Micrabiology, Vol. 72, No. 5, 2003, pp. 558-563. Trandlated from Mikrobiologiya, Vol. 72, No. 5, 2003, pp. 627-632.

Original Russian Text Copyright © 2003 by Garnova, Krasil’ nikova.

EXPERIMENTAL

ARTICLES

Carbohydrate M etabolism of the Saccharolytic Alkaliphilic
Anaer obes Halonatronum saccharophilum, Amphibacillus
fermentum, and Amphibacillus tropicus

E. S. Garnova* and E. N. Krasil’ nikova**
* | nstitute of Microbiology, Russian Academy of Sciences, pr. 60-letiya Oktyabrya 7, k. 2, Moscow, 117312 Russia
e-mail: egarnova@yahoo.com
** Moscow Sate University, Vorob' evy gory, Moscow 119992 Russia
Received July 22, 2002

Abstract—The saccharolytic anaerobic bacteria Halonatronum saccharophilum, Amphibacillus fermentum,
and Amphibacillustropicus produce formate, the main fermentation product. In the alkaliphilic community, for-
mate is used as the preferential substrate for sulfate reduction. To reveal the pathways of carbohydrate fermen-
tation by these bacteria, the activity of the key enzymes of carbohydrate metabolism and their pH dependence
was studied. It was established that H. saccharophilum utilized glucose by the fructose bisphosphate and hexose
monophosphate pathways, and A. tropicus, by the fructose bisphosphate and Entner—Doudoroff pathways. The
activity of the key enzymes of all three pathways of glucose metabolism was detected in Amphibacillus fermen-
tum. According to the data obtained, the glucose catabolism in H. saccharophilum, A. fermentum, and A. tropi-
cus mainly proceeds viathe fructose bisphosphate pathway. The pH optima of the key enzymes of the glucose
metabolism of the akaliphiles are shifted to alkaline values. In A. tropicus, formate is formed from pyruvate
under the action of pyruvate formate-lyase; and in the haloanaerobe H. saccharophilum, formate dehydroge-

nase isinvolved in formate metabolism.
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The extremely akaliphilic microorganisms have
been isolated from different habitats and are diverse
with respect to their physiology and taxonomic position
[1-3]. Among the saccharolytic bacteriainhabiting nat-
ural soda reservoirs, anaerobic bacilli have been the
most studied as model objects for investigating the
bioenergetics of alkaliphiles[4] and as sources of alka
line exoenzymes for industry [5]. Anaerobic aka
liphilic saccharolytic bacteria were not known [1], and
only recently did they become subjects of study [3].

During the study of alkaliphilic bacteriainvolved in
carbohydrate degradation, a number of saccharolytic
microorganisms belonging to various taxonomic
groups were isolated from the highly mineralized con-
tinental soda Lake Magadi (Kenya) under strictly
anaerobic conditions [6, 7]. Among them, the first sac-
charolytic akaliphile, the obligate anaerobe
Halonatronum saccharophilum [8] belonging to the
order Halanaerobiales (which mainly includes marine
representatives), and Amphibacillus fermentum and
Amphibacillus tropicus, facultatively anaerobic bacilli
belonging to group | of the species spectrum of the
genus Bacillus, were described [9]. These bacteria have
a fermentive type of metabolism and utilize certain
mono-, di-, and polysaccharides as the source of carbon
and energy. Formate is one of their main products of

glucose fermentation. In addition, al of them produce
acetate, ethanol, and CO,, and H. saccharophilum also
forms H,. In the trophic system of the anaerobic alka-
liphilic community, these microorganisms are primary
anaerobes interacting with both the bacteria of the first
hydrolytic phase and with secondary anaerobes utiliz-
ing their metabolites. In this connection, it isimportant
to understand the carbohydrate metabolism of the new
isolates and the pathways of carbohydrate utilization
operating in them.

