JOURNAL OF BACTERIOLOGY, Apr. 2004, p. 2099-2106
0021-9193/04/$08.00+0 DOI: 10.1128/JB.186.7.2099-2106.2004

Vol. 186, No. 7

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Restricted Distribution of the Butyrate Kinase Pathway among
Butyrate-Producing Bacteria from the Human Colon

Petra Louis,* Sylvia H. Duncan, Sheila I. McCrae, Jacqueline Millar,
Michelle S. Jackson, and Harry J. Flint

Division of Gut Microbiology and Immunology, Rowett Research Institute, Bucksburn,
Aberdeen AB21 98B, United Kingdom

Received 19 August 2003/Accepted 11 December 2003

The final steps in butyrate synthesis by anaerobic bacteria can occur via butyrate kinase and phosphotrans-
butyrylase or via butyryl-coenzyme A (CoA):acetate CoA-transferase. Degenerate PCR and enzymatic assays
were used to assess the presence of butyrate kinase among 38 anaerobic butyrate-producing bacterial isolates
from human feces that represent three different clostridial clusters (IV, XIVa, and XVI). Only four strains were
found to possess detectable butyrate kinase activity. These were also the only strains to give PCR products
(verifiable by sequencing) with degenerate primer pairs designed within the butyrate kinase gene or between
the linked butyrate kinase/phosphotransbutyrylase genes. Further analysis of the butyrate kinase/phospho-
transbutyrylase genes of one isolate, L.2-50, revealed similar organization to that described previously from
different groups of clostridia, along with differences in flanking sequences and phylogenetic relationships.
Butyryl-CoA:acetate CoA-transferase activity was detected in all 38 strains examined, suggesting that it, rather
than butyrate kinase, provides the dominant route for butyrate formation in the human colonic ecosystem that

contains a constantly high concentration of acetate.

The human colon harbors a diverse range of bacteria that
form a complex anaerobic ecosystem. Apart from interacting
with each other, for example by cross-feeding, colonic bacteria
also interact with the human host and play a vital role in
maintaining human health through mechanisms such as pro-
tecting against pathogenic bacteria, influencing the host’s im-
mune system, and supplying nutrients (23).

The recent development of molecular techniques for study-
ing phylogenetic diversity of the colonic microflora is leading
to a better understanding of its composition (9, 21). One group
of bacteria, which has received relatively little previous atten-
tion because of their fastidious growth requirements, are the
strictly anaerobic gram-positive bacteria of low mol% G+C-
content clostridial groups. Several studies employing a variety
of molecular approaches indicate that members of this group
related to clostridial clusters IV and XIVa (14) might make up
about 30 to 60% of the total bacterial population within the
colon (22, 25, 38, 46, 50).

Bacteria have been identified within these groups that carry
out a fermentative metabolism leading to the buildup of bu-
tyrate; lactate and formate are often being produced, while
acetate can be either produced or consumed (18). Butyrate is
considered to exert health-promoting effects on the colon. It
serves as a major energy source for the colonocytes and has
also been claimed to be protective against colon cancer and
inflammatory bowel diseases via effects on gene expression and
cellular development (reviewed in references 36 and 51).
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The pathway for butyrate formation and its respective genes
have been examined in the solventogenic bacterium Clostrid-
ium acetobutylicum. Two molecules of acetyl coenzyme A
(acetyl-CoA) are condensed and subsequently reduced to bu-
tyryl-CoA in a sequence of reactions that resembles the reverse
B-oxidation of fatty acids (7, 11, 32). For the final step of
butyrate synthesis from butyryl-CoA, two alternative pathways
are known: the enzymes phosphotransbutyrylase and butyrate
kinase convert butyryl-CoA to butyrate with the intermediate
formation of butyryl-phosphate. This pathway, which is found
in C. acetobutylicum (52), is analogous to the formation of
acetate from acetyl-CoA and leads to energy generation in the
form of ATP. Alternatively, a butyryl-CoA:acetate CoA-trans-
ferase transfers the CoA moiety to external acetate, which
leads to the formation of acetyl-CoA and butyrate (18). The
extent to which the two pathways are used by the intestinal
microflora is unclear. Several reports have indicated that bu-
tyrate kinase is the route used in intestinal ecosystems (27-29).
A study of several strains of Butyrivibrio fibrisolvens from the
rumen showed that they exhibited either butyrate kinase or
butyryl-CoA:acetate CoA-transferase activities, but not both
(17). Recently, Duncan et al. (18) revealed that human strains
belonging to the Roseburia and Faecalibacterium genera (19,
20) possessed butyryl-CoA:acetate CoA-transferase activity
only, whereas strain L2-50, which is remotely related to a
Coprococcus sp. or to Eubacterium ruminantium, exhibited ac-
tivities for both pathways.

