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Strain VeGlc2, an anaerobic ultramicrobacterium belonging to the Verrucomicrobiales lineage of bacterial
descent, fermented glucose to acetate, propionate, succinate, and CO,. The distribution of radiolabel in the
fermentation end products produced from position-labelled glucose and in vitro measurements of enzyme
activities in crude cell extracts prepared from glucose-grown cells showed that glucose was metabolized via the
Embden-Meyerhof-Parnas pathway. The 6-phosphofructokinase (EC 2.7.1.90) activity required pyrophosphate
as the phosphoryl donor, and ATP could not replace pyrophosphate. The other enzyme activities were those of
a classical Embden-Meyerhof-Parnas pathway. *CO, was incorporated into propionate and succinate, sug-
gesting that a carboxylation reaction rather than a transcarboxylation reaction was involved in the reductive
pathway leading to succinate and propionate. Difference spectra showed that a type b cytochrome was present,
which could be involved in electron transport in the reductive pathway.

The division Verrucomicrobia (14, 39) is a recently recog-
nized division of bacterial descent that is apparently most
closely related to the orders Chlamydiales and Planctomycetales
(20, 39). This group is presently represented by five species
belonging to the order Verrucomicrobiales, Verrucomicrobium
spinosum (33, 39) and four species of the genus Prosthecobacter
(13, 14, 36). In addition, partial 16S rRNA genes with se-
quences that indicate that they originated from members of
this phylogenetic group have been recovered from a range of
soil, water, and sediment samples (17, 23, 39-41). The results
of comparative sequence analyses suggest that this group is
phlyogenetically very diverse. Recently, three strains of obli-
gately anaerobic bacteria belonging to the order Verrucomicro-
biales were isolated from the bulk soil of laboratory-grown rice
microcosms (20).

Very little is known about the bacteria belonging to the
Verrucomicrobiales lineage of descent. V. spinosum and Pros-
thecobacter spp. are heterotrophs that are able to grow on
sugars but not on amino or organic acids (14, 33, 36). V.
spinosum is a facultative anaerobe that is able to grow fermen-
tatively (33) and contains menaquinones (35). The new anaer-
obic bacteria isolated from the rice paddy soil microcosms have
also been characterized phenotypically (20). These three
strains grow as oxygen-tolerant fermentative anaerobes on a
number of sugars. The pathway of glucose fermentation by one
of these isolates, strain VeGlc2, was investigated and was
found to be an Embden-Meyerhof-Parnas (EMB) pathway in
which a pyrophosphate-dependent 6-phosphofructokinase is
used.

MATERIALS AND METHODS

Growth conditions. Strain VeGlc2 (20) was grown in the bicarbonate-buffered,
sulfide-reduced, anoxic mineral medium FM (20). Unless noted otherwise, 4 mM
D-glucose was the sole carbon and energy source and was added from filter-
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sterilized (pore size, 0.2 wm) stock solutions just before the cultures were inoc-
ulated. All preparations were incubated at 30°C in the dark.

Analytical methods. The organic end products of fermentation were deter-
mined by high-performance liquid chromatography (22). Hydrogen production
was measured with an HgO-to-Hg conversion detector (20). Protein contents
were determined by a slight modification of the Bradford (5) method by using
bovine serum albumin as a standard. Culture density was routinely monitored by
measuring the optical densities at 440 and 650 nm in a 10-mm cuvette. Dry mass
growth yields were calculated from culture densities by using a gravimetrically
determined conversion factor obtained from cell pellets that were harvested from
two 1-liter cultures by centrifugation, washed with 25 mM ammonium acetate,
and dried to a constant mass at 105°C. Fermentation balances were calculated as
previously described (20).

The protein content of whole cells was estimated by boiling 200 pl of diluted
(in 50 mM potassium phosphate buffer [pH 7.0]) cell suspension with 50 pl of 10
M NaOH. Bovine serum albumin standards were treated in the same way. The
samples and standards were then centrifuged at 13,000 X g for 5 min, and 200 .l
of each resulting supernatant was added to 600 pl of phosphate buffer. The
protein contents of these samples and standards were then determined (5).

Preparation of crude cell extracts. Cells in the late logarithmic phase were
harvested by centrifugation under strictly anoxic conditions as previously de-
scribed (19) and then were washed and resuspended in anoxic 100 mM MOPS
(morpholinopropanesulfonic acid) buffer (pH adjusted to 7.0 with NaOH) con-
taining 2.5 mM dithioerythritol and 10 mM MgCl, for enzyme assays or in 50
mM potassium phosphate buffer (pH 7.0) for cytochrome scans. Crude cell
extracts were prepared by French press treatment as previously described (19).

