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Abstract—The growth of Alkaliflexus imshenetskii and concentrations of metabolites produced by this micro-
organism during growth on various organic substrates were studied. It was shown that, although the composi-
tion and quantitative ratios of the fermentation products depended on the substrates utilized, acetate and succi-
nate were always the major metabolites, while only minor amounts of formate were produced. During growth
on xylan and starch, diauxy was observed caused by the successive decomposition of oligosaccharides and
monosaccharides. It was demonstrated that, when grown on cellobiose, A. imshenetskii is capable of succinate
fermentation mediated by phosphoenolpyruvate carboxykinase, pyruvate kinase, fumarate reductase, pyruvate
ferredoxin oxidoreductase, malate dehydrogenase, and methylmalonyl-CoA decarboxylase. Succinate may be
both the intermediate and final product of the A. imshenetskii metabolism, being fermented to propionate by

methylmalonyl-CoA decarboxylase.
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Alkaliflexus imshenetskii is an alkaliphilic hydrolytic
anaerobic microorganism isolated from the low-miner-
alized alkaline Lake Verkhnee Beloe (Buryatia, Russia)
[1]. According to the modern classification, A. imsh-
enetskii belongs to the family Marinilabiaceae, order
Bacteroidales. Capability for microcyst formation, car-
otenogenesis, and gliding motility are the characteristic
traits of this microorganism. A. imshenetskii is capable
of decomposing plant polymers (xylan and starch), as
well as mono- and disaccharides. Among disaccha-
rides, cellobiose is the most efficient energy substrate.
The microorganism exhibits low cellulolytic activity.
Growth occurs in a salinity range of 0.8-53 g/l Na*
(with an optimum at 20 g/l) and in a pH range of 7.2—
10.2 (with an optimum at pH 8.5).

It was previously demonstrated that A. imshenetskii
is capable of mixed fermentation of sugars, producing
succinate, acetate, and propionate (major metabolites),
as well as formate, fumarate, and hydrogen (minor
metabolites) [1]:

3C12H22011 + 16OH_ I 4(CH2)2(COO_)2
+4CH,COO" + 4CH;CH,COO" + 17H,0.

The closest relatives of A. imshenetskii, Anaeroph-
aga thermohalophila and Cytophaga fermentans, use
the same pathway [2].

Our further studies demonstrated that propionate

does not always prevail among the fermentation prod-
ucts and may even be absent. In this case, succinate and
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acetate are the major metabolites. Hence, it is likely that
A. imshenetskii is capable of succinate fermentation.

It is well known that succinate may be both the final
and intermediate product of A. imshenetskii metabo-
lism; it may be fermented to propionate [3] by propio-
nyl-CoA transferase. For instance, in the case of the
obligate anaerobe Bacteroides fragilis, succinate is
converted to propionate through a series of successive
stages [4], forming a “loop”. At the first stage, propio-
nyl-CoA : succinate CoA transferase catalyzes the
transfer of succinate and propionyl-CoA into succinyl-
CoA and propionate. Then, succinyl-CoA is trans-
formed into methylmalonyl-CoA by methylmalonyl-
CoA mutase. CO, is then cleaved from methylmalonyl-
CoA by methylmalonyl-CoA decarboxylase, and the
resulting propionyl-CoA interacts with succinate and is
converted to propionate. In the anaerobe Veillonella
alcalescens fermentation of succinate to propionate and
CO, occurs via the same pathway [5, 6]. Using a cell
extract of Propionigenium modestum, we demonstrated
that succinate is converted to propionate and CO, via a
series of successive stages that includes the production
of succinyl-CoA, methylmalonyl-CoA, and propionyl-
CoA. The latter reaction is mediated by the membrane-
bound methylmalonyl-CoA decarboxylase which cata-
lyzes exergonic decarboxylation with a Na* ion trans-
port across the membrane [7].

The aim of the present work was to study the path-
ways of cellobiose fermentation to succinate in A. imsh-
enetskii, as well as to determine the quantitative ratios
of fermentation products obtained on various substrates
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and to assess the activities of the key enzymes of the
A. imshenetskii metabolism.

MATERIALS AND METHODS

Organism and cultivation. In our study, we used
the type strain Alkaliflexus imshenetskii Z-7010T
(=DSM 150557), obtained from T.N. Zhilina.

