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Abstract An unusual propionigenic bacterium was

isolated from the intestinal tract of the soil-feeding

termite Thoracotermes macrothorax. Strain TmPN3 is

a motile, long rod that stains gram-positive, but reacts

gram-negative in the KOH test. It forms terminal

endospores and ferments lactate, glucose, lactose,

fructose, and pyruvate to propionate and acetate via

the methyl-malonyl-CoA pathway. Propionate and

acetate are formed at a ratio of 2:1, typical of most

propionigenic bacteria. Under a H2/CO2 atmosphere,

the fermentation product pattern of glucose, fructose,

and pyruvate shifts towards propionate formation at

the expense of acetate. Cell suspensions reduce oxygen

with lactate, glucose, glycerol, or hydrogen as electron

donor. In the presence of oxygen, the product pattern

of lactate fermentation shifts from propionate to

acetate production. 16S rRNA gene sequence analysis

showed that strain TmPN3 is a firmicute that clusters

among the Acidaminococcaceae, a subgroup of the

Clostridiales comprising obligately anaerobic, often

endospore-forming bacteria that possess an outer

membrane. Based on phenotypic differences and less

than 92% sequence similarity to the 16S rRNA gene

sequence of its closest relative, the termite hindgut iso-

late Acetonema longum, strain TmPN3T is proposed as

the type species of a new genus, Sporotalea propionica

gen. nov. sp. nov. (DSM 13327T, ATCC BAA-626T).
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Introduction

Little is known about the gut microbiota of soil-feeding

termites (Brune 2005). The intestinal tract contains a

dense and diverse community of prokaryotes (Bignell

et al. 1980; Friedrich et al. 2001; Schmitt-Wagner et al.

2003a, b), and high concentrations of microbial fer-

mentation products in the individual gut compartments

indicate that the gut microbiota actively participates in

digestion (Tholen 1999).

Lactic acid bacteria form a large fraction of the

cultivable hindgut microbiota of both wood- and soil-

feeding termites (Schultz and Breznak 1978; Tholen

et al. 1997; Bauer et al. 2000). However, lactate usually

does not accumulate in the hindgut fluid because the

intestinal lactate pool is rapidly turned over. Microin-

jection of radiolabeled substrates into intact guts of the
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wood-feeding termite Reticulitermes flavipes revealed

that about one-third of the intestinal carbon flux in this

termite proceeds via lactate as an intermediate (Tholen

and Brune 2000). In intact guts incubated under oxic

conditions, almost all lactate is routed towards acetate

production. However, when guts are incubated under a

N2 atmosphere, labeled propionate and acetate is

formed at a 2:1 ratio typical for propionigenic bacteria,

suggesting that the lactate-fermenting bacteria shift

their fermentation pattern when oxygen is present

(Tholen and Brune 2000).

Also the guts of soil-feeding termites experience

significant oxygen fluxes (Kappler and Brune 1999;

Schmitt-Wagner and Brune 1999). At the same time,

the mixed segment and P3 gut sections are significant

sources of hydrogen (Schmitt-Wagner and Brune 1999;

Kappler and Brune 2002). Earlier studies with Propi-

onibacterium spp. have shown that oxygen causes a

shift in the fermentation product pattern towards ace-

tate at the expense of propionate (Pritchard et al.

1977). On the other hand, the fermentation product

patterns of Propionispira arboris (Thompson et al.

1984) and Anaeromusa (formerly Selenomonas)

acidaminophila (Nanninga et al. 1987) are shifted to-

wards propionate by exogenous hydrogen.

It is not yet clear which bacteria are responsible for

lactate turnover in the hindgut of soil-feeding termites.

The only bacteria fermenting lactate to propionate

ever isolated from termite guts, identified as Bactero-

ides sp., were from a wood-feeding termite (Schultz

and Breznak 1978), but they were not deposited in a

culture collection. In this study, we isolated an unusual

propionigenic bacterium from the intestinal tract of the

soil-feeding termite Thoracotermes macrothorax. The

bacterium represents a new genus of the Clostridiales.

In addition to generally characterizing the physiology

and phylogeny of the isolate, we also tested the ability

of the isolate to reduce molecular oxygen and exam-

ined the potential impact of oxygen and hydrogen on

the fermentation product patterns.

Materials and methods

Isolation, cultivation, and characterization

Gut homogenates from different gut sections of

T. macrothorax Sjöstedt were prepared as previously

described (Tholen and Brune 1999). Anoxic, bicar-

bonate-buffered mineral medium (AM-5; Boga and

Brune 2003) supplemented with yeast extract and ca-

samino acids (each 0.1%, w/v) and containing L-lactate

(10 mM) and dithiothreitol (DTT; 1 mM) as a reducing

agent was used for serial dilutions and enrichment

cultures. Pure cultures of propionigenic bacteria were

isolated in agar-dilution series (Pfennig and Trüper

1981) using the same medium. Cultures were routinely

grown in DTT-reduced mineral medium (AM5) with-

out yeast extract and casamino acids but containing

L-lactate as substrate, and incubated in the dark at

30�C.

