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Summary

Based on comparative analysis of 16S rRNA sequ-

ences and the recently established phylogeny of the

genus Desulfotomaculum, a set of phylogenetically

nested hybridization probes was developed and char-

acterized. A genus-speci®c probe targets all known

Desulfotomaculum species (with the exception of

Desulfotomaculum acetoxidans ), and ®ve speci®c

probes target subclusters within the Desulfotomacu-

lum genus. The dissociation temperature of each

probe was determined experimentally. Probe speci®-

cities were veri®ed through hybridizations with pure

culture rRNA isolated from a wide variety of target

and non-target organisms and through an evaluation

of probe `nesting' using samples obtained from four

different environments. Fixation and hybridization con-

ditions for ¯uorescence in situ hybridizations were also

optimized. The probes were used in quantitative mem-

brane hybridizations to determine the abundance of

Desulfotomaculum species in thermophilic anaerobic

digesters, in soil, in human faeces and in pig colon

samples. Desulfotomaculum rRNA accounted for 0.3±

2.1% of the total rRNA in the digesters, 2.6±6.6% in

soil, 1.5±3.3% in human faeces and 2.5±6.2% in pig

colon samples.

Introduction

Sulphate-reducing bacteria (SRB) have been found in a

wide range of anaerobic and aerobic habitats, where they

are involved in the terminal oxidation of organic matter

and the sulphur cycle (e.g. Widdel, 1988; Jùrgensen and

Bak, 1991; Widdel and Hansen, 1992; Ramsing et al.,

1993; Rabus et al., 1996; Teske et al., 1996; Sass et al.,

1997). Sulphate reduction can be performed by sulphate-

reducing Archaea and Bacteria (Widdel and Hansen,

1992; Karkhoff-Schweizer et al., 1995). Among the Bac-

teria, two major groups can accomplish sulphate reduction:

Gram-negative SRB, which belong to the d-subclass of the

Proteobacteria (Devereux et al., 1989, 1990), and Gram-

positive organisms of the Desulfotomaculum and Desulfo-

sporosinus genera (Stackebrandt et al., 1997). Until now,

the abundance and diversity of SRB have been analysed

mostly through cultivation techniques (Gibson et al., 1988;

Jùrgensen and Bak, 1991) and through hybridizations with

rRNA-targeted oligonucleotide probes for Gram-negative

SRB (Devereux et al., 1992; 1996; Ramsing et al., 1993;

1996; Rabus et al., 1996; Raskin et al., 1996; Llobet-Brossa

et al., 1998; Manz et al., 1998).

Some studies described in the literature indicate that

Gram-negative SRB are present at low levels in environ-

ments with high sulphate-reducing activity, suggesting

that Gram-positive SRB or sulphate-reducing Archaea

might be responsible for sulphate reduction in these habi-

tats. For example, Oude Elferink et al. (1998) demonstrated,

using rRNA-targeted hybridization probes, that the abun-

dance of Gram-negative SRB was very low in an acetate-

and sulphate-fed bioreactor, while the conversion of organic

compounds via sulphate reduction was high (40%). They

also determined, using microscopy and phospholipid ana-

lysis, that Desulfotomaculum acetoxidans-like bacteria

probably played a signi®cant role in acetate degradation

in this bioreactor. Furthermore, Lin et al. (1997) performed

oligonucleotide probe hybridizations with intestinal rRNA

and found that the levels of Gram-negative SRB popula-

tions were low in various locations in the gastrointestinal

tract of several animal species. The highest levels of

Gram-negative SRB 16S rRNA were found in the caecum

and lower gastrointestinal tract of goats and sheep (1.2±

1.3% of the total 16S rRNA). Relatively high total SRB

abundance (107±1010 cells gÿ1 wet human faeces) was

found in faecal samples using traditional techniques, with

only a low (2%) contribution of Gram-positive SRB (Gibson

et al., 1988; 1993; Macfarlane et al., 1992; Pochart et al.,

1992). As results of hybridization techniques and cultivation

cannot be compared directly, the contribution of Gram-

positive SRB to intestinal microbial communities remains

to be determined.