The bacteria were cultivated under strictly anaerobic
conditions at 37°C on a mineral medium (pH 9.3) con-
taining the following (g/1) [1]: KH,PO,, 0.2; MgCl, -
6H,0, 0.05; NH,CI, 0.2; Na,CO;, 7.4; NaHCO;; 18.5;
yeast extract, 0.2; Na,S - 9H,0, 0.5, trace element solu-
tion (according to Lippert), 1 ml [8]; vitamin solution
(according to Wolin, [9]), 2 ml; and 0.04% resazurin,
2 ml. The following substrates were used (%, wt/vol):
cellobiose, 0.3; glucose, 0.3; oat spelt xylan, 0.2, and
rice starch, 0.2.

Oxygen was removed from the medium by boiling
and subsequent flushing the medium with N, gas for
15 min. The medium was cooled and supplemented
with NaHCO,, yeast extract, and a reducing agent. The
reduced medium was dispensed into Hungate tubes or
vials under nitrogen flow and sterilized in an autoclave
at 121°C for 30 min. Mid-logarithmic phase cultures
(1-3% vol/vol) were used as inocula. Cultivation on
each substrate was performed in triplicate. Experimen-
tal points on the plots are an average of all measure-
ments.

Determination of the growth rate. The growth rate
of the cultures was assessed by an increase in the opti-
cal density at 600 nm in 1-cm cuvettes with a KFK-3
spectrophotometer (Russia). The growth rate of the cul-
tures cultivated on the media containing insoluble
starch or xylan was assessed by the total cell protein
content determined by the Lowry method [10].

Analytical methods. The contents of fermentation
products and sugars were determined by high-perfor-
mance liquid chromatography on a Stayer chromato-
graph (Aquilon, Russia) equipped with an Aminex
HPX-87H column (Bio-Rad, United States) and a
refractometer detector. Elution was carried out at room
temperature with 5 mM H,SO,. Intact cells and insolu-
ble debris were removed from the samples of microbial
suspension collected at various growth stages by cen-
trifugation at 13500 g for 3 min. The supernatant was
supplemented with 0.1 M of the CuSO, solution in 5 M
H,SO, to remove dissolved sulfide and acidify the
medium to pH 2. After 1-2-h incubation (in order to let
the CuS precipitate mature), the suspension was centri-
fuged under the same conditions. The supernatant was
then injected into the chromatograph.

Obtaining of cell-free extracts. Bacterial cells
were harvested by centrifugation at 9500 g for 15 min
and resuspended in 6—8 ml of 50 mM HEPES buffer
(pH 8.0) prepared using oxygen-free water and contain-
ing 0.1 mM EDTA, 10 mM sodium formate, and
25 mM sodium thioglycolate. The cell suspension was
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sonicated twice under aerobic conditions using a
CPX130PB sonicator (Cole-Parmer, United States) at
0.4 mA for 0.5 min. To remove the cell debris, dis-
rupted cells were centrifuged for 40 min at 4000 g. The
supernatant was used for determination of the enzy-
matic activity.

Methods for determining the enzymatic activity.
The enzymatic activities were determined by the oxida-
tion or reduction of NADH or NADPH at 340 nm on a
Specord recording spectrophotometer (Germany). In
all cases, the volume of the reaction mixture (pH 8.5)
was 1.05 ml. The enzymatic activity was expressed in
nmol substrate/(min mg protein).

The compositions of the reaction mixtures used to
determine the enzymatic activity were the following [11]:

Malate dehydrogenase (EC 1.1.1.37), 5 mM sodium
malate; 1 mM NAD; 50 mM Tris—HCI buffer.

Pyruvate ferredoxin oxidoreductase (EC 1.2.7.1),
50 mM sodium pyruvate; 0.2 mM CoA; 25 mM dithio-
threitol; 1 mM benzyl viologen; 50 mM Tris—HCl
buffer; anaerobic conditions.

Fumarate reductase (EC 1.3.1.6), 5 mM sodium
fumarate; 0.15 mM NADH; 50 mM Tris—HCI buffer.

Methylmalonyl-CoA decarboxylase (EC 4.1.1.41),
50 mM KCI; 0.15 mM methylmalonyl-CoA; 0.2 mM
NADH; 50 mM Tris—HCI buffer.

Phosphoenolpyruvate carboxykinase (EC 4.1.1.49),
10 mM MgSO,; 10 mM ADP; 25 mM NaHCOs;
20 mM phosphoenolpyruvate; 0.20 mM NADH;
2 U/mg malate dehydrogenase; 50 mM Tris—HCl
buffer.

Pyruvate kinase (EC 2.7.1.40), 100 mM KClI;
10 mM MgCl,; 0.16 mM NADH; 0.8 mM phosphoe-
nolpyruvate; 2 mM ADP; 5 U/ml lactate dehydroge-
nase; 50 mM Tris—HCI buffer [12].