Cytochrome scans. Reduced-minus-oxidized scans were made with a model
U-2000 spectrophotometer (Hitachi, Tokyo, Japan) after one 1-ml aliquot of a
crude cell extract was oxidized with a few crystals of sodium persulfate and a
second 1-ml aliquot was reduced with a few crystals of sodium dithionite.

Measurement of enzyme activities. Continuous enzyme activity assays were
carried out in 1-ml reaction mixtures in 1.5-ml semimicrocuvettes (under N,
unless noted otherwise) at 30°C by using a model U-2000 spectrophotometer.
Linearity with added crude extract was tested, and dependence on key compo-
nents of the test (e.g., substrate, coenzyme A [CoA], ATP, etc.) was checked. All
enzyme assays were carried out under strictly anoxic conditions (6). Enzyme
activities were expressed in micromoles of substrate transformed per milligram
of cell free crude extract protein, as determined with previously published ex-
tinction coefficients (28). Reduction of 2 wmol of methylviologen was defined as
oxidation of 1 wmol of substrate. The activities are given below as the means and
standard deviations for three to six determinations made with one cell extract.
When activities could not be detected, up to four additional attempts were made
with cell extracts prepared from independently grown cultures.

Continuous enzyme assays were performed by using the following methods
and modifications. Hexokinase, glucose 1-dehydrogenase, glucose-6-phosphate
1-dehydrogenase, phosphogluconate 2-dehydrogenase, glucose-6-phosphate isom-
erase, 6-phosphofructokinase, and fructose bisphosphate aldolase activities were
measured as described previously (21). The assay mixtures used for triose phos-
phate isomerase, 3-phosphoglycerate kinase, enolase, and phosphoglycerate mu-
tase activity assays (21) contained 0.25 mM NADH. The malate dehydrogenase
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(6) and glyceraldehyde-3-phosphate dehydrogenase assays (24) were performed
with dithioerythritol instead of dithiothreitol. The activities of fumarate hy-
dratase, succinate dehydrogenase (with potassium ferricyanide as an artificial
electron acceptor), phosphoenolpyruvate (PEP) carboxylase, and PEP carboxyki-
nase were measured as described by Brune and Schink (6). Pyruvate synthase
(11), fumarate reductase (4), pyruvate decarboxylase (3), methylmalonyl-CoA:
pyruvate transcarboxylase (37), and methylmalonyl-CoA decarboxylase activities
(15) were assayed by using previously described methods. Pyruvate kinase activ-
ity was measured as described by Bergmeyer et al. (3). Pyruvate orthophosphate
dikinase and pyruvate H,O dikinase activities were measured by using a modi-
fication of the pyruvate kinase assay; in the pyruvate orthophosphate dikinase
assay 20 mM Na,P,O;5 was included and the assay was started with 5 mM AMP
instead of ADP, and in the pyruvate H,O dikinase assay 20 mM KH,PO, was
included and the assay was started with 5 mM AMP instead of ADP. Pyruvate
carboxylase activity was measured as described by Seubert and Weichler (34); the
assay was started with either 1.3 mM ATP or 1.3 mM GTP. Succinate:propionyl-
CoA CoA-transferase activity was measured as described by Hilpert et al. (16),
and succinate:acetyl-CoA CoA-transferase activity was measured by the same
method except that the assay was started with 1 mM acetate instead of propi-
onate. Acetate-CoA ligase activity was measured by using the method of Oberlies
et al. (29), while propionate-CoA ligase and succinate-CoA ligase activities were
measured by using 1 mM propionate and 1 mM succinate, respectively, instead
of acetate in the same assay. Phosphate acetyltransferase activity was measured
as described previously (19), and phosphate propionyltransferase activity was
measured by the same method except that propionate was used instead of
acetate. Acetate kinase activity was measured as described by Bergmeyer et al.
(3), while propionate kinase activity was measured by using propionate instead of
acetate. Pyrophosphate-dependent acetate kinase and propionate kinase activi-
ties were measured by using these assay systems with 5.4 mM Na,P,Os instead
of ATP.

Discontinuous assays of acetate kinase and propionate kinase activities in
which ATP was used or in which Na,P,Os was substituted were carried out by
using the method of Rose (31).

