yet been detected in sulfate-reducing
bacteria and, therefore, the presence of very long
acids (i.c. the compounds with more than 24
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carbon atoms in the chain) is quite surprising.
Their presence could, however, be anticipated on
the basis of a chromatogram published by Taylor
and Parkes [7) showing peaks with a retention
time longer than that for C,; and, also of the fact
that these compounds are normally found in the
sediments [8-10]. Therefore, the finding cannot be
considered accidental (cf. Fig. 1). By using a previ-
ously developed technique [14), we could increase
the sample amount by about one order of magni-
tude, which resulted in an increase of the abun-
dance of the minor peaks shown in Table 2.
Certain ions are characteristic of the acid methyl
esters (base peaks). The following respective ions
are specific for saturated and monoenoic FAME,
and for methyl esters of a,w-dicarboxylic acids:
m/z 74, m/z 55 and m/z 98. FA up to C,,
(tetratriacontanoic acid) were present (Fig. 1).
They were identified on the basis of their retention
characteristics and their mass spectra. Iso and
anteiso acids were also detected. The fact that
position isomers of monoenoic acids were found is
not surprising, as scveral isomers of their pre-
cursors were detected as well. Unfortunately, due
to the chromatographic behavior of pyrrolidides,
we could not identify the position of the un-
saturated bond in the homologues with more than
24 carbon atoms. In spite of that, on the basis of
their biosynthesis and chromatographic behavior,
we predict the existence of the unsaturated bond
in position w-9 or w-7 of the longer homologues.
In contrast to the papers published so far [1,3,5],
no hydroxy acids up to C,, (OH-FA) were de-
tected in our strains. These compounds are char-
acteristic of the lipopolysaccharides of sulfate-re-
ducing bacteria. On the other hand, we identified
very long OH-FA with a hydroxy group in posi-
tion 2. The above authors identified the hydroxy
group in position 3. The hydroxy groups in posi-
tion 2 were found only in eukaryotic micro-
organisms, c.g. the yeasts, as components of
sphingolipids, or in green and red algae [15]. Very
long OH-FA were identified only in ocean sedi-
ments. They had the hydroxy group in position 3
[16]. The authors presented a hypothesis concern-
ing the taxonomic origin of these compounds indi-
cating that: “ the absence of a-hydroxy FA (above
Cy) in this sediment makes a contribution of
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Table 2
Content of fatty acids from Deswifotomacuhum species strain 43 and D. rminis strain 21 (% of total fatty acids)
Fatty acids * Strains
43" 43° 49 21° 21°* 21°
11:0 0.22 0 0 0.23 0.37 031
i-12:0 0.17 0.3 0.16 0.15 o4 028
5-12:1 0.37 0.76 012 04l 0.32 035
7-12:1 0.29 0 0.14 0.35 0.29 0.39
12:0 0.38 0.25 0.19 3.54 314 331
6-13:1 0 0.20 (] 0 0 0
13:0 0.85 1.02 0.17 0.61 0.42 0.56
i-14:0 0.32 0.67 0.66 0.42 0.35 028
7-14:1 0.32 0.56 0.29 0.24 0.22 0.29
14:0 238 5.00 8.64 6.58 5.76 5.57
i-15:0 023 0.67 0.55 0.31 043 042
2i-15:0 0.35 0.52 0.20 0.28 0.19 027
615:1 0.33 1.34 0.17 0.47 0.37 0.39
8-15:1 0.75 0 0 0.51 0.37 0.61
15:0 1.2 225 140 207 1713 1.95
-16:0 0.13 044 0.10 0.12 013 0.14
7-16:1 201 bk 15.74 16.18 17.11 16.15
9-16:1 310 1.95 12.66 428 2.56 3.46
11-16:1 0 0 0 1.35 224 1.7%
16:0 1197 14.10 18.10 15.18 16.33 15.93
17:0 0.56 0.29 047 0.57 0.31 042
2i-17:0 0.23 0.37 0.29 0.35 047 0.37
8-17:1 4.96 1.72 5.62 6.13 295 5.46
10-17:1 0.58 0 0 2.24 238 24
17:0 1.05 112 0.51 1.98 1.56 281
9-18:1 7.74 6.89 4.8 12.31 1341 10.98
11-18:1 9.51 7.06 401 5.46 6.18 6.56
13-18:1 357 2.00 110 8.64 10.13 10.12
18:0 487 5.59 434 5.12 6.18 528
10-19:1 0.77 0.54 0.13 0.10 0.12 0.10
19:0 0.34 0.36 0.10 0.12 031 022
11-20:1 0.28 0.30 0.19 0.24 0.15 0.10
13-20:1 025 045 0 0 0 0
15-20:1 0.90 0 (/] 0 0 0
20:0 0.53 0.81 0.98 0.35 034 042
12-21:1 0 0.66 0.29 0 0 0
2:0 1.02 023 0 0 (] 0
i-22:0 0.13 0.19 0.2 0 0 0
13-22:1 1.34 1.56 1712 on 0.98 0.70
15-22:1 0 0 0.36 0 0 (]
22:0 147 1.42 245 0.98 1.13 1.02
14-23:1 1.20 1.60 049 0 0 0
23:0 021 0.27 0.32 0 0 0
i-24:0 021 0 0 0 0 0
15-24:1 0 0.10 0 0 0 0
17-24:1 1.53 1.56 0.53 0.12 0.10 0.10
24:0 0381 0.81 286 031 0.56 0.61
2i-25:0 0.14 0 0 0 0 0
25:1 0.92 1.38 0.51 0 0 0
25:0 0.67 0.30 041 0 0 0
-26:0 023 0 0.10 0 0 0
2:1 0 0.82 0 0 0 0
2%:1 1.34 208 0.58 0 0 0
26:0 0.48 o 1.40 ] 0 0