The morphology of the cells was analyzed using

phase-contrast microscopy. Flagella were stained as

described by Blenden and Goldberg (1965). The gram

type was determined by gram staining (Süßmuth et al.

1987) and by the KOH method (Gregersen 1978);

Bacillus megaterium (DSM 32) and Escherichia coli

(DSM 498) were used as controls.

Growth was followed directly within the culture

tubes (13 mm I. D.), measuring the optical density

(OD) at 578 nm with a Spectronic 20+ spectropho-

tometer (Thermo Electron, Waltham, MA, USA).

Growth yields were estimated using an OD-to-cell-

mass conversion factor determined with 1-l cultures

grown on lactate. To test pH dependence of growth,

the pH of the medium was adjusted by adding sterile

solutions of 1 M Na2CO3 or 1 M HCl.

Fermentation balances were determined using cells

grown in basal medium under an atmosphere of either

H2/CO2 or N2/CO2 (80:20, v/v, 150 kPa). After 5 days

of incubation on a rotary shaker at 100 rpm, liquid

samples (0.5 ml) were withdrawn and acidified by the

addition of H2SO4 (20 ll 5 M). Substrate utilization

and product formation were assayed by high perfor-

mance liquid chromatography (HPLC) using an ion-

exclusion column and a refractive index detector

(Tholen et al. 1997). Aromatic metabolites were quan-

tified by reversed-phase HPLC as described previously

(Brune and Schink 1992). For computation of electron

balances, all metabolites were formally oxidized to CO2,

and the electrons theoretically released from the

respective amounts of products were compared with

those of the amount of substrate consumed. Expressed

on a percent basis, this calculation yielded the electron

recovery as previously described (Tholen et al. 1997).

Radiotracer studies

Radiotracer studies were conducted in 5 ml AM5

medium, without yeast extract and casamino acids but

containing UL-14C-glucose (5 mM, 0.62 MBq mmol–1),

or unlabeled glucose (5 mM) together with 14C-labeled

CO2 (30 mM, 0.43 MBq mmol–1; final values including

bicarbonate buffer) under an atmosphere of H2/CO2 or

N2/CO2. After 5 days of incubation, 0.5 ml NaOH

(1 M) was added to the culture tubes, which were then
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incubated for another 4 h to trap all CO2 as carbonate

in the liquid phase. The cultures were centrifuged

(10,000g, 5 min), and an aliquot (0.1 ml) of the super-

natant was analyzed for total radioactivity by liquid

scintillation counting (LSC) as described previously (Ji

et al. 2000). Another aliquot (1 ml) received 50 ll

CaCl2 (2 M) to convert all CO2 to insoluble calcium

carbonate, which was removed by centrifugation

(20,000g, 10 min). The remaining total activity in the

supernatant was assayed by LSC as described above;

the radioactivity in the individual fermentation prod-

ucts was assayed by HPLC using a flow scintillation

analyzer (Tholen and Brune 1999).

Oxygen uptake by dense cell suspensions

Cultures in the late exponential phase of growth were

harvested by centrifugation (10,000g, 20 min). Cells

were washed and resuspended in anoxic (N2-sparged)

but non-reduced potassium phosphate buffer (0.1 M,

pH 7). The cell suspensions were kept on ice and used on

the day they were harvested. Oxygen uptake rates were

measured using a Clark-type oxygen meter as described

previously (Boga and Brune 2003). To determine the

influence of oxygen on the fermentation patterns, cell

suspensions (1.1 mg cells dry mass ml–1; final concen-

tration) were incubated in assay buffer containing either

lactate (2 mM) or glucose (1.5 mM) under a nitrogen

headspace at 22 ± 1�C with constant stirring. Various

concentrations of oxygen were added to the headspace,

and after 4 h, liquid samples were assayed for fermen-

tation products by gas chromatography (Platen and

Schink 1987) and HPLC (Tholen et al. 1997).

Enzyme activities in cell-free extracts

Cell-free extracts were prepared by repeatedly passing

a cell suspension through a French pressure cell at

138 MPa and subsequent centrifugation (30,000g,

20 min) to remove cell debris. NADH oxidase, cata-

lase, and superoxide dismutase activities were assayed

as described elsewhere (Boga and Brune 2003). Pyru-

vate oxidase activities were measured as described

(Bauer et al. 2000) using 2,6-dichlorophenol indophe-

nol (DCPIP) as electron acceptor. Carbon monoxide

dehydrogenase and hydrogenase activities were as-

sayed by following the reduction of benzyl viologen as

described (Boga and Brune 2003). All photometric

assays contained 50–150 lg protein ml–1; a linear

relationship between enzyme activity and protein

concentration was granted in all cases. Heat-inacti-

vated cell extracts were used as controls. All activities

were determined at 25�C.

Redox difference spectra

Cell-free extracts were fractionated into a membrane

fraction and a soluble fraction by ultracentrifugation

(126,000g, 1 h). Both fractions were assayed for the

presence of cytochromes by recording difference

spectra for N2S2O4-reduced minus air-oxidized sam-

ples, as described previously (Breznak et al. 1988). All

procedures were carried out in potassium phosphate

buffer (0.1 M, pH 7).