To elucidate the pathways of carbohydrate utiliza-
tion by the alkaliphilic saccharolytic bacteria H. sac-
charophilum, A. fermentum, and A. tropicus, the activ-
ity of the key enzymes of glucose catabolism and the
pH-dependence of the activity of some of them were
determined. Since formate is synthesized by these
organisms in considerable amounts and is involved in
the interspecies hydrogen transfer in the community,
possible mechanisms of the formation of this product
were studied in H. saccharophilum and A. tropicus.

MATERIALS AND METHODS

Bacterial strainsand the conditionsfor their cul-
tivation. The studies were conducted using the type
strains of saccharolytic bacteria: the obligate anaerobe
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Halonatronum saccharophilum Z-7986" = DSM 13868
[8] and the facultative anaerobes Amphibacillus fer-
mentum Z-7984T = DSM13869 and Amphibacillus
tropicus Z-7992" = DSM 13870 [9] isolated from the
highly mineralized Lake Magadi (Kenya). All the cul-
tures were grown at atemperature of 36°C, optimal for
growth, in medium of the following composition (g/l):
KH,PO,, 0.2; MgCl,, 0.1; NH,CI, 0.5; KCI, 0.2; NaCl,
50.0; Na,COs, 68.0; NaHCO,, 38.0; N&,S - 9H,0, 0.7;
yeast extract, 0.2; glucose, 3.0; trace element solution,
1 mi/l; vitamin solution, 10 ml/l [8]; resazurin, 0.001,;
pH 9.75. Preparation of the medium and cultivation
were carried out under strictly anaerobic conditions in
an atmosphere of nitrogen. To avoid glucose caramel-
ization under alkaline conditions, its sterile solution
was introduced immediately before inoculation. A sus-
pension of cells taken from the exponential growth
phase served as the inoculum.

Analytical methods. Growth was assessed by mea-
suring optical density in Hungate tubes at 600 nm on a
Specol-10 spectrophotometer (Jena). Glucose was ana-
lyzed by the reaction with phenol [8]. Volatile fatty
acidswere determined using a 3700 gas chromatograph
with a flame ionization detector. Formate was deter-
mined colorimetrically [8].

Methods for determining the enzyme activities.
For the determination of enzyme activities, cellsin the
exponential growth phase were used. They were sepa-
rated from the culture medium by centrifugation for
50 min at 4140 g. When the activity of the key enzymes
of glucose metabolism was studied, the cells were
washed witha0.1 M Tris-HCI buffer, pH 8.5. When the
activity of the enzymesinvolved in formate metabolism
was determined, the cells were washed and resus-
pended in 50 mM of aKH,PO, buffer (pH 7.8) contain-
ing 0.4 mM Mg? and 0.3 mM dithiothreitol. The cells
were disrupted ultrasonicaly (22 kHz) in the corre-
sponding buffer for 45 to 60 s under cooling or with
X-PRESS (Type X-25, Biotec, Stockholm, Sweden).
The supernatant obtained after centrifugation of the cell
homogenate for 15 min at 40000 g was used further.

The activity of glucose metabolism enzymes was
measured  spectrophotometrically by  monitoring
NAD(H) or NADP(H) oxidation or reduction at 340 nm.
Hexokinase (EC 2.7.1.1 ATP.D-hexose-6-phosphotrans-
ferase) was determined from NADP reduction in the
presence of glucose, ATP, and glucose-6-phosphate
dehydrogenase [10]. Glucose-6-phosphate dehydroge-
nase (EC 1.1.1.49 D-glucose-6-phosphate:NADP-oxi-
doreductase) and 6-phosphogluconate dehydrogenase
(EC 1.1.1.43 6-phosphogluconate:NADP-oxidoreduc-
tase) were determined from NADP reduction in the pres-
ence of glucose-6-phosphate and 6-phosphogluconate,
respectively [10]. 6-Phosphogluconate dehydratase
(EC 4.2.1.12 6-phospho-D-gluconate-hydro-lyase) and 2-
keto-3-deoxy-6-phosphogluconate ddolase (EC 4.1.2.14
6-phospho-2-keto-3-deoxy-D-gluconate: D-glyceralde-
hyde-3-phosphate-lyase) were determined from NADH
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oxidation n the presence of 6-phosphogluconate and lactate
dehydrogenase [11]. Phosphofructokinase (EC 2.7.1.11
D-fructose-6-phosphate- 1-phosphotransferase) was deter-
mined from NADH oxidation in the presence of fruc-
tose-6-phosphate [12]. Glyceradehyde-3-phosphate
dehydrogenase (EC 1.2.1.12 glyceraddehyde-3-phos-
phate:NA D-oxidoreductase(phosphorylating)) was deter-
mined from NADH oxidation in the presence of 3-phos-
phoglyceric acid [12]. Fructose-1,6-4-bisphosphate
aldolase (EC 4.1.2.13 fructose-1,6-diphosphate: D-glyc-
eraldehyde-3-phosphate lyase) was determined colori-
metrically from the formation of trioses from fructose
bisphosphate at 540 nm [12].