The aim of this study was to screen a wider range of phylo-
genetically diverse butyrate-producing bacteria from the hu-
man large intestine to determine the extent to which the two
routes of butyrate formation are employed within this ecosys-
tem. The two different methodologies used were degenerate
PCR and enzymatic activities.
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TABLE 1. Human colonic isolates examined in this study”

J. BACTERIOL.

16SrRNA sequence relationship (% identity BlastN) for:

Isolation

SCFA concn (mM)
of:

Strain . Reference
medium
Closest species” Best match But. Ac.

A2-194 Roseburia intestinalis (94%) Clone HuCB37 (99%) M2GSC 7.3 =35 5
Bl6/4 B. fibrisolvens Closest species NSM 18.8 -3.9 42
M72/1 Roseburia intestinalis (97%) Clone HuCA13 (99%) M2WS 13.9 -54 This study
Mo6/1 Roseburia intestinalis (97%) Clone HuCA13 (99%) M2GSC 17.0 -3.6 This study
M88/1 Roseburia intestinalis (97%) Clone HuCA13 (99%) M2WS 24.0 -83 This study
M91/1 Roseburia intestinalis (97%) Clone HuCA13 (99%) M2WS 23.6 -74 This study
M101/3 Roseburia intestinalis (97%) Clone HuCA13 (99%) M2CS 18.6 -1.6 This study
A2-183 Roseburia intestinalis (97%) Clone adhufec225 (99%) M2GSC 20.0 -8.2 5,18
A2-181 Roseburia intestinalis (96%) Strain A2-183 (98%) M2GSC 16.8 —11.5 4,18
L1-82 Roseburia intestinalis Closest species M2GSC 18.5 -9.1 4,18, 19
L1-952 Roseburia intestinalis (99%) Closest species M2GSC 213 —10.0 5,18, 19
L1-8151 Roseburia intestinalis Closest species M2GSC 16.0 -123 4,18, 19
Ms50/1 Roseburia intestinalis (99%) Strain L1-93 (99%) M2GSC 17.5 -10.9 This study
T1-815 E. rectale (99%) Strain A1-86 (99%) M2GSC 5.3 0.8 5
A1-86 E. rectale (99%) Closest species M2GSC 21.7 -93 5
M104/1 E. rectale (99%) Strain A1-86 (99%) M2WS 10.8 1.1 This study
A2-232 C. nexile (98%) Strain A2-231 (99%) M2GSC 38 21 4
SL7/1 C. nexile (98%) Strain A2-231 (99%) M2L 4.2 2.1 This study
Mo62/1 C. saccharolyticum (95%) Closest species M2GSC 9.7 4.8 This study
SM4/1 C. sp. DR7 (95%) Closest species M2M 3.6 -1.0 This study
SS3/4 C. hathewayi (91%) Clone HuCA19 (94%) SS 13.7 10.3 This study
GM2/1 Ruminococcus gnavus (92%) Clone HuCA19 (94%) M2M 10.6 23 This study
SR1/1 Ruminococcus obeum (95%) Clone HuCB12 (97%) SR 5.5 18.6 This study
SR1/5 Ruminococcus obeum (94%) Clone HuCB12 (97%) SR ND ND This study
SSC/2 C. indolis (94%) Clone adhufec25 (99%) SS 22.8 0.1 This study
SS2/1 C. indolis (94%) Clone adhufec25 (99%) SS 9.4 -7.0 This study
L1-92 A. caccae Closest species M2GSC 20.4 —16.9 5, 44
SM6/1 E. hallii (98%) Clone p-2001-s959-5 (99%) M2M 14.9 -1.4 This study
L2-7 E. hallii (96%) CloneHuCA15 (98%) M2GSC 11.9 29 5
SL6/1/1 E. hallii (97%) CloneHuCA15 (99%) M2L 11.0 —4.4 This study
ARTS55/1 E. ruminantium (92%) Clone A19 (99%) SSL 1.9 0.7 This study
L2-50 E. ruminantium (93%) Clone A19 (96%) M2GSC 6.2 3.1 5,18
T2-87 E. cylindroides (99%) Closest species M2GSC 5.7 23 4
SM7/11 E. cylindroides (99%) Closest species M2M 6.0 0.3 This study
A2-165 F. prausnitzii Closest species M2GSC 14.4 -7.4 5,18, 20
M21/2 F. prausnitzii (99%) Closest species M2CS 16.0 —10.0 This study
SL3/3 F. prausnitzii (98%) Strain A2-165 (98%) M2L 19.5 —14.5 This study
SL4/4 F. prausnitzii (98%) Closest species M2L 17.6 -9.4 This study