16S rRNA gene sequence analysis

rRNA genes were amplified in vitro and sequenced as

described earlier (Springer et al. 1992). Sequence data

were analyzed with the ARB software package (Lud-

wig et al. 2004). The new sequences were added to the

ARB database and aligned with the Fast Aligner tool.

Alignments were checked and corrected manually

where necessary. Framework trees were calculated

with fastDNAmL, a maximum-likelihood method

implemented in ARB, with only almost-full-length se-

quences (1,400 bases). The stability of the branching

pattern was tested with the neighbor-joining and

maximum-parsimony (DNAPARS) methods included

in the PHYLIP package implemented in ARB. The

EMBL accession numbers for the 16S rRNA gene se-

quences are AM258974 for strain TmPM3 and

AM258975 for strain TmPN3.

Results

Isolation and morphological characterization

Propionate and acetate were the major fermentation

products from lactate in anoxic serial dilutions of gut

homogenates prepared from the different gut sections

of T. macrothorax. The highest dilutions positive for

propionate formation were transferred into fresh

medium, and subsequent agar dilution series yielded

mostly brown, irregularly shaped colonies, from which

several pure cultures were obtained. Phase-contrast

microscopy showed long, straight or slightly curved

rods, occurring singly or in pairs, which were mor-

phologically indistinguishable. Strains TmPM3 and

TmPN3, which stemmed from homogenates of midgut/

mixed segment and the first proctodeal segment (Sch-

mitt-Wagner et al. 2003a), respectively, were selected

for further characterization. In both cases, the dilution

steps indicated an original population of approximately

103–104 cells per gut section.
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Cells measured 2.2–12 lm in length and 0.5–0.7 lm

in diameter (Fig. 1a) and were motile by means of

peritrichous flagella (Fig. 1b, c). They stained gram-

positive but reacted gram-negative in the KOH test. In

older cultures, only few cells formed refractile terminal

endospores (Fig. 1a); stationary-phase cultures re-

mained viable after pasteurization (80�C, 10 min).

Since the morphological features of the two isolates

were indistinguishable and the results of a phylogenetic

analysis (see below) indicated that the two strains were

very closely related, only strain TmPN3 was further

physiologically characterized.

Growth and nutrition

Strain TmPN3 required an oxygen-free, reduced

medium for growth. It grew best in medium reduced

with DTT (1 mM) or cysteine (2 mM), but grew well

also in medium incubated under a H2/CO2 atmosphere

when a palladium catalyst was added (Tholen et al.

1997). Casamino acids and yeast extract, which were

included in the enrichment medium, were fermented to

acetate and propionate, but since they were not

essential for growth on lactate or other substrates, they

were omitted during further characterization.

Strain TmPN3 grew also on D-glucose, D-fructose,

D-cellobiose, D-lactose, or D-glycerol (each 5 mM) and

on pyruvate, oxaloacetate, D-citrate, L-alanine, or

L-glutamate (each 10 mM); all these substrates were

fermented to propionate, acetate, and CO2. By con-

trast, fumarate and L-aspartate (each 10 mM) were

fermented to succinate and acetate, while acetate,

succinate, and propionate were formed from L-malate.

Fermentation balances for selected substrates are given

in Table 1. Trehalose, methanol, ethanol (each 5 mM),

succinate, malonate, propionate, formate, acrylate,

glyoxylate, and acetate (10 mM each) were not utilized.

Cells did not grow on H2 and CO2. Vanillate, syringate,

and 3,4,5-trimethoxybenzoate (each 2 mM) were not

demethylated. Nitrate and sulfate (each 10 mM) were

not reduced with lactate as a substrate.

On basal medium with lactate, the cells grew within

a pH range of 6.2–8.2 and a temperature range of

19–35 �C, but not at 4 or 40�C. Optimal growth was

obtained at 30�C and pH 7.0 (Fig. 2). Under these

conditions, cultures growing on lactate or fructose had

doubling times of 8.4 and 10 h, respectively. Growth

yields on glucose were threefold higher than on lactate,

but only twofold higher on fructose (Table 1).

Influence of hydrogen on fermentation

stoichiometries

Cultures of strain TmPN3 growing under a headspace

of N2/CO2 fermented glucose to propionate and ace-

tate at a 2:1 ratio. However, when growing under a H2/

CO2 atmosphere, the product pattern changed towards

propionate formation at the expense of acetate pro-

duction, which shifted the propionate-to-acetate ratio

to more than 6:1 (Table 1). Also the fermentation

balances on fructose and pyruvate were shifted towards

propionate at the expense of acetate in the presence of

H2, and more succinate and less acetate were formed

from fumarate when H2 was present. Cell yields in

cultures grown under a H2/CO2 atmosphere did not

differ significantly from those grown under a N2/CO2

atmosphere (Table 1). Curiously, the fermentation

balance of lactate was not influenced by the presence

of H2 in the headspace.