Pyruvate formate lyase (EC 2.3.1.54) was deter-
mined from the formation of formate from pyruvate
spectrophotometrically at 515 nm [13]. The reaction
mixture was placed into Tunberg tubes from which the
gas phase was repeatedly evacuated to be replaced with
molecular nitrogen. The reaction was stopped by heat-
ing the reaction mixture in a boiling water bath for
1 min. Formate in the supernatant was determined by
the reaction with acetamide and citric acid [8]. Formate
dehydrogenase was determined by monitoring, in the
pressure the formate, the reduction of NADH and
NADPH at 340 nm or the reduction of dichloropheno-
lindophenol (DCPP), phenazine methosulfate (PMS),
or methyl viologen at 600 nm [14]. The reaction was
carried out in anaerobic cuvettes from which air was
evacuated to be replaced with nitrogen.

All measurements were carried out at room temper-
ature using a Hitachi 200-20 spectrophotometer. Pro-
tein in extracts was determined by the Lowry method.
The enzyme activity was expressed in nmol sub-
strate/(min mg protein).

When studying the relationship between the fruc-
tose bisphosphate aldolase activity and the pH of the
reaction mixture, we used acetate buffer with a ionic
strength of 0.1 or 0.1 M Tris Base buffer. The pH was
adjusted to required values by titration of the buffers
with 10% HCIl or 10% NaOH.

RESULTS

All the bacteria studied required yeast extract as a
source of amino acids. When studying the dependence
of growth on the concentrations of glucose and yeast
extract (Table 1), we noted that in H. saccharophilum,
as the glucose content varied from 1.0 to 4.0 g/l, the
growth rate did not change when the amount of yeast
extract was increased from 0.1 to 0.8 g/l. However,
when 8.0 g/l glucose was introduced, a linear depen-
dence of the growth rate on the amount of the amino
acid source was observed. An increase in the glucose
concentration content stimulated bacterial growth at
any concentration of yeast extract. Thus, in the haloa-
naerobe, the requirement for the growth factor was met
by its minimal content, and the limiting factor was the
substrate concentration. For A. fermentum, an increase
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Table 1. Relationship between the growth of H. saccharophilum, A. fermentum, and A. tropicus and the glucose and yeast

extract concentrations in the medium

H. saccharophilum | A. fermentum | A. tropicus
) Glucose, g/l
g g | 10 [ 20 [ 40 | 80 | 10 | 20 40 | 80 10 [ 20 | 40 | 80
X Optical density (A = 600 nm) after 18 h of growth
0.1 0.05 0.09 0.30 0.26 0.13 0.15 0.17 0.21 0.07 0.07 0.07 0.07
0.2 0.05 0.09 0.29 0.35 0.17 0.22 0.23 0.25 0.13 0.15 0.13 0.13
04 0.05 0.09 0.29 0.42 0.22 0.30 041 0.48 0.19 0.21 0.25 0.23
0.8 0.05 0.09 0.30 0.53 0.25 0.47 0.62 0.64 0.23 0.41 0.40 0.40