“ Shown are data for 16S rRNA relationships, isolation media, and net production and utilization of butyrate and acetate.
b A., Anaerostipes; B., Butyrivibrio; C., Clostridium; E., Eubacterium; F., Faecalibacterium.
¢ M2GSC (31); M2CS, M2 (24) plus corn starch; M2WS, M2 plus wheat starch; M2M, M2 plus mannitol; M2L, M2 plus lactate; NSM (42); SS, Selenomonas selective

medium; SR, Selenomonas ruminantium medium (2).

4 SCFA, short-chain fatty acid; But, butyrate; Ac, acetate; ND, not determined.

MATERIALS AND METHODS

Bacterial strains and growth media. Human fecal bacteria used in this study
are described in Table 1. The bacterial isolations were made from human fecal
samples from one healthy adult male and three healthy adult females, all of
whom were consuming an omnivorous diet and had not taken any antibiotics or
other medication known to influence human colonic microflora for a period of
more than 3 months. Ethical approval for this work was granted by the Grampian
Research Ethics Committee (project number 00/00133). The human fecal bac-
terial strains were isolated on rumen fluid-based M2 medium (24) roll tubes
containing a range of added carbon sources (0.5% [wt/vol]) (Table 1), on
M2GSC (31), or on medium previously described for the isolation of Selenomo-
nas species (2). Serial 10-fold dilutions were prepared from 1 g (wet weight) of
freshly voided feces mixed in 9 ml of anaerobic diluent, and 0.5-ml aliquots were
inoculated into roll tubes. All bacterial isolates were repurified following a
second passage on roll tubes. Strains Clostridium lituseburense (DSM 797), Clos-
tridium propionicum (DSM 1682), Clostridium sporosphaeroides (DSM 1294), and
Eubacterium barkeri (DSM 1223) were obtained from the German Collection of
Microorganisms and Cell Cultures. C. acetobutylicum NCIMB 8052 was obtained
from the National Collection of Industrial and Marine Bacteria (United King-
dom), and E. ruminantium GA195 was obtained from John Wallace (Rowett
Research Institute, Aberdeen, United Kingdom).

PCR amplification and sequencing. PCR amplifications were performed ac-
cording to standard protocols (3). Templates used for PCR were either genomic
DNA purified with a Promega Wizard genomic DNA purification kit according
to the manufacturer’s instructions or bacterial cell pellets from 1 ml of 24-h-old
cultures grown on M2GSC medium and resuspended in 50 ! of sterile water (0.5
wl per 50 pl of PCR). PCR products and DNA bands excised from agarose gels
were purified with a QIAquick Kit (Qiagen) according to the manufacturer’s
instructions. PCR products were cloned into pPGEM-T-Easy (Promega) accord-
ing to the manufacturer’s instructions. Sequencing was performed on a Beckman
capillary sequencer. Deoxynucleotide triphosphates and DNA polymerases were
from Bioline (BIOTAQ DNA polymerase for general PCRs and BIO-X-ACT
DNA polymerase for genome walking). Primers (listed in Table 2) were obtained
from MWG Biotech.