Metabolism of radiolabelled glucose and CO,. Five-milliliter aliquots of FM in
vials (total volume each closed vial, 13.2 ml) that had an N,-CO, (80:20, vol/vol)
headspace and contained 4 mM glucose and 30 mM NaHCOj; were each inoc-
ulated with 1 ml of a stationary-phase culture of strain VeGlc2 grown under the
same conditions. Then 37 kBq of [1-'*C]glucose, 37 kBq of [6-'*C]glucose, or 300
kBq of NaH'*CO5 was added to each vial; these additions changed neither the
volumes nor the glucose or CO, concentrations significantly (i.e., the changes
were <1%). One-milliliter samples of the liquid phase were removed and frozen
at —20°C. The vials were incubated for 3 days at 30°C, and then additional 1-ml
samples were removed and frozen at —20°C. Fifty microliters of 97% H,SO, was
then injected into each vial, and the vials were shaken well by hand for 5 min.
Samples were removed from the headspace with a Pressure-Lok series A-2
gas-tight syringe (Precision Sampling Corp., Baton Rouge, La.), and the radio-
label in CO, was measured with a gas chromatograph and an in-line radioactivity
detector (7). The liquid samples were thawed and analyzed to determine their
glucose, acetate, propionate, and succinate contents and the amounts of radio-
label in these compounds by using a high-performance liquid chromatograph
equipped with an in-line radioactivity detector (22).

RESULTS AND DISCUSSION

Strain VeGlc2 fermented glucose to acetate, propionate,
and succinate (Fig. 1). Carbon dioxide was presumably formed
as well but was not measured as it was the buffer system used
in the growth medium. The amount of hydrogen produced was
always less than 10~* mol per mol of glucose fermented. The
amount of biomass produced, as determined by optical density,
was proportional to the amount of glucose utilized (Fig. 1). At
low levels of glucose, acetate and propionate were produced,
but as the amount of glucose utilized increased, the amount of
succinate increased at the expense of the amount of propionate
produced. The molar ratio of succinate plus propionate to
acetate was always between 1.7 and 2.1 (Fig. 1). The increase
in the succinate/propionate ratio may have been triggered by
the concomitant decrease in medium pH with increasing glu-
cose utilization (and hence increasing concentrations of acidic
end products), but this was not investigated further. More
detailed fermentation balance data have been presented else-
where (20).

The specific growth yield on glucose was 45.5 = 2.8 g per mol
(mean = standard deviation; n = 4). In growth medium FM at
pH 7.2 and 30°C, the specific growth rate was 0.117 = 0.0027
h™! (mean * standard deviation; n = 3), corresponding to a
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FIG. 1. End products and biomass production from glucose by strain
VeGlc2. The fermentation end products from glucose were acetate (A), propi-
onate (A), and succinate (). Also shown are the final pH of the growth medium
(O), the ratio of propionate plus succinate to acetate (m), and the amount of
biomass produced, as measured by optical density at 650 nm (ODys() (@), after
growth on different amounts of glucose. The mean carbon and available H
balances of the experiments were 97.3 and 97.6%, respectively.

doubling time of 5.92 = 0.13 h. The protein content of the dry
mass was 45%. From specific growth yields of 42.1 to 48.0 g
(dry weight) per mol of glucose and specific growth rates of
0.115 to 0.120 h~! maximum specific substrate turnover rates
of 2.40 to 2.85 mmol of glucose per g (dry weight) per h were
calculated, which corresponded to 0.088 to 0.106 wmol of glu-
cose per mg of protein per min.

The in vitro assays of enzyme activities in crude cell extracts
of glucose-grown strain VeGlc2 cells showed that all of the
activities for a functional EMP pathway were present (Table
1). The EMP pathway enzyme activities detected were mainly
just a little lower than the calculated maximum specific sub-
strate turnover rate, or they were much higher. Glucose was
apparently phosphorylated by an ATP-dependent hexokinase
and was further metabolized to pyruvate by enzymes of the
classical EMP pathway. The 6-phosphofructokinase reaction
apparently required inorganic pyrophosphate as the phospho-
ryl donor instead of ATP. Pyrophosphate-dependent 6-phos-
phofructokinase activities have been found in a number of
different bacteria, including Propionibacterium shermanii (30),
Spirochaeta thermophila (21), and Amycolatopsis methanolica
(2). No other pyrophosphate-dependent enzyme activities
were detected in strain VeGlc2, but since the acetate, propi-
onate, and succinate formation pathways have not been com-
pletely elucidated, the presence of these activities cannot be
ruled out yet.