Since it is not trivial to measure CO2 formation in a

bicarbonate-buffered system, the effect of hydrogen

on the fermentation products was tested also in

radiotracer experiments. In cultures incubated with

UL-14C-glucose (Table 2), the effects of the headspace

gas on the propionate-to-acetate ratio were similar to

those in Table 1. The amount of 14CO2 formed per

glucose was only slightly higher than the theoretical

value of 1.33 expected for the methyl-malonyl-CoA

pathway, and also the slight decrease in cultures incu-

bated under a H2/CO2 atmosphere is in agreement with

the increased propionate formation. Also in cultures

grown on non-labeled glucose in the presence of

labeled 14CO2, the amount of CO2 incorporated into

propionate (0.67 for H2/CO2 and 0.71 for N2/CO2

atmosphere) did not significantly exceed the theoreti-

Fig. 1 Phase-contrast photomicrographs of strain TmPN3 show-
ing vegetative and sporulating cells (a) and details of a flagella
stain (b, c). Bars = 10 lm
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cal ratio of 0.5 expected for the methyl-malonyl-CoA

pathway. Again, the results were not significantly af-

fected by the presence of H2, which indicated the ab-

sence of reductive propionigenesis from CO2.

Oxygen uptake by cell suspensions

Cultures with glucose or lactate did not initiate growth

in non-reduced medium. However, dense cell suspen-

sions of strain TmPN3 grown on glucose consumed

oxygen when glucose, lactate, or glycerol was added as

electron donor (Table 3). Oxygen consumption by

lactate-grown cells was slightly but not significantly

higher than that of glucose-grown cells; the basal rates

were significantly higher (t test). Rates of hydrogen-

dependent oxygen reduction by lactate-grown cells

were significantly lower than those obtained with lac-

tate. In no case did the addition of acetate, pyruvate,

propionate, or oxaloacetate increase oxygen con-

sumption above the basal rates obtained prior to the

addition of external substrates. Heat-inactivated cell

suspensions did not consume oxygen. Oxygen con-

sumption by cells grown on either substrate was not

influenced by the addition of KCN (up to 10 mM) to

the assay.

The influence of oxygen on the fermentation prod-

uct pattern was tested with cell suspensions (cells

grown on lactate). Oxygen-free controls (headspace

N2/CO2) fermented lactate to propionate and acetate

with a stoichiometry of almost 2:1. With increasing

oxygen concentrations in the headspace, the product

pattern shifted towards acetate formation at the ex-

pense of propionate production (Fig. 3). At an oxygen

partial pressure of 1.5 kPa, acetate was the only

product. The recovery of electrons in the fermentation

products decreased with increasing oxygen partial

pressure, which indicated that oxygen served as elec-

Table 1 Fermentation stoichiometries and molar growth yields of strain TmPN3 growing on selected substrates in the presence or
absence of external H2. Results are the mean (± mean deviation) of two independent determinations; in the case of glucose, four
replicates were performed

Substrate External Products (mol per mol substrate) Product ra-
tioa

Carbon recovery
(%)b

Electron recovery
(%)c

Growth yield
(g mol–1)d

H2 Acetate Propionate Succinate

Glucose – 0.59 ± 0.02 1.24 ± 0.12 –e 2.1 81.7 92.1 15.3 ± 0.9
+ 0.25 ± 0.01 1.60 ± 0.12 – 6.4 88.3 101.6 14.7 ± 0.3

Fructose – 0.65 ± 0.04 1.29 ± 0.04 – 2.0 86.2 96.9 9.8 ± 0.8
+ 0.13 ± 0.13 1.64 ± 0.03 0.05 ± 0.05 13.7 89.7 103.0 10.2 ± 1.2

Lactate – 0.35 ± 0.03 0.66 ± 0.01 – 1.9 89.3 100.3 4.6 ± 0.1
+ 0.33 ± 0.01 0.64 ± 0.02 – 2.0 85.9 96.6 4.8 ± 0.2

Pyruvate – 0.44 ± 0.05 0.42 ± 0.04 – 1.0 72.0 94.8 NDf

+ 0.26 ± 0.04 0.54 ± 0.09 – 2.1 71.4 96.5 ND
Fumarate – 0.43 ± 0.03 –e 0.62 ± 0.01 1.5 83.7 101.3 ND

+ 0.11 ± 0.05 – 0.80 ± 0.05 9.0 84.9 99.9 ND

a Ratio of reduced over oxidized products [R = (propionate + succinate)/acetate]
b CO2 formation was not assayed because experiments were conducted in bicarbonate-buffered medium
c Calculated after subtracting the amount of substrate assimilated and the electrons contained in the products present in the control.
Assimilated substrate was calculated as the amount of substrate necessary for formation of the indicated amount of cell mass,
observing a closed oxidation–reduction balance and assuming a cell composition of ‘C4H7O3’
d Calculated from increase in optical density by using the OD-to-dry-mass ratio of 324 mg l–1 at OD578 = 1, experimentally determined
for lactate-grown cells of strain TmPN3
e Below detection limit (< 0.01 mol per mol substrate)
f Cell mass not determined. Assimilated substrate was estimated based on the results for lactate

Fig. 2 Growth (filled square) of strain TmPN3 on lactate (open
square), and formation of propionate (open circle) and (filled
circle) acetate. Results are the average of two independent
cultures
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tron acceptor. Similar results were obtained with glu-

cose as substrate (cells grown on glucose; details not

shown) (Fig. 4).