in the growth rate was noted with an increase in the
content of both glucose and the source of amino acids
and nitrogen. For this bacillus, the concentrations of
glucose and the growth factor in the medium were not
optimal, and therefore an increase in their concentra-
tion significantly stimulated growth. In A. tropicus, an
increase in the amount of yeast extract led to a growth
rate increase at different glucose contents in the
medium. A change in the glucose concentration from
1.0t0 8.0 g/l at afixed concentration of yeast extract did
not influence the growth of the bacillus (Table 1). Thus,
in A. tropicus, it was the yeast extract, not the glucose,
that limited growth. The bacteria studied are fast-grow-
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Fig. 1. Growth and production of volatile fatty acids by
H. saccharophilum in medium with glucose: (1) glucose,
mM; (2) OD x 10%, A = 600 nm; (3) acetate, mM; (4) etha-
nol, mM; (5) formate, mM; (6) protein, pg/ml.

ing fermenting copiotrophic zymogens: their growth
was not inhibited by high concentrations of the sub-
strate and the amino acid source. The maximal growth
rate for the bacteria studied was recorded at 8 g/l of glu-
cose and 0.8 g/l of yeast extract.

Growth of H. saccharophilum in a medium with
glucose. The standard medium for H. saccharophilum
growth contained 17 mM glucose and 0.2 g/l of yeast
extract. A short lag phase was noted in this medium,
and the culture immediately passed to the exponential
growth phase (Fig. 1). In the exponential growth phase,
which lasted 17 h on average, a change in the optical
density by one unit corresponded to a1 mg/ml increase
in the protein concentration. The generation time was
3.7 h. After 14 h of H. saccharophilum growth, the opti-
cal density curve reached its plateau, while the protein
concentration continued to increase. The culture transi-
tion to spore formation, associated with active protein
synthesis, seems to be the explanation for this phenom-
enon. After the stationary phase, whose average dura-
tion was 13 h, cell lysis occurred, and the culture
cleared.

Throughout H. saccharophilum growth, the glucose
concentration decreased gradually (Fig. 1). The sub-
strate was used incompletely: of 16.3 mM glucose,
8.8 MM remained in the medium at the end of the sta-
tionary phase.

During the first 6 h after inoculation, no acetate or
ethanol synthesiswas noted, after which these products
were formed in equal amounts up to the beginning of
the gtationary phase, and their final concentration in the
medium congtituted 5.9 and 6.7 mM, respectively (Fig. 1).
Formate was the main product of glucose fermentation. Its
presence in the medium was noted as quickly as 3 h after
incubation, the final concentration attaining 19 mM.

Carbohydrate metabolism enzymes. The cells of
all the three bacteria studied showed a high hexokinase
activity (Table 2). In Amphibacillus representatives, it
was equally high and severa times higher than the
activity exhibited by H. saccharophilum. In the cultures
studied, glucose-6-phosphate dehydrogenase was aso
manifest; itsactivity in A. tropi cus exceeded the activity
in A. fermentum by afactor of 6. No activity of 6-phos-
phogluconate dehydrogenase, another key enzyme of
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the hexose monophosphate (HMP) pathway, was
revealed in A. tropicus, as distinct from A. fermentum.
In H. saccharophilum, the activity of this enzyme was
rather low. A. tropicus and A. fermentum contained the
key enzymes of the Entner—Doudoroff pathway, 6-
phosphogluconate dehydratase and 2-keto-3-deoxy-6-
phosphogluconate aldolase. In H. saccharophilum, this
pathway of sugar metabolism does not seem to func-
tion, since it did not exhibit the activity of the key
enzymes. All the bacteria studied contained the main
enzymes of the Embden-Meyerhof—-Parnas pathway:
phosphofructokinase, fructosebisphosphate aldolase,
and glyceraldehydes-3-phosphate  dehydrogenase,
which had a sufficiently high activity.