RESULTS AND DISCUSSION

Growth of A. imshenetskii on cellobiose. To deter-
mine the quantitative ratios of the products obtained in
the course of cellobiose fermentation, bacteria were
cultivated on this substrate. Figure 1 shows the growth
dynamics. It was found that succinate and acetate were
the major products of fermentation, and formate was a
minor product. Pyruvate and fumarate (not shown on
Fig. 1) were detected in trace quantities; they were
probably present as intermediate products.

During the stationary growth phase, two molecules
of succinate and one molecule of acetate were formed
from one molecule of cellobiose. The substrate was
completely utilized.

Growth of A. imshenetskii on glucose. In addition
to the disaccharide cellobiose, A. imshenetskii is capa-
ble of fermenting monosaccharides, including glucose.
Although cellobiose consists of glucose monomers, a
different pattern was observed for strain Z-7010 grown
on glucose (Fig. 2). In this case, metabolite ratios dif-
No. 3
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Fig. 1. Growth and products of the A. imshenetskii metabo-
lism in cellobiose-containing medium: cellobiose (/); for-
mate (2); pyruvate (3); acetate (4); succinate (5); ODgq) (6).
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Fig. 3. Growth and products of the A. imshenetskii metabo-
lism on xylan-containing medium: formate (/); cell protein
(2); acetate (3);succinate (4).

fered significantly from those observed during growth
on cellobiose. In addition to succinate and acetate, for-
mate was among the major metabolites; succinate and
acetate were present in equal amounts. Besides, a large
amount of propionate was present as well. Minor
amounts of malate, pyruvate, and cellobiose were
detected in the samples (not shown on Fig. 2).

Three molecules of succinate, two molecules of ace-
tate, and two molecules of formate are produced from
four molecules of glucose.

Growth of A. imshenetskii on polysaccharides. In
alkaline lakes, the remains of shoreline vegetation and
MICROBIOLOGY  Vol. 78
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Fig. 2. Growth and products of the A. imshenetskii metabo-
lism on glucose-containing medium: glucose (/); propi-
onate (2); acetate (3); formate (4); ODg (5); succinate (6).
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Fig. 4. Growth and products of the A. imshenetskii metabo-
lism on starch-containing medium: propionate (/);
formate (2); cell protein (3); acetate (4); succinate (5).

green algae may be the sources of polysaccharides that
become available for biodegradation by the microbial
communities of these lakes. Cellulose is the major plant
polysaccharide; however, A. imshenetskii showed virtu-
ally no cellulolytic activity and grew only on starch and
xylan [1].

Figure 3 shows the dynamics of A. imshenetskii
growth on starch and xylan, and the dynamics of the
metabolite production are shown in Fig. 4.

In contrast to growth on monosaccharides, diauxic
(two-stage) growth was observed on xylan. Figure 3
shows that, within the first 24 h of cultivation, autolysis
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Activities of the key enzymes of succinate fermentation in A.
imshenetskii grown on cellobiose

Enzyme Specific activity,
nmol/(min mg protein)

Phosphoenolpyruvate carboxyki- 31.5
nase

Pyruvate kinase 130.5
Fumarate reductase 1212
Pyruvate ferredoxin oxidoreductase 157.8
Malate dehydrogenase 189.0
Methylmalonyl-CoA decarboxylase 126.6
Alcohol dehydrogenase ND

Note: ND, not detected.

of the inoculum cells was observed, which can be
attributed to the population variability of bacteria and
elimination of the cells incapable of hydrolyzing xylan.
Within 25-70 h of cultivation, the total amounts of cell
protein and metabolites increased due to utilization of
oligosaccharide hydrolysis products. Within the next
80 h of cultivation, the first stationary phase was
observed; it is probably due to induction of the enzymes
involved in monosaccharide utilization. Then, a new
increase in the amounts of cell protein and metabolites
was observed indicating that the monosaccharides
released by xylan hydrolysis were utilized.

During growth on starch, the dynamics of metabo-
lite production was also unusual. Figure 4 shows that,
after a brief lag phase (24 h) which, as in the case of
xylan, was accompanied by the inoculum autolysis,
rapid growth was observed. The onset of the stationary
growth phase was detected after 50-h incubation; the
duration of this phase was over 100 h, unlike growth on
xylan when the stationary phase was almost absent.
After 150-h incubation, metabolites continued to accu-
mulate, although the amount of cell protein decreased.
This can be attributed to the metabolic activity of the
remaining viable stationary-phase cells. Judging from
the duration of the period of metabolite detection (accu-
mulation) in the cultures grown on polymeric substrates
(as compared to growth on monosaccharides), pro-
longed and stable functioning of extracellular hydro-
lases providing monomers as carbon sources may be
suggested.