Degenerate PCR. Amino acid sequences of the genes ptb and buk from C.
acetobutylicum, Clostridium beijerinckii, Clostridium perfringens, Bacillus subtilis,
Thermotoga maritima, Listeria monocytogenes (buk only), Listeria innocua (buk
only), and Enterococcus faecalis (buk only) were obtained from GenBank (8) and
aligned by using ClustalW through the BCM search launcher (49). Degenerate
primers were designed from those alignments with CODEHOP (41) and by
visual inspection. The primers (Table 2) consisted of 15 to 20 degenerate posi-
tions at the 3’ end followed by a clamp of 10 to 15 positions based on C.
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TABLE 2. Primers used in this study

Primer

Sequence® (position)

Degenerate PCR primers

BUKIOT L.ttt ettt s e se et e nasenans

BUKTrevl .

PTBIOIZ ..ottt sttt nenens

Genome-walking primers

UFWL250DUKT ..ottt
UFWL250DUKZ ..o

UFWL250buk3.

UFWL250DUK4 ...
UFWL250DUKS ..ottt

UFWL250ptb]..

UFWL250DID2....ooeseeeeeeeeeesoeeseseeessseeeesssseess e sseeeees oo
UFEWL250DD3 ..o

UFWL250ptb4..

UFWL250DIDS .o eeeee oo eeeeee e eeeeeeee oo

Sequencing primers

MIBE o s

LuxSforl ..
LuxSfor2..
LuxSrevl..
PFSforl....
PTBfor3...

PTBIOTA ...

PTBrev2

.................................. GTATAGATTACTIRYIATHAAYCCNGG

..CAAGCTCRTCIACIACIACNGGRTCNAC

.................................. CAAATTAAAGGITGYRTIRTIGAYGGNCC

.................................. CAATCCGGGTTCAACATCTAC
.................................. GTATGTGTAGGCCGTGGTGGNNNNNNNNNN

..CAACAGAGGAACTTGCAGGC

.................................. AGATCGGTAAGCAGGGACAG
.................................. CCAACCTTGGTGGTATCCTTG

. TGCTCGTTCTTGATTGCCTC

.................................. ATGTCAGGATAACAGGAGCCNNNNNNNNNN
.................................. CTTCAAAGCTGTCTGATCTGG

. ATACGAGGTTTCCTGCATGG

.................................. ATCTTACGGTCTTCTGCTCC

.................................. GGTTTTCCCAGTCACGAC
.................................. GGAAACAGCTATGACCATG

SSPrevl.
SSPrev2.

..AGAGTTTGATCMTGGCTCAG (8-27")
..ACGGCTACCTTGTTACGACTT (1491-1511%)
..CAGCMGCCGCGGTAATWC (518-535)
..GWATTACCGCGGCKGCTG (518-535")
..AAACTCAAAKGAATTGACGG (906-925")
........................... CCGTCAATTCMTTTRAGTTT (906-925")

‘H=ACorT;I=inosine; K=GorT;M=AorCN=ACGorT;R=AorGW=AorT;Y=CorT.

b Positions are numbered according to the E. coli numbering system (12).

acetobutylicum sequence (GenBank accession number 114744 [52]). The degen-
eracy was kept below 100-fold by replacing random positions (N) toward the 5’
end with inosine (I).

Amplification was performed with a ramped annealing approach whereby the
annealing temperature is stepwise reduced within every cycle (48). The following
conditions were used: initial denaturation (2 min at 94°C), 35 cycles of denatur-
ation (30 s at 94°C), annealing (20 s at 55°C, 5 s at 50°C, 5 s at 45°C, 5 s at 40°C,
15 s at 35°C), and elongation (1.5 min at 72°C), with a final extension step (10 min
at 72°C). PCR products were excised from agarose gels if multiple bands were
encountered and purified or directly purified, cloned, and sequenced with prim-
ers M13F and M13R.

Genome walking. Genome walking was performed using the universal fast
walking approach as described previously by Myrick and Gelbart (33) using
Exonuclease I from New England Biolabs with a final MgCl, concentration of 3
mM. The primers used are listed in Table 2. The initial first-strand extension was
performed for either 2 or 3.5 min, and all other incubations were performed
according to the methods used by Myrick and Gelbart (33). In some cases, PCR
products were purified from agarose gels and reamplified. Primers were designed
from the newly obtained sequence, and the whole operon was amplified with
primers PFSforl and SSPrev2 and sequenced with a range of primers (Table 2).