Enzyme activities and cytochromes

Cell-free extracts of lactate-grown cells showed low

activities of NADH oxidase and pyruvate oxidase [3.85

and 0.39 nmol min–1 (mg protein)–1, respectively];

catalase and superoxide dismutase were not detected.

Cell-free extracts of lactate-grown cells also had low

activities of hydrogenase and CO dehydrogenase

[602 ± 18 and 37 ± 3 nmol (mg protein)–1, respec-

tively].

Redox difference spectra of cell extracts of lactate-

grown cells showed absorption maxima at 427, 544,

and 561 nm, which indicates the presence of b-type

cytochrome(s) (Dickerson and Timkovich 1975).

Table 2 Product formation and recovery of radioactivity in fermentation products of UL-14C-glucose by strain TmPN3 under a H2/
CO2 or N2/CO2 (80:20, v/v) atmosphere. Results are the average (± mean deviation) of two replicates

Incubation atmosphere 14C in products (%) Recovery (%) 14CO2 formed per glucoseb

Propionate Acetate CO2
a

N2/CO2 48 ± 2 23 ± 1 27 ± 1 98.1 1.6
H2/CO2 67 ± 2 9 ± 0 23 ± 0 98.3 1.4

a Radioactivity in the CO2/bicarbonate buffer
b Calculated using the specific radioactivity of the substrate

Table 3 Oxygen uptake rates of lactate-grown or glucose-grown cell suspensions of strain TmPN3. Values are means (± SD) of n
assays performed in two independent experiments

Growth substrate Oxygen uptake rates (nmol min–1 (mg protein)–1)a

Basal rate b Glucose Lactate Glycerol Hydrogen

Glucose 10 ± 3 (n = 12) 64 ± 7 (n = 3) 141 ± 28 (n = 6) 122 ± 3 (n = 3) ND
Lactate 56 ± 7 (n = 7) ND 237 ± 89 (n = 3) ND 86 ± 13 (n = 4)

a Basal rates obtained prior to addition of substrates were subtracted
b Oxygen consumption of washed cell suspensions prior to addition of external substrate

Fig. 3 Influence of oxygen partial pressure in the culture
headspace on the product pattern of lactate fermentation by
cell suspension of strain TmPN3. The substrate concentration
was 2 mM; the electron recovery was calculated as described in
the Materials and methods

Fig. 4 Redox difference spectrum of strain TmPN3 (membrane
fraction) grown on lactate, showing absorption maxima that
indicate the presence of a b-type cytochrome. No absorption
maxima were detected in the soluble fraction. The assay
contained 5 mg protein ml–1
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Absorption maxima were observed only in the mem-

brane fraction. There was no indication of the presence

of a- or c-type cytochromes.

16s rRNA gene sequence analysis

Comparative 16S rRNA gene sequence analysis re-

vealed that strains TmPN3 and TmPM3 are firmicutes

phylogenetically affiliated with the Acidaminococca-

ceae in the order Clostridiales (Fig. 5). However, the

strains were only moderately related to any of the

validly described taxa of this subgroup. The closest

relative of the new isolates was Acetonema longum

(91.4% sequence similarity) and members of the genus

Sporomusa (90.4–90.7%), followed by Anaerosinus

(formerly Anaerovibrio) glycerini, Dendrosporobacter

quercicolus, Propionispora vibrioides, and A. acidami-

nophila; an exact branching order could not be estab-

lished. Sequence similarities with representatives of the

other genera of the Acidaminococcaceae, i.e., Acid-

aminococcus, Desulfotomaculum, Dialister, Megasph-

aera, Pectinatus, Phascolarctobacterium, Quinella,

Schwartzia, Selenomonas, Succinispira, Succiniclasti-

cum, Veillonella, Allisonia, Zymophilus, and Propion-

ispira, were even lower.

Discussion

The diversity, physiology, and possible role of the

microbiota resident in the guts of termites are subjects

of continuing interest. Data on molecular microbial

diversity of termite gut microbiota has continued to

accumulate in recent years, but physiological studies

involving isolates from termite guts are scanty. Lactate

has been identified as a key metabolite in the hindgut

of the wood-feeding Reticulitermes flavipes (Tholen

and Brune 2000) and is an intermediate also in soil-

feeding termites (Tholen 1999). The strains isolated in

this study are the first propionigenic bacteria obtained

from soil-feeding termites. Their ability to oxidize

hydrogen and their strong metabolic response to oxy-

gen contributes important clues to understanding car-

bon and electron flow in the gut microenvironment.

Bacteria form propionate from a variety of sub-

strates including glucose, lactate, dicarboxylic acids,

and certain amino acids, using various metabolic

pathways. The spectrum of substrates used by strain

TmPN3 indicates that propionate is formed via the

methyl-malonyl-CoA pathway, which is in agreement

with its substrate spectrum, the presence of a b-type

cytochrome (Diekert and Wohlfarth 1994), and the

cumulative evidence for the occurrence of this pathway

also among other Acidaminococcaceae (e.g., Sporo-

musa, Breznak et al. 1988, Dehning et al. 1989; An-

aeromusa, Nanninga et al. 1987; and Propionispira,

Schink et al. 1982).