The contribution of Gram-positive SRB to sulphate-

reducing activity in aquatic environments also remains
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unresolved (Ramsing et al., 1996). A mesophilic Desulfo-

tomaculum sp. was isolated recently from an enrichment

culture obtained from a deep sediment layer of the Paci®c

Ocean (Barnes et al., 1998), indicating that Gram-positive

SRB exist in this environment. In addition, Sass et al.

(1997) reported that spore-forming SRB of the genus

Desulfotomaculum were dominant in the deeper sediment

layers of an oligotrophic lake. In contrast to Gram-negative

SRB, spore-forming Gram-positive SRB are more resist-

ant to compromising environmental conditions, including

desiccation, high temperatures, pH shifts and elevated

oxygen pressures (Campbell and Postgate, 1965; Widdel,

1992), which might explain their signi®cance in some of the

above environments.

Recently, a molecular strategy that targets conserved

regions of metabolic genes has been applied for environ-

mental studies of SRB. Gene fragments coding for hydro-

genases or dissimilatory sulphite reductase were used for

identi®cation of Desulfovibrio spp. among oil ®eld isolates

(Voordouw, 1990; Karkhoff-Schweizer et al., 1995). In

another study, comparative sequence analysis of dissimi-

latory sulphite reductase genes from closely and distantly

related sulphate-reducing organisms demonstrated a high

degree of similarity, i.e. 49±89% (Wagner et al., 1998).

These developments provide an alternative to culture-

based techniques and rRNA-targeted probe hybridizations

for determining the abundance of various sulphate-reduc-

ing populations relative to sulphate-reducing activity in

diverse environments. However, as these metabolic genes

are present only in sulphate-reducing populations, this

approach cannot determine relative population abundance

in the overall community, because a universal marker

gene would be required for this analysis. Moreover, at pre-

sent, metabolic molecular ecology strategies do not enable

consideration of phylogenetic relationships because of the

general paucity of available sequences for any particular

pathway.

Recently, Stackebrandt et al. (1997) published a detailed

phylogenetic analysis of the genus Desulfotomaculum

based on 16S rDNA sequence information. As hybridization

probes have not been developed for Desulfotomaculum,

we describe here the design and validation of a set of phy-

logenetically nested hybridization probes for this genus.

As two Desulfotomaculum spp., Desulfotomaculum guttoi-

deum and Desulfotomaculum orientis, are phylogeneti-

cally separated from the majority of Desulfotomaculum

spp. (Stackebrandt et al., 1997), we did not include

these species in our probe design. D. guttoideum shares

high 16S rDNA similarity with some Clostridium spp. and

has probably been misidenti®ed, whereas D. orientis repre-

sents a new genus for which the name Desulfosporosinus

orientis gen. nov., comb. nov. is proposed (Stackebrandt

et al., 1997). Together with probes for the Gram-negative

SRB, this set of Desulfotomaculum probes will allow a

more complete characterization of the abundance of var-

ious SRB populations and their relationships to sulphate-

reducing activity.

Results and discussion

Probe design

The phylogeny of known Desulfotomaculum spp. was ana-

lysed by Stackebrandt et al. (1997), who divided the studied

Desulfotomaculum strains into three clusters (I, II and III)

according to 16S rDNA sequence similarities. Cluster I,

which includes the majority of the Desulfotomaculum

spp., was divided into ®ve subclusters (designated subclus-

ters Ia to Ie) (Stackebrandt et al., 1997). Clusters II and III

contain the reclassi®ed Desulfosporosinus orientis and

the generically misclassi®ed D. guttoideum respectively

(Stackebrandt et al., 1997). We designed six oligonucleo-

tide hybridization probes based on this phylogeny (Table

1). One probe targets the Desulfotomaculum genus (i.e.

cluster I), whereas the other ®ve probes target subgroups

within this genus. The speci®cities of the probes were

checked using the CHECK_PROBE software provided through

the Ribosomal Database Project (RDP; Maidak et al.,

1997) and the BLAST network service in GenBank (Benson

et al., 1999). The results of this evaluation are presented

in Table 1. Nucleotide locations in the text below are

based on Escherichia coli numbering, and probe nomen-

clature is based on the oligonucleotide probe database

(Alm et al., 1996).