Phylogenetic analysis. 16S rRNA sequences were amplified with universal
primers 27f and rP2 (54) (Table 2). Amplified PCR products were purified and
directly sequenced with primers 27f, rP2, 519f, 519r, 926f, and 926r (Table 2).
Two independent PCR products were sequenced per strain to avoid errors
introduced by the Tag polymerase.

The similarity of the 16S rRNA sequences (minimum, 1,400 bases) from the
isolates with other organisms was compared with all sequence data in GenBank
by using the BLAST algorithm (1). Phylogenetic analysis was performed with the
United Kingdom Human Genome Mapping Project computing services tool
(www.hgmp.mrc.ac.uk). Nucleotide or amino acid sequences were aligned with
ClustalW by using the MAGI interface, and phylogenetic trees were constructed
with DNADIST or PROTDIST by using the PIE interface (distance matrix
program neighbor, distance model Kimura, 100 times bootstrap resampling).

Enzymatic activities. Bacterial strains were grown in 10 ml of M2GSC medium
(31) for approximately 20 h, and the bacterial cell pellets were harvested by
centrifugation (10,000 X g for 10 min) at 4°C and disrupted by sonication as
described previously by Duncan et al. (18). Acetate kinase and butyrate kinase
activities were determined by using the colorimetric method of Rose (40). Bu-
tyryl-CoA:acetate CoA-transferase activities were determined by the method
described previously by Barker et al. (6) and adapted for use in a microtiter assay.
Protein measurements of each extract were determined with a bicinchoninic acid
protein assay reagent kit (Pierce). All activities were determined from a mini-
mum of three independent cultures of each bacterial strain.

Fermentation product analysis. Acidic fermentation end products were de-
termined by capillary gas chromatography analysis (37) after 22 to 24 h of growth
on M2GSC medium.

Nucleotide sequence accession numbers. DNA sequences of 16S rDNA genes
are deposited under GenBank accession numbers AY305305 to 305322 and
AY350746 (see Fig. 2). The accession number for the butyrate kinase operon and
adjacent genes from strain L2-50 is AY357288, and the sequences of the butyrate
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Uncharacterised FAD-
dependent dehydrogenase
C. acetobutylicum R
CAC3077 - CAC3074

phosphotrans-
butyrylase

conserved hypothetical protein

C. perfringens
CPE2349 - CPE2346

NAD(FAD)-utilizing
dehydrogenase

C. tetani
CTC2547 - CTC2544

phosphotrans-
butyrylase

D B < ]

phosphotrans-
butyrylase

J. BACTERIOL.

butyrate-

kinase uncharacterised conserved protein

butyrate-

kinase hydrogenase

-

butyrate-

kinase phosphoglucosamine mutase

>

pfs luxS pth buk sasp
I 72> ——— )
Closest BlastP match:
Accession No NP_348735 NP_349544 NP_563264 Q05619 NP_348981
locus/ gene (34, 35, 47) CAC2117 CAC2942 CPE2348 BUK_CLOBE CAC2365
% identity 46 69 59 66 63
% similarity 62 77 77 80 85

FIG. 1. Arrangement of the genes for phosphotransbutyrylase and butyrate kinase (ptb and buk) and neighboring genes in C. acetobutylicum
ATCC 924 (34), C. perfringens 13 (47), Clostridium tetani E88 (13), and strain L2-50. For the genes of strain L2-50, the closest relatives and their
identity and similarity (shown as percentages) according to a BLASTP search are also shown. FAD, flavin adenine dinucleotide.

kinases of other strains are deposited under numbers AY357289 to AY357292
and AY487175 to 487176 (see Fig. 3).