To study the pH dependence of the activity of glu-
cose metabolism enzymes, the cell extract of A. tropi-
cusgrown at pH 9.75 was used. This bacillusisan obli-
gate akaliphile growing at pH values between 8.5 and
11.5 and having an optimum pH at 9.5-9.7 [8]. The
activity of glucose-6-phosphate dehydrogenase was
observed in a wide pH range from 6.0 to 10.2 with a
weakly pronounced optimum at pH 7.6-7.8 (Fig. 2a).
The enzyme was inactive at pH 5.2 and 11.2, and the
activity decreased abruptly to zero with a pH increase
from 10.2 to 11.2. When determining the activity of
fructose bisphosphate aldolase, we did not find pH val-
ues in the akaline range at which the activity of this
enzyme was zero (pH values up to pH 12.2 were stud-
ied). It increased smoothly from pH 4.5 to 8.3 to reach
aplateau (Fig. 2b).

Enzymesinvolved in for mate metabolism. One of
the possible pathways of formate production in micro-
organisms s pyruvate cleavage under anaerobic condi-
tions with the involvement of pyruvate formate lyase.
In addition, under such anaerobic conditions formate
can be synthesized via carbon dioxide reduction in a
reaction catalyzed by formate dehydrogenase.

H. saccharophilum cells reveal formatedehydroge-
nase. The activity of thisenzyme was rather low (Table 2)
and could be detected only in the presence of the artifi-
cial electron acceptor methyl viologen. With DCPP and
PMS, as well as with the natural electron acceptors
NAD and NADH, we failed to reveal this activity. In
H. saccharophilum cells, the activity of pyruvate for-
mate lyase was not detected under the experimental
conditions.

In contrast to H. saccharophilum, A. tropicus exhib-
ited pyruvate formate lyase activity, although it was
low. On the other hand, no formate dehydrogenase was
revealed in this bacterium with any of the electron
acceptors used.

DISCUSSION

All the bacteria studied are obligate or facultative
anaerobes with a fermentative type of metabolism. As
judged from the activity of the key enzymes of carbo-
hydrate metabolism, H. saccharophilum can ferment
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Fig. 2. pH dependence of the activities of (a) glucose-6-
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glucose via the fructosebisphosphate (FBP) and HMP
pathways. The Entner—Doudoroff pathway is nonfunc-
tiona in this haloanaerobe due to the absence of the
activity of its key enzymes, 6-phosphogluconate dehy-
dratase and 2-keto-3-deoxy-6-phosphogluconate aldo-
lase. In glucose metabolism, A. tropicus uses the FBP
pathway and the Entner—Doudoroff pathway. A. fer-
mentum possesses the activity of the key enzymes of
the three main pathways of glucose metabolism. Possi-
bly, it isfor this reason that it is able to ferment awide
spectrum of organic substrates, including pentoses,
hexoses, sugar alcohols, di- and polysaccharides,
esters, and nitrogenous compounds[9]. Despite the fact
that the bacteria studied exhibited simultaneously the
enzyme activity of several pathways of glucose catabo-
lism, the FBP pathway enzymes were characterized by
the highest activity (Table 2). It was shown for the rep-
resentatives of the genus Bacillus that the FBP and
HMP pathways are the most important for them [15]. In
B. thuringiensis [16], B. alvei, B. lentimorbus, B. pop-
illae [15], and B. circulans var. alkaliphilus[17], 75 to
94% of glucose is utilized during the exponential
growth phase viathe FBP pathway. The contribution of
one or another pathway to overall carbohydrate metab-
olism depended on a number of factors, including the
growth phase of the bacteria, aeration, the source of
nitrogen, and temperature. The presence of yeast
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Table 2. Activity of carbohydrate metabolism enzymes and
enzymes involved in formate production in H. saccharophi-
lum, A. fermentum, and A. tropicus grown in the presence of
glucose (nmol/(min mg protein))