Pyruvate was cleaved by pyruvate synthase. Methylviologen
was used as an electron acceptor in the in vitro pyruvate syn-
thase assays, but the physiological electron acceptor is not
known. The pyruvate synthase reaction was CoA dependent.
The roles of the glucose-6-phosphate 1-dehydrogenase and
phosphogluconate 2-dehydrogenase activities are not known.
Some of the enzyme activities leading to acetate, propionate,
and succinate formation could not be detected in crude cell
extracts or in cells permeabilized in a cuvette with cetyltri-
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TABLE 1. Mean specific activities of enzymes in crude extracts of

glucose-grown strain VeGlc2 cells”

Sp act
Enzyme activity EC no. (pmol per mg of
protein per min)
Hexokinase (ATP) 2.7.1.1/2 0.036 (0.004)"
Hexokinase (PEP) <0.001
Hexokinase (P,0s*") <0.001
Glucose-6-phosphate 1.1.1.49 0.019 (0.003)
1-dehydrogenase (NADP)
Phosphogluconate 2-dehydrogenase 1.1.1.43 0.012 (0.001)
(NAD)
Phosphogluconate 2-dehydrogenase 1.1.1.43 0.014 (0.001)
(NADP)
Glucose-6-phosphate isomerase 5.3.1.9 0.188 (0.009)
6-Phosphofructokinase (ATP) 27111 <0.001
6-Phosphofructokinase (P,Os*") 2.7.1.90 1.93 (0.21)
Fructose bisphosphate aldolase 4.1.2.13 0.048 (0.018)
Triose phosphate isomerase 5.3.1.1 47.9 (9.5)
Glyceraldehyde-3-phosphate 1.2.1.12 1.48 (0.24)
dehydrogenase
3-Phosphoglycerate kinase 2723 0.778 (0.065)
Enolase 4.2.1.11 2.46 (0.04)
Phosphoglycerate mutase 5421 0.071 (0.005)
Pyruvate kinase 2.7.1.40 0.037 (0.004)
Pyruvate synthase 1.2.71 0.026 (0.003)
Malate dehydrogenase (NAD) 1.1.1.37 28.5(2.3)
Fumarate hydratase 4212 5.56 (0.82)
Succinate dehydrogenase 1.3.99.1 0.045 (0.024)
Fumarate reductase 1.3.99.1 0.019 (0.007)
Succinate-CoA ligase 6.2.1.4/5 0.112 (0.013)

“ The specific activities of the following enzymes were less than 0.001 pmol per

mg of protein per min: glucose 1-dehydrogenase (NAD) (EC 1.1.1.118), glucose
1-dehydrogenase (NADP) (EC 1.1.1.119), glucose-6-phosphate 1-dehydrogenase
(NAD) (EC 1.1.1.49), malate dehydrogenase (NADP) (EC 1.1.1.82), pyruvate
orthophosphate dikinase (EC 2.7.9.1), pyruvate H,O dikinase (EC 2.7.9.2), ac-
etate kinase (ATP) (EC 2.7.2.1), acetate kinase (P,O5*") (EC 2.7.2.12), propi-
onate kinase (ATP) (EC 2.7.2.-), propionate kinase (P,Os*") (EC 2.7.2.-), pyru-
vate decarboxylase (EC 4.1.1.1), methylmalonyl-CoA:pyruvate transcarboxylase
(EC 2.1.3.1), PEP carboxylase (EC 4.1.1.31), PEP carboxykinase (EC 4.1.1.32),
pyruvate carboxylase (ATP) (EC 6.4.1.1), pyruvate carboxylase (GTP) (EC
6.4.1.-), methylmalonyl-CoA decarboxylase (EC 4.1.1.41), succinate:propionyl-
CoA CoA-transferase (EC 2.8.3.-), succinate:acetyl-CoA CoA-transferase (EC
2.8.3.-), acetate-CoA ligase (EC 6.2.1.1/13), propionate-CoA ligase (EC
6.2.1.17), phosphate acetyltransferase (EC 2.3.1.8), and phosphate propionyl-
transferase (EC 2.3.1.-).

® The values in parentheses are standard deviations, based on three to six
determinations.

methylammonium bromide or with toluene-ethanol, despite
attempts in which different substrate concentrations and dif-
ferent buffers were used (18). Enzyme activities catalyzing the
steps leading to acetate production from acetyl-CoA could not
be detected. Most of the enzymes of the reductive pathway
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leading to succinate and propionate formation could be de-
tected; the exceptions were the enzymes of the first (oxaloac-
etate-forming) step and the last steps catalyzing the conversion
of succinyl-CoA to propionate. The succinate dehydrogenase
activity was measured by using ferricyanide as an artificial
electron acceptor. The physiological acceptor is not known.
Whether the enzymes that have not been detected yet are not
present or the assay conditions have not been suitable cannot
be determined at present.