RESULTS

Identification of butyrate kinase pathway genes from strain
L2-50. The two genes (ptb and buk) of the butyrate kinase
pathway enzymes, phosphotransbutyrylase and butyrate ki-
nase, form an operon in clostridia. Degenerate primers for
both genes were designed by using ClustalW alignments of
deduced amino acid sequences of the respective genes from
database entries. Genomic DNA prepared from the human
colonic strain L2-50, which is known to harbor enzyme activity
for butyrate kinase (18), was used as a template for PCR with
the degenerate primers. A strong product of the expected size
with primers PTBfor2 and BUKrevl was obtained by using a
ramped annealing amplification cycle. The PCR product was
cloned and sequenced. A BLASTX search of related se-
quences revealed high similarity to the ptb-buk operon from
Clostridium species. The whole operon and adjacent genes
were obtained from strain L2-50 by using the genome-walking
method. The deduced amino acid sequences of the genes from
strain L.2-50 showed high similarity to their first match in a
BLASTP search (Fig. 1). An alignment of the deduced protein
sequences encoded by the ptb and buk genes from strain L.2-50
with the phosphotransbutyrylase and phosphotransacetylase,
as well as butyrate kinase and acetate kinase sequences, re-
spectively, of C. perfringens strain 13 and C. acetobutylicum

ATCC 824 confirmed that the L2-50 sequences were more
closely related to the butyrate pathway genes (data not shown).

The gene arrangement upstream of ptb is conserved in the
three clostridia whose genomes have been sequenced but is not
conserved in strain L2-50, in which a homologue of the gene
luxS is present instead of a dehydrogenase gene (Fig. 1). The
next open reading frame upstream of /uxS showed similarity to
a S-adenosylhomocysteine nucleosidase (Fig. 1). These two
gene products are known to be involved in methyl group me-
tabolism in bacteria by converting S-adenosylhomocysteine,
the toxic product of the methylation reaction (with S-adeno-
sylmethionine as methyl donor), to homocysteine (55). LuxS
has also been proposed to have a role in bacterial cell-to-cell
communication (quorum sensing), as one of the reaction prod-
ucts is the precursor of an autoinducer molecule (AI-2) (43).
The luxS gene is widespread among various gram-positive and
gram-negative bacteria (30, 55). Downstream of buk in strain
L2-50 lies a short open reading frame with high homology to a
small acid-soluble spore protein (45). Since spores have not
been observed in this organism, the function of this gene is not
clear.

Screening of butyrate-producing isolates for presence of the
butyrate kinase pathway. In order to establish how widespread
the butyrate kinase pathway is among the human colonic mi-
croflora, a wide range of butyrate-producing human gut bac-
terial isolates (Table 1) were screened for the presence of
genes ptb and buk. The study included 38 strains, of which 15
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FIG. 2. Phylogenetic tree of low mol% G+C-content gram-positive bacteria based on 16S rRNA sequence corresponding to positions 100 to
1447 of the E. coli numbering system (12). Strains examined in this study are shown in boldface, while the remaining strains served as reference
sequences. Accession numbers for the sequences used are given in brackets. Bootstrap values greater than 95 (per 100 replications) are shown at
branch points. Arrows indicate strains that carry the butyrate kinase pathway for butyrate formation (solid arrows, human fecal strains; open
arrows, strains from other environments). Clostridial clusters (14) are indicated by roman numbers. The scale bar represents genetic distance (10

substitutions per 100 nucleotides).

had been isolated previously from four donors (4, 5, 42), in
addition to 23 new isolates from fecal samples from four fur-
ther donors in order to ensure good coverage of the phyloge-
netic diversity within this group of bacteria. The 16S rRNA
genes were sequenced, and a phylogenetic tree was constructed
to show the phylogenetic relationship of the different isolates
(Fig. 2). All strains were related to the low mol% G+ C-con-
tent gram-positive anaerobic bacteria and fell into clusters IV,
XIVa, and XVI (14). The isolates were subjected to degener-
ate PCR targeted against the butyrate kinase operon. The
primer set PTBfor2 and BUKrevl gave bands of various in-
tensity in the expected size range for several bacteria (data not
shown). Bands from representatives of the different phyloge-
netic groups were cloned and sequenced. Only the PCR prod-
ucts from E. ruminantium-like strains (L2-50 and ART55/1)
and the Clostridium nexile-like strains (A2-232 and SL7/1) were
confirmed to possess the ptb and buk genes.