Tabie 2 (continued)
Fatty acids * Strains
4 o* o n* at n°

i27:0 0 020 0 0 0 0
27:1 103 018 034 ) ° )
27:0 017 046 025 ) ) 0
-28:0 028 ) ) ] 0 0
28:1 0.87 109 043 ] ) 0
28:1 0 03 0 ] 0 0
28:0 0.7 0.58 161 0 0 0
29:0 ) ) 027 0 0 0
29:1 or 0.58 028 0 ) 0
29:0 0.5 0.0 0.19 ] 0 0
-30:0 0 on 0 0 0 0
30:1 0.45 0.67 024 ] 0 )
30:0 091 0.9 099 0 0 0
i31:0 0 .13 0 0 0 0
3:1 019 0.13 ) 0 0 )
31:0 0.16 013 018 0 0 0
i-32:0 ) ) 010 ) 0 0
2:1 0.8 0.35 ) 0 ] )
32:0 0.40 0.24 145 0 0 0

. Nommd-tmoﬂmy.ddl:ﬁmnumb«,nnmb«dalbonuom;induin;nwndnnmba.nunbaoldoubkbmds; number
before the hyphen, position of double bond; position of double bond not localized, only degree of unsaturation is given;

i = isoacid; ai-anteisoacid.
*£< See notes a, b, ¢ under Table 1.

sphingolipids derived from higher organisms less
likely”.

The results referred to have shown that it is
necessary to be more careful in drawing conclu-
sions. The last very long acids were dicarboxylic.
They were identified many times in sediments,
such as peat [17], shales [18], or marine sediments
[9,19]. a,w-Dicarboxylic acids (DCA) are com-
monly found in waxes, cutine and suberine; their
length is limited to C,,. Therefore, Gillan and
Hogg [9] hypothesize that they became compo-
nents of the sediments together with contaminants
of plant origin. On the basis of our previous
experience [20], we could identify DCA up to C,,.

The effect of the cultivation time on the quality
and quantity of FA present was also studied. In
both strains the time of sampling did not in-
fluence the content of FA. Although in the paper
of Lechevalier [21], an extensive variability of FA
in dependence on the time of harvest was de-
scribed, it was not observed with VLCFA [22).
The authors reported that the relative quantities of

various FA did not exhibit dramatic changes dur-
ing the growth cycle. This fact is very important
for taxonomists because it enables them to use FA
as chemotaxonomic markers, irrespective of the
time of harvest of the cells.

Several new facts were presented in this work.
First, no branched monoenoic FA were found in
our strains, even if a sensitivity of 10°% was
used, and, in addition, the usual B-hydroxy acids
(Cy1-17) were not detected as well. On the other
hand, three types of unusual acids were identified,
mainly VLCFA, branched or straight-chain,
saturated and monoenoic. Second, a-hydroxy and
a,w-dicarboxylic acids were detected, with a chain
even longer than 24 atoms. The presence of these
unusually-long acids in sulfate-reducing bacteria
may change assumptions concerning their bio-
synthesis and chemotaxonomy. Until now the
presence of the compounds with a very long chain
in the sediments has been mainly explained by a
possible contamination of these materials by the
organic residues of higher plants. Our results sug-
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