The genus-speci®c Desulfotomaculum probe S-G-Dtm-

0229-a-A-18 perfectly matches all Desulfotomaculum spp.

for which sequences were available (except for Desulfo-

tomaculum acetoxidans, currently the only described

species within subcluster Ie). This probe incorporates a

new pyrimidine analogue 6H,8H-3,4-dihydro-pyrimido[4,5-

c][1,2]oxazin-7-one,8[(58-dimethoxytrityl-b-D-deoxyribofur-

anosyl),38-[(2-cyanoethyl)-(N,N-diisopropyl)]-phosphorami-

dite (dP CE phosphoramidite or dP; Hill et al., 1998) at

position 233 to reduce the effect of a degeneracy (Table

1). Hill et al. (1998) demonstrated that dP was superior to

other analogues in its ability to bind indiscriminately with

dA and dG. However, incorporation of this pyrimidine ana-

logue in oligonucleotides resulted in decreased DNA:DNA

duplex stability compared with the stability with dC-con-

taining oligonucleotides (Hill et al., 1998). We evaluated

the effect of the incorporation of this analogue on the sta-

bility of DNA:RNA duplexes (see below).

In addition to matching their target populations, subcluster

probes S-*-Dtm(be)-0152-a-A-20 and S-*-Dtm(bcd)-0230-

a-A-18 also perfectly match the Gram-positive bacterium

Sporotomaculum hydroxybenzoicum. Even though 16S

rDNA sequence analysis revealed a phylogenetic af®lia-

tion with subcluster Ib, S. hydroxybenzoicum differs signi-

®cantly from Desulfotomaculum spp. because of its

Q 2000 Blackwell Science Ltd, Environmental Microbiology, 2, 143±159
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apparent lack of dissimilatory sulphate reduction, and was

described as the type strain of a new genus and species

(Brauman et al., 1998).

Three additional Desulfotomaculum spp. (Desulfotoma-

culum halophilum, Desulfotomaculum putei and Desulfo-

tomaculum luciae ) were not included in the probe design

effort, because they were described only recently or

because 16S rRNA sequences only recently became avail-

able. A neighbour-joining analysis was performed to deter-

mine the phylogenetic position of these three organisms in

the classi®cation proposed by Stackebrandt et al. (1997).

The results of this analysis are shown in Fig. 1. All three

Desulfotomaculum spp. have the correct target sequence

for the genus-speci®c probe. D. luciae (Liu et al., 1997) is

also targeted by probes S-*-Dtm(bcd)-0230-a-A-18 and

S-*-Dtm(c)-0428-a-A-19, which is consistent with its phylo-

genetic position in subcluster Ic (Fig. 1). However, D. luciae

has three mismatches with probe S-*-Dtm(cd)-0216-a-A-

19. D. halophilum (Tardy-Jacquenod et al., 1998) does

not belong to any of the subclusters de®ned by Stacke-

brandt et al. (1997) (Fig. 1). Based on the current boot-

strap analysis (Fig. 1), the branching order of subclusters

Q 2000 Blackwell Science Ltd, Environmental Microbiology, 2, 143±159

Table 1. 16S rRNA probes, target groups and target sequences for the organisms used in Td studies, Td values for probes (calculated as the mean
of the Td values obtained for individual target organisms), Td values for individual organisms and Tw values.