Degenerate PCRs performed with primers BUKforl and
BUKTrev1 on all 38 isolates gave a band of the correct size only
in the E. ruminantium-like strains (L2-50 and ART55/1) and
the C. nexile-like strains (A2-232 and SL7/1), a finding which is
in accordance with the results we obtained with the primer set
PTBfor2 and BUKrevl (data not shown).

Several bacteria isolated from other environments that be-
long to different clostridial clusters (14) and are reported to
produce butyrate were also screened for the presence of the
butyrate kinase pathway with both degenerate primer pairs. No
PCR product was obtained for C. propionicum (cluster XIVb),
C. sporosphaeroides (cluster IV), and E. barkeri (cluster XV).
C. lituseburense (cluster XI) and E. ruminantium (cluster
XIVa), however, gave bands of the expected size. The se-
quences obtained from those PCR products corresponded to
the butyrate kinase/phosphotransbutyrylase genes (data not
shown).
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GL1* (AY357292)

Clostridium acetobutylicum ATCC824 (NP_349675)

Clostridium lituseburense (AY487175)
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FIG. 3. Phylogenetic tree of part of the deduced protein sequence
(amino acid positions 22 to 127 of strain L2-50) of the butyrate kinase
gene (buk) from bacteria examined in this study (shown in boldface)
and several clostridial sequences (13, 34, 35, 47). Accession numbers
for the sequences used are given in brackets. Bootstrap values greater
than 95 (per 100 replications) are shown at branch points. The scale
bar represents genetic distance (10 substitutions per 100 nucleotides).
*, no corresponding isolate available.
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The deduced protein sequences of the amplified region of
the buk gene were aligned with the respective sequences of
four known clostridial sequences, and a phylogenetic tree was
constructed (Fig. 3). The sequences from the human colonic
isolates group into two pairs (as in the phylogenetic tree based
on their 16S rRNA sequences) and cluster together with the
ruminal isolate E. ruminantium, the closest relative of strains
L2-50 and ARTS55/1 based on 16S rRNA sequence. A fifth
human colonic sequence related to ptb and buk was obtained
from isolate GL1, but this strain could not be maintained in
culture. The recovery of this divergent buk gene does, however,
demonstrate that the degenerate primer combinations were
able to amplify a wide range of ptb- and buk-related genes. The
function of the GL1 gene could not be established, of course,
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and it should be noted that certain kinases involved in the
metabolism of branched-chain fatty acids in various bacteria
have sequences that are closely related to butyrate kinases (16,
53).

Screening for enzymatic activities. Seventeen human bu-
tyrate-producing strains representing different phylogenetic
groups (according to the phylogenetic tree based on 16S rRNA
sequences [Fig. 2]) were also tested for their butyrate kinase
and acetate kinase activities. All strains displayed acetate ki-
nase activity, whereas only E. ruminantium-like strains (L2-50
and ARTS55/1) and C. nexile-like strains (A2-232 and SL7/1)
displayed significant levels of butyrate kinase activity (Fig. 4).
This finding therefore corresponds with the distribution of the
butyrate kinase gene as detected by the degenerate PCR ap-
proach. Butyryl-CoA:acetate CoA-transferase activity was de-
tected in all isolates examined, including the ones displaying
butyrate kinase activity (Fig. 4). The butyryl-CoA:acetate CoA-
transferase activity measured in this study was higher than that
observed previously (18), a finding reflecting better optimiza-
tion of the assay. In the present study, all four strains that
produced butyrate kinase were found to be net acetate pro-
ducers. Of the strains that possessed butyryl-CoA:acetate
CoA-transferase, but not butyrate kinase activity, approxi-
mately two-thirds (23 out of 34) were net acetate utilizers,
while the remaining third were net acetate producers, under
the growth conditions examined herein (Table 1).