The Acidaminococcaceae (Garrity and Holt 2001)

are a heterogeneous assemblage of taxa commonly

exhibiting an ultrastructure and biochemistry (pres-

ence of an outer membrane containing lipopolysac-

charides; e.g., Breznak 2001; Haikara and Helander

2001) of their cell envelope otherwise typical of gram-

negative bacteria. The majority of species in this family

react gram-negative in the classical staining procedure,

Fig. 5 Phylogenetic relationship of Sporotalea propionica strain
TmPN3 and other closely related gram-positive bacteria. The
tree is based upon a maximum-likelihood analysis of the 16S
rRNA sequences of all type strains in the Acidaminococcaceae,
including Sporomusa aerivorans (AJ506191, DSM 13326T),
S. malonica (AJ279799, DSM5090T), S. sphaeroides (AJ279801,
DSM2875T) and S. acidovorans (AJ278798, DSM3132T). The
dataset comprised 1405 homologous alignment positions that

were invariant among at least 50% of the sequences. The tree
topology was evaluated and corrected according to the results of
distance-matrix analysis and maximum-parsimony analysis; mul-
tifurcations indicate that the branching order could not be
unambiguously determined or was not supported by the results
of the alternative treeing procedures. The bar indicates 5%
sequence divergence
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but since the peptidoglycan layer of Acidaminococca-

ceae appears to be thicker than that of gram-negative

bacteria (Helander et al. 2004), some stain gram-posi-

tive despite the presence of an outer membrane (e.g.,

S. silvacetica; Kuhner et al. 1997). Also strain TmNP3

stains gram-positive, but reacts gram-negative in the

KOH test, a control often used to verify the results of

the notoriously unreliable gram-staining procedure

(Gregersen 1978; Halebian et al. 1981). Ultrastructural

information is not available, but it is unlikely that

strain TmPN3 differs from its closest relatives with

respect to the general structure of its cell envelope.

The next relative of strain TmPN3, A. longum, was

isolated from the hindgut of Pterotermes occidentis

(Kane and Breznak 1991), and also several members of

the closely related genus Sporomusa (S. termitida,

Breznak et al. 1988; S. aerivorans, Boga et al. 2003)

were isolated from the guts of termites. Strain TmPN3,

which resembles A. longum in its morphology (straight

rods with terminal endospore), although it is shorter

and stouter, differs strongly from its closest relatives in

its general metabolic features (Table 4). It ferments

glucose and other hexoses exclusively to propionate

and acetate, whereas A. longum forms butyrate and H2

as major products. All Sporomusa species are unable to

ferment glucose; those strains that grow on fructose

form acetate as the major product. Members of both

genera differ from strain TmPN3 in their capacity of

reductive acetogenesis from H2 and CO2. Sporomusa

species ferment lactate homoacetogenically, and

A. longum does not grow on lactate.

Also the next closest relatives have different physi-

ological traits (Table 4). P. vibrioides ferments fructose

to propionate and acetate, but it does not grow on

glucose, pyruvate, lactate, fumarate, malate, succinate,

or alanine (Biebl et al. 2000). D. quercicolus, a species

only poorly characterized with respect to growth sub-

strates and fermentation products, is reported to form,

in addition to acetate and propionate, substantial

amounts of H2 and propanol from a medium contain-

ing fructose, yeast extract, and peptone (Strömpl et al.

2000). Anaerosinus (formerly Anaerovibrio) glycerini

shares with strain TmPN3 the ability to ferment glyc-

erol to propionate, but does not ferment carbohy-

drates, lactate, or dicarboxylic acids (Schauder and

Schink 1989; Strömpl et al. 1999). Anaeromusa (for-

merly Selenomonas) acidaminophila grows on amino

acids, but does not use any carbohydrates (Nanninga

et al. 1987). Propionispira arboris (Schink et al. 1982),

which resembles strain TmPN3 in several physiological

traits, is phylogenetically far removed (<88% sequence

similarity). Taken together, the low similarities in 16S

rRNA gene sequence (< 92.0%) and the distinct

morphological and physiological differences to its

closest relatives among the Acidaminococcaceae re-

quire placement of strain TmPN3 into a new genus (see

below).

The oxidation–reduction balance in the fermenta-

tion of glucose, lactate, or other isoelectronic com-

pounds dictates the formation of propionate and

acetate at a fixed 2:1 ratio. Only a few bacteria form

more propionate at the expense of acetate in the

presence of exogenous hydrogen. Strain TmPN3 shares

this unusual trait with P. arboris (Thompson et al.

1984) and A. acidaminophila (Nanninga et al. 1987),

but unlike P. arboris, not when grown on lactate.