In both cases, succinate, acetate, and formate (metab-
olites typical of A. imshenetskii) were formed in a ratio
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of approximately 3 : 2 : 1. The ratio between the final
products is similar to that determined for the culture
grown on glucose. Moreover, propionate was produced
by A. imshenetskii cultures grown on starch (Fig. 4).
Minor amounts of pyruvate and malate were detected.

Key enzymes of the A. imshenetskii metabolism.
It is well known that succinate is a usual intermediate
or final metabolite of various anaerobic microorgan-
isms [13-15]. These organisms are usually capable of
mixed fermentation, i.e., in addition to succinate, they
may produce other metabolites, including acetate, lac-
tate, formate, ethanol, and propionate. The ratios of
these metabolites for different microorganisms may
vary significantly. Figure 5 shows a schematic diagram
for succinate fermentation, the so-called phosphoe-
nolpyruvate carboxykinase pathway.

Although in the majority of succinate-producing
microorganisms, the phosphoenolpyruvate carboxyki-
nase pathway prevails, some microorganisms are capa-
ble of converting phosphoenolpyruvate to oxaloacetate
by both phosphoenolpyruvate carboxykinase and phos-
phoenolpyruvate carboxylase (phosphoenolpyruvate
carboxylase pathway) [16]. The main difference of the
phosphoenolpyruvate carboxylase pathway is that
oxaloacetate is converted to aspartate (not to malate),
which in turn is converted to fumarate.

Since A. imshenetskii grown on various sugars pro-
duces succinate, acetate, and formate as the major
metabolites, it was suggested that this microorganism
carries out succinate fermentation according to the
scheme shown in Fig. 5.

To verify this hypothesis, we measured the activities
of the key enzymes involved in different stages of this
pathway. When grown on cellobiose, activity of phos-
phoenolpyruvate carboxykinase, pyruvate Kkinase,
fumarate reductase, pyruvate ferredoxin oxidoreduc-
tase, malate dehydrogenase, and methylmalonyl-CoA
decarboxylase were revealed. Their specific activities
are listed in the table. No alcohol dehydrogenase activ-
ity was detected.

On the basis of the data obtained, a scheme for cel-
lobiose catabolism in A. imshenetskii was suggested
(Fig. 6). It demonstrates that in A. imshenetskii, the
branches leading to lactate and ethanol production were
missing. High methylmalonyl-CoA decarboxylase
activity indicates that the pathway involves conversion
of succinate to propionate via formation of methylmal-
onyl-CoA. Despite the relatively high activity of this
enzyme, propionate is not always the final product;
therefore, this process may be reversible.

To elucidate whether the succinate—propionate cycle
similar to the one found in Bacteroides fragilis [4] is
active in A. imshenetskii, we incubated the suspension
of A. imshenetskii cells in the presence of succinate or
propionate. The suspension was incubated in carbon-
ate—bicarbonate buffer (pH 9.3) at 35°C for 6 h. The
suspension was sampled every 40 min.

No. 3
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(7); lactate dehydrogenase (8).

In the course of incubation of the cell suspension in
the presence of propionate, production of succinate was
observed; small amounts of acetate and formate were
produced as well. Figure 7 shows that metabolite accu-
mulation was not accompanied by significant consump-
tion of the substrate. Therefore, it may be suggested
that the succinate—propionate cycle is active in A. imsh-
enetskii. Propionate involved in this cycle is initially
consumed in the course of A. imshenetskii metabolism,
and then it is synthesized from succinate by methylma-
lonyl-CoA decarboxylase.

A different pattern was observed during incubation
on succinate (Fig. 8). In this case, only acetate and not
propionate was produced. The reactions on the phos-
phoenolpyruvate—carboxykinase route (Fig. 6) are
reversible. On the route from succinate to acetate via

MICROBIOLOGY  Vol. 78
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phosphoenolpyruvate, three molecules of ATP are
formed at the level of substrate phosphorylation; only
one of these molecules is consumed. The synthesis of
propionate from succinate is not accompanied by the
ATP synthesis at the level of substrate phosphorylation.
On this route, oxidative phosphorylation occurs, which
results in formation of only one ATP molecule [7]. This
is probably the reason why A. imshenetskii uses the
most efficient energy pathway.
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