DISCUSSION

The strains studied here were isolated essentially nonselec-
tively from fecal samples provided by eight different individuals
over a period of 10 years. The samples represent a broad range
of bacterial diversity within the clostridial clusters IV, XIVa,
and XVI, including at least four as yet undescribed species
(strains A2-194, SS3/4 and GM2/1, L2-50 and ARTS55/1, and
SSC/2 and SS2/1, the sequence identity of which to known
species is less than 95%) from this ecosystem. The results
indicate that the butyrate kinase operon is not at all wide-
spread among human butyrate-producing bacteria recovered
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FIG. 4. Enzyme activities for acetate kinase (solid gray bars), butyrate kinase (black bars), and butyryl-CoA:acetate CoA-transferase (light gray
bars) from human colon bacteria. The butyryl-CoA:acetate CoA-transferase values are divided by 1,000.
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from human feces. Significant enzymatic activity and amplifi-
able gene sequences corresponding to butyrate kinase could be
detected only in 4 out of 38 butyrate-producing strains tested.
Interestingly, these four strains fall into only two branches in
the phylogenetic tree defined by 16S rRNA sequences, a find-
ing which strongly supports the view that butyrate kinase has a
limited distribution in the microflora of the human colon. In C.
acetobutylicum ATCC 824, a second butyrate kinase isoenzyme
has been described (26), and the question of whether our
screening approach could have missed such a gene arises. The
fact that we obtained a sequence that was only weakly related
to the ptb-buk operon (Fig. 3, GL1) supports the assumption
that our degenerate primers do amplify diverse members of
this gene family. Furthermore, our enzymatic data fully sup-
port the results obtained with the degenerate PCR approach.
We therefore conclude that it is unlikely that strains that were
negative in our screen possess the butyrate kinase pathway.
A phylogenetic tree of the butyrate kinase sequences shows
a similar branching structure to the one based on 16S rRNA
sequence. Sequences of the new human colonic species diverge
from those known for other clostridia (clostridial clusters I and
XI) but cluster together with the more closely related ruminal
strain, E. ruminantium (cluster XIVa). This arrangement ap-
pears more consistent with a progressive loss of butyrate kinase
from some clostridial lineages rather than with its acquisition
by a few species from other bacteria. The significance of the
butyrate kinase pathway in butyrate-producing bacteria from
other environments remains to be established. Of the five
strains examined within this study, only two seemed to carry
the butyrate kinase gene, one originating from the rumen (E.
ruminantium) and one isolated from soil (C. lituseburense).
Some bacteria isolated from soil, however, might have their
main habitat within the mammalian gut and merely survive in
soil—for example as spores. The different fermentation path-
ways present in different butyrate producers (for example, the
presence or absence of solventogenesis) might also play a role.
Activity for the enzyme butyryl-CoA:acetate CoA-trans-
ferase was detected in all the bacteria tested, including those
possessing the butyrate kinase pathway. This finding is in con-
trast to a study on rumen B. fibrisolvens strains, which exhibited
enzyme activities for either butyrate kinase or butyryl-CoA:
acetate CoA-transferase but not both (17). The CoA-trans-
ferase pathway appears to be most important for butyrate
formation in the human colonic ecosystem. Besides butyryl-
CoA, the enzyme needs acetate as a substrate. Acetate is
usually present in the colonic environment at high concentra-
tions (30 to 80 mM), as it is formed as a fermentation product
by many different bacteria. The pH in the colon, especially the
proximal region where the fermentation activity is presumably
highest due to the availability of nutrients entering from the
ileum, has been reported to be slightly acidic (10, 15). At a pH
of 6, about 5% of the acetate pool, which amounts to a several-
millimolar concentration, is protonated and is therefore ex-
pected to enter the cell readily by diffusion across the mem-
brane. This mechanism may help to account for the prevalence
of the CoA-transferase route for butyrate synthesis in human
colonic bacteria. If the internal pH of these bacteria is in the
neutral range, a supposition which remains to be shown at this
stage, acetate would be expected to accumulate within the cells
to much higher concentrations than those present externally,
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as observed in Escherichia coli (39). The usage of the CoA-
transferase route under those circumstances could even be
seen as a mechanism to detoxify excess acetate. However,
further studies are necessary to investigate this aspect of the
butyrate metabolism in more detail.

The existence of some human colonic species that possess
both mechanisms for butyrate synthesis, however, also requires
explanation. So far, all isolates we have found that are capable
of net uptake of acetate during growth lack the butyrate kinase
gene, but further investigations of metabolic regulation, energy
formation, and hydrogen disposal in these little-studied organ-
isms are called for before their fermentative metabolism can be
properly interpreted. It seems likely that these physiologically
distinct types of butyrate-producing bacteria will be found to
occupy different ecological niches within the human gut.
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