Thompson et al. (1984) proposed that the hydrogenase

activity detected in P. arboris might function in

hydrogen uptake, forming the key electron-donating

reaction in the presence of hydrogen, leading to

hydrogen-dependent homopropionate fermentation

from glucose. The authors postulated that hydrogen

dramatically alters carbon and electron flow during

glucose and lactate fermentation by preventing pyru-

vate transformation to acetate, CO2, and H2. Although

cultures of strain TmPN3 grown on glucose, fructose,

or pyruvate did show a slightly increased electron

recovery under a H2/CO2 atmosphere, growth yields

were not affected by the presence of hydrogen with any

of the substrates tested (Table 1), indicating that the

shift in the fermentation products was not accompa-

nied by an increased ATP yield of the underlying

metabolism. This is consistent with observations made

with P. arboris (Thompson et al. 1984).

Although strain TmPN3 possesses hydrogenase and

CO dehydrogenase, the activities are more than three

orders of magnitude lower than those measured in cell-

free extracts of the closely related, homoacetogenic

S. aerivorans (Boga and Brune 2003). Moreover, the

results of the labeling experiments do not indicate

reductive propionate formation from H2 and CO2 via

the acetyl-CoA pathway. Rather, the incorporation of
14CO2 into propionate can be explained by heterotro-

phic CO2 fixation in a Wood–Werkman reaction (i.e.,

the carboxylation of pyruvate or phosphoenolpyruvate

(PEP); Kresge et al. 2005). Hydrogenase activity may be

involved in growth on substrates that are more reduced

than propionate and cell mass because it would allow the

release of reducing equivalents as H2, as demonstrated

for A. glycerini and P. vibrioides growing on sugar

alcohols (Schauder and Schink 1989; Biebl et al. 2000).

Although strain TmPN3 forms propionate from

most substrates, the reductive branch of its metabolism

stops at succinate when growing by disproportionation

of fumarate or aspartate. Succinate is a major product

also on malate, whereas propionate is the only reduced

22 Arch Microbiol (2007) 187:15–27
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product in the fermentation of oxaloacetate, citrate,

and glutamate. It has been shown that P. freudenrei-

chii, which is incapable of net decarboxylation of

C4-dicarboxylic acids, requires pyruvate or propionate

as CO2 acceptor for transcarboxylation of methyl-

malonyl-CoA or oxaloacetate when growing on

aspartate or fumarate (Rosner and Schink 1990).

Likewise, strain TmPN3, if lacking methyl-malonyl-

CoA decarboxylase, would form propionate only if

substrate degradation yields enough pyruvate to allow

transcarboxylation. This is not a problem when grow-

ing on oxaloacetate or glutamate (if degraded via the

methylaspartate pathway; Buckel 2001), but apparently

becomes limiting already when growing on malate.

Also S. silvacetica, which is unable to decarboxylate

succinate to propionate, forms succinate when growing

on fumarate (Kuhner et al. 1997). The same applies to

A. acidaminophila, which forms succinate from aspar-

tate and propionate from glutamate (Nanninga et al.

1987). By contrast, S. malonica and S. aerivorans,

which are capable of succinate decarboxylation, form

propionate from fumarate and malate (Dehning et al.

1989; Boga et al. 2003). An exception is A. longum,

which forms propionate from fumarate although it

cannot grow by succinate decarboxylation (Kane and

Breznak 1991).

There is increasing evidence that the capacity to

reduce oxygen is widespread among obligately anaer-

obic microorganisms (Cypionka 2000; Küsel et al. 2001;

Karnholz et al. 2002; Baughn and Malamy 2004; See-

dorf et al. 2004). Strain TmPN3 shares the ability to

reduce oxygen in cell suspensions with its closest rel-

atives, A. longum and Sporomusa species (Boga and

Brune 2003). However, the mechanism of oxygen

reduction in Acidaminococcaceae is not clear. In the

strictly anaerobic bacteria Desulfovibrio gigas (Lemos

et al. 2001), B. fragilis (Baughn and Malamy 2004), and

M. thermoacetica (Das et al. 2005), membrane-bound

cytochrome bd oxidases have been implicated in qui-

none-dependent, cyanide-sensitive electron transport

from NADH to oxygen. While oxygen reduction by the

closely related S. termitida, S. aerivorans, and A. lon-

gum was inhibited by cyanide (Boga and Brune 2003),

indicating the participation of a cytochrome oxidase,

oxygen reduction by strain TmPN3 was not affected

(this study). Therefore, another mechanism may be

responsible for this activity.

Many strict anaerobes, including M. thermoacetica,

possess high-molecular-weight rubredoxins (Hrb),

A-type flavoproteins (FprA), superoxide reductase,

and ruberythrin, which are involved in reduction of

molecular oxygen and its toxic derivatives, i.e., super-

oxide and H2O2 (see Das et al. 2001; Seedorf et al.

2004; and references therein). Interestingly, the

Hrb:dioxygen oxidoreductase of D. gigas (Roo) is not

inhibited by cyanide (Chen et al. 1993). The same is

true for its homolog (FprA) in Methanobrevibacter

arboriphilus, which catalyzes the F420H2-dependent

reduction of molecular oxygen (Seedorf et al. 2004).