Strain VeGlc2 fermented [1-'*C]glucose and [6-'*C]glucose
to labelled acetate, succinate, and propionate (with approxi-
mately equal specific activities in each product), but no label
was detected in CO, (Table 2). The labelling pattern obtained
with "*C-labelled glucose also suggests that the EMP pathway
is the major pathway of glucose catabolism in this strain.
Operation of the Entner-Doudoroff pathway or of a hexose
monophosphate pathway would result in the formation of
radiolabelled CO, from [1-*C]glucose (12, 27). Although low
activities of some hexose monophosphate pathway enzymes
were detected (Table 1), the [**C]glucose-labelling patterns
and generally higher specific activities of EMP pathway en-
zymes strongly suggest that these reactions are of minor im-
portance, and they probably serve to supply pentose precursors
for anabolic pathways. A minor role for other pathways in
glucose metabolism cannot be ruled out.

When unlabelled glucose was fermented in the presence of
NaH'"CO,, propionate and succinate were labelled, but no
label was incorporated into acetate (Table 2). The specific
activity of radiolabel incorporated into the succinate produced
was almost twice the specific activity of radiolabel incorporated
into propionate. This suggests that there was a carboxylation
reaction producing oxaloacetate from pyruvate or PEP rather
than a transcarboxylase activity from methylmalonyl-CoA to
pyruvate. Also, a transcarboxylase would not allow the vari-
ability in succinate-to-propionate ratios observed. The enzyme
activities that can be measured suggest that there is reductive
production of succinate, with some methylmalonyl-CoA decar-
boxylase activity producing propionate. The enzymes of this
pathway are presumably similar to the enzymes found in other
succinate- and propionate-producing bacteria (1, 25, 26, 32,
37).

Reduced-minus-oxidized spectra of crude extracts of strain
VeGlc2 cells grown on glucose contained peaks with maxima at
427, 525, and 557.5 nm, indicative of a type b cytochrome. By
using a previously published extinction coefficient (9), a cyto-
chrome b content of 158 nmol per g of cell protein was esti-
mated. The function of type b cytochromes in succinate- and
propionate-producing bacteria appears to be in the transfer of
electrons to the fumarate reductase reaction (9, 10, 26), and in
strain VeGlc2 type b cytochromes may transfer electrons aris-

TABLE 2. Amounts of products formed in 5-ml mixtures and distribution of radiolabel from glucose and bicarbonate in the products of
glucose fermentation by strain VeGlc2

Products
Succinate Acetate Propionate CO,
Addition Al f Al f Amt of Al f
mt o mt o t o mt o
(Anrlnot]) radiolabel (Anrlnotl) radiolabel (Arggl) radiolabel ( ‘?nncl);),, radiolabel
» (Bg/pmol) W (Bg/umol) W (Bg/umol) s (Bg/umol)
[1-"C]Glucose 4.10 886 8.68 951 11.42 1,013 4.58 <20
[6-14C]Glucose 4.21 879 8.67 940 11.27 930 4.46 <20
NaHl“CO3 4.10 1,269 8.43 <20 11.22 767 4.33 NA®

“ Calculated as follows: moles of CO, = moles of acetate — moles of succinate.

? NA, not applicable.
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ing from oxidations in the EMP pathway to the fumarate re-
ductase reaction.

The specific growth yield of strain VeGlc2 on glucose was
45.5 g (dry weight) of cells per mol of glucose, which corre-
sponds to an ATP yield of about 4 mol of ATP per mol of
glucose, assuming a biomass yield of 10.5 g (dry weight) of cells
per mol of ATP (38). The enzyme activities measured indicate
that there was a net ATP yield of 1 mol per mol of glucose in
the EMP pathway to pyruvate (one ATP was used in the hexo-
kinase reaction, two ATP equivalents were used in the 6-phos-
phofructokinase reaction, and four ATP were produced in the
3-phosphoglycerate kinase and pyruvate kinase reactions).
There must, therefore, be additional ATP-forming steps in the
pathways leading to acetate, propionate, and succinate. The
possibilities include an as-yet-undetected acetate kinase reac-
tion, a sodium-pumping methylmalonyl-CoA decarboxylase re-
action, and/or electron transport-mediated generation of a
proton motive force during the reduction of fumarate to suc-
cinate.

The Verrucomicrobiales represent a lineage of descent that is
well-separated from the well-studied lineages of the Proteobac-
teria and the gram-positive bacteria (20, 39). The central met-
abolic pathway of one representative, strain VeGlc2, appears
to be slightly different from the classical EMP pathway found
in many other bacteria.
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