Culture
Enzyme H.saccha| A.fer- | A tropi-

rophilum| mentum cus
Hexokinase 354.0 900.0 | 871.0
Glucose-6-phosphate 230 314 | 1785
dehydrogenase
6-Phosphogluconate 16 23.2 n.d.
dehydrogenase
2-K eto-3-deoxy-6-phos- n.d. 55.7 17
phogluconate aldolase
6-Phosphogluconate
dehydratase
Phosphofructokinase 24.0 14.6 10.8
Glyceraldehyde-3-phos- 536.5 221.0 | 209
phate dehydrogenase
Fructose bisphosphate 166.6 356.0 | 1416
aldolase
Pyruvate-formate lyase n.d. - 0.28
Formate dehydrogenase 0.33 - n.d.
Note: “n.d.” standsfor “not determined”. “—" meansthat the deter-

mination was not performed.

extract in the medium and the elevation of cultivation
temperature resulted in the involvement of 100% of the
glucose in the glycolytic pathway [16]. If glutamate
was present in the culture medium as a source of nitro-
gen, inactivation of the tricarboxylic acid cycle
occurred and, as was shown for B. thuringiensis, this
bacillus utilizes 5 to 16% of glucose viathe HMP path-
way [15, 16]. For H. saccharophilum, a concentration
of yeast extract equal to 0.1 g/l is sufficient for growth.
For A. tropicus and A. fermentum, an increase in the
concentration of this substance leads to an increase in
the growth rate. Since H. saccharophilum, A. tropicus,
and A. fermentum obligately depend on yeast extract as
the source of nitrogen for growth, we can say with suf-
ficient certainty that, in the bacteria under study, asin
B. thuringiensis, the main pathway isthe FBP pathway,
which may be involved in the catabolism not only of
glucose but aso of other substrates utilized by these
bacteria. The enzymes of the other pathways of glucose
metabolism might also be synthesized in the cells con-
stitutively, but they may be involved in energy metabo-
lism only under certain growth conditions.

The alkaliphilic bacilli cultivated in a medium with
glucose can maintain the pH;,, value at alevel that is at
least two units lower than the pH,, value [4]. Under
microaerobic conditions, the obligate akaliphile
A. tropicus, which grows in a pH range from 8.5 to
11.5, can maintain the intracellular pH at a neutral and
dlightly alkaline level owing to one of the two known
mechanisms. the active mechanism of pH;, mainte-
nance operating during aerobic respiration [4] or the
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mechanism utilizing glycolysis energy [18]. The glu-
cose-6-phosphate dehydrogenase of A. tropicus is
active at the pH values of the reaction mixture from 6.0
to 10.2 with an optimum at pH 7.6—7.8. This pH range
and optimal value correspond to the pH values that,
according to calculations, can be maintained in the cells
of this bacillus at pH,, values within its pH growth
range [9]. However, the fructose bisphosphate aldolase
of A. tropicusis active in arange of pH values (4.5 to
12.2) that is wider then the pH range that can be main-
tained insidethe cell. Most of the dataon the pH depen-
dence of the enzymes of carbohydrate catabolism of
alkaliphilic bacilli was obtained for the enzymes
involved in polysaccharide decomposition; this is due
to their industrial applications. All these enzymes are
extremely tolerant of high pH values. Some of them,
like the enzymes of A. tropicus, display the highest
activity when the pH iscloseto neutral values[19]; oth-
ers have an optimum at higher pH values [5].

Alkaliphilic bacteria differ from neutrophilic bacte-
riain that they do not form neutral catabolites such as
acetone, acetoin, butanol, or ethanol [20]. However, the
alkaliphilic bacilli and the halcanaerobe studied in this
work form ethanol in considerable amounts. The main
fermentation product of these bacteria is formate. A.
tropicusislikely to form formate from pyruvate viathe
reaction catalyzed by pyruvate formate lyase. The con-
ditionsfor determining the activity of thisenzymewere
not optimized; therefore, the activity value measured is
low, constituting 0.28 mmol/(min mg protein). The
presence of formate dehydrogenase in H. saccharophi-
lum indicates that, in this bacterium, formate can be
synthesized from CO,. This process was discovered for
the first time in Clostridium thermoaceticum [14], a
bacterium that forms up to 30% of acetate from CO,,
which actsastheterminal acceptor of the electrons gen-
erated in the course of fermentation.
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