The presence of a cyanide-insensitive, oxygen-reducing

activity in strain TmPN3 may indicate the involvement

of an FprA-type oxidase in oxygen reduction.

The ability of strain TmPN3 to ferment amino acids

could be an important trait for the colonization of the

intestinal tract of soil-feeding termites, where the

peptidic fraction of humic acids is preferentially min-

eralized, involving proteinases and amino-acid-

degrading microbiota (Ji and Brune 2006). The ability

of strain TmPN3 to reduce oxygen may be of impor-

tance for its survival under the microoxic conditions in

the midgut and in the periphery of the anterior hindgut

(Schmitt-Wagner and Brune 1999). The presence of

microorganism like strain TmPN3 that reduce the

oxygen continuously flowing through the epithelium

into the gut would explain the metabolic shift from

propionate to acetate observed in the wood-feeding

Reticulitermes flavipes (Tholen and Brune 2000), and

also the much lower propionate concentrations in ter-

mite guts than in the largely anoxic rumen (Odelson

and Breznak 1983, Tholen 1999, Tholen and Brune

2000).

The terminal spores formed by strain TmPN3

strongly resemble those of A. longum and P. vibrioides

both in their morphology and their position within the

sporangium (Kane and Breznak 1991; Biebl et al.

2000). Since sporulated cultures of strain TmPN3 sur-

vived pasteurization and the presence of dipicolinic

acid has been documented for their closest relatives,

A. longum (Kane and Breznak 1991) and S. termitida

(Breznak et al. 1988), it is safe to assume that they

represent true endospores.

Strain TmPN3 was recovered from both the midgut

and the anterior hindgut of T. macrothorax, where it

and its relatives seem to be present only in small

numbers (103–104 propagules per section). Taking into

account the difference in volume of the respective

sections (0.1 vs. 0.8 ll), average cell densities in the

neutral midgut seem to be higher than in the alkaline

anterior hindgut. Moreover, the neutrophilic character

of strain TmPN3 makes it rather improbable that

vegetative cells are metabolically active in the ex-

tremely alkaline P1 section (pH 11.9; Brune and Kühl

1996); the propagules giving rise to those enrichments

were probably mostly spores.

In view of the small population sizes estimated for

the Acidaminococcaceae isolated from termite guts in

24 Arch Microbiol (2007) 187:15–27
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this and previous studies (Kane and Breznak 1991;

Boga et al. 2003), it is not astonishing that their 16S

rRNA genes—and those of other, uncultivated mem-

bers of this family—are not represented among the

almost 3000 bacterial sequences obtained from ter-

mites (http://www.ncbi.nlm.nih.gov; nucleotide data-

base searched for ‘‘termite*+16S + bacteria’’). The

general undersampling bias inherent to environmental

clone libraries generated with universal primers makes

it difficult to detect small populations. New approaches

using group-specific primers, quantitative PCR, and

fluorescent in situ hybridization techniques might help

establishing the numerical significance of Acidamino-

coccaceae and their potential function in the termite

gut ecosystem.

Description of the genus Sporotalea gen. nov.

Sporotalea gen. nov. (Spo.ro.ta’le.a, Gr. n. rpoq�a, a

spore; L. n. talea, a thin rod or stick; N. L. fem. n.

Sporotalea, a spore-forming, stick-shaped bacterium).

Chemoorganotrophic bacteria with fermentative

metabolism. Cell wall with outer membrane. May form

heat-resistant endospores. Obligate anaerobes (grow

only under anoxic conditions). Cells possess b-type

cytochromes. Propionate is a major product from most

substrates.

Types species: Sporotalea propionica.

Description of Sporotalea propionica sp. nov.

Sporotalea propionica sp. nov. (pro.pi.o’ni.ca, M.L. n.

acidum propionicum, propionic acid; fem. adj. propio-

nica, pertaining to propionic acid, which the organism

produces from various substrates).

Long, rod-shaped bacterium, measuring 0.5–0.7 lm

in length and 2.2–12 lm in diameter. Cells occur singly

or in pairs. Forms heat-resistant endospores. Motile by

peritrichous flagella. Stains gram-positive but reacts

gram-negative in the KOH test. Catalase negative.

Ferments cellobiose, glucose, fructose, lactose, citrate,

lactate, mannitol, oxaloacetate, glutamate, and glycerol

to propionate, acetate, and CO2. L-Malate is fermented

to acetate, succinate and propionate. Fumarate and

aspartate are fermented to succinate and acetate. Does

not utilize trehalose, methanol, ethanol, succinate,

malonate, propionate, formate, acrylate, glyoxylate,

acetate, vanillate, syringate, or 3,4,5-trimethoxybenzo-

ate. Cells possess b-type cytochromes. Does not form

acetate from H2 and CO2. Nitrate and sulfate are not

reduced. Resting cells reduce oxygen. Temperature

range of growth 19–35�C, optimum at 30�C. No growth

at 4�C and 40�C. pH range of growth 6.2–8.2, optimum

at pH 7.0.

Source: the intestinal tract of the termite T. macro-

thorax.

Type strain: TmPN3 (= DSM 13327T = ATCC

BAA-626T)
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