Probea and organisms
used in Td studies Target groupb Probe or target sequencec Td (8C) Tw (8C)

S-G-Dtm-0229-a-A-18d Genus 38 TACCXAGGCGCAGGGTAA 58e 53 53
D. ruminis Ia 58 AUGGAUCCGCGUCCCAUU 38 54
D. geothermicum Ib 58 ....G............. 38 52.5
D. kuznetsovii Ic 58 ....G............. 38 53.5
D. thermoacetoxidans Id 58 ....G............. 38 52

S-*-Dtm(a)-0229-a-A-18f Ia 38 TACCTAGGCGCAGGGTAA 58 53 56
D. ruminis Ia 58 AUGGAUCCGCGUCCCAUU 38 53.3
D. aeronauticum Ia 58 .................. 38 53.3
D. kuznetsovii Ic 58 ....G............. 38 50.5

S-*-Dtm(be)-0152-a-A-20g Ib and Ie 38 TTGCGGCCCTTTGGCCACGA 58 53 56
D. geothermicum Ib 58 AACGCCGGGAAACCGGUGCU 38 54
D. thermosapovorans Ib 58 .................... 38 51.5
D. thermoacetoxidans Id 58 .............U...... 38 55
D. kuznetsovii Ic 58 .............U..C... 38 49

S-*-Dtm(c)-0428-a-A-19h Ic 38 GCATTTCGAGACAAGACCC 58 49 49
D. kuznetsovii Ic 58 CGUAAAGCUCUGUUCUGGG 38 48.5
D. thermocisternum Ic 58 ................... 38 49.5
D. thermoacetoxidans Id 58 ..............G.U.. 38 44

S-*-Dtm(cd)-0216-a-A-19i Ic and Id 38 TTGGGCGATTACCTACCCA 58 53 53
D. kuznetsovii Ic 58 AACCCGCUAAUGGAUGGGU 38 54
D. thermoacetoxidans Id 58 ................... 38 52
D. geothermicum Ib 58 ..U................ 38 49

S-*-Dtm(bcd)-0230-a-A-18j Ib, Ic, and Id 38 ACCCAGGCGCAGGGTAAT 58 48 48
D. geothermicum Ib 58 UGGGUCCGCGUCCCAUUA 38 48
D. kuznetsovii Ic 58 .................. 38 48.5
D. thermobenzoicum Id 58 .................. 38 48
D. aeronauticum Ia 58 ...A.............. 38 43

a. Probe names are standardized according to the Oligonucleotide Probe Database as follows: S or L for large or small subunit rRNA as the target;
D for domain, O for order, F for family, G for genus, S for species and Ss for subspecies; letters designating the target group of the oligonucleotide
probe; nucleotide position (E. coli numbering) in the target where the 38 end of the probe binds; letter designating the version of the probe (a for
version 1, b for version 2, etc.); S or A for sense or antisense direction; number indicating the length of the probe in nucleotides (Alm et al., 1996).
b. Target groups are based on the phylogeny presented by Stackebrandt et al. (1997).
c. The top sequence for each list of organisms is the target sequence. Dots (.) in succeeding sequences indicate identical nucleotides, and repla-
cement nucleotides signify nucleotides that differ from the nucleotides in the target sequences, except for probe S-G-Dtm-0229-a-A-18, for which
the G in position 233 does not lead to a mismatch with the probe.
d. This probe has at least one mismatch with non-target species.
e. X indicates dP CE phosphoramidite.
f. This probe has one dT:G mismatch at position 233 with non-target Desulfotomaculum spp. of subclusters Ib, Ic and Id, and one dC:A mismatch
at position 232 with D. acetoxidans (subcluster Ie). Other non-target organisms have at least one mismatch with this probe.
g. This probe has one dG:U mismatch at position 165 with organisms of subcluster Id, two or more mismatches with Desulfotomaculum spp. of
subclusters Ia and Ic, and at least one mismatch with other non-target organisms.
h. This probe has two or more mismatches with organisms of subclusters Ia, Ib, Id and Ie. Other non-target organisms have at least two mis-
matches with this probe.
i. This probe has at least one mismatch with organisms of subclusters Ia, Ib and Ie, and three or more mismatches with other non-target organisms.
j. This probe has one dC:A mismatch at position 233 with Desulfotomaculum spp. of subcluster Ia, two dC:A mismatches at positions 232 and 233
with D. acetoxidans (subcluster Ie) and at least one mismatch with other non-target organisms.
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Ia, Ie and D. halophilum is not signi®cant, but D. halophi-

lum is targeted by probe S-*-Dtm(a)-0229-a-A-18. D.

putei is clearly a member of subcluster Ia (Fig. 1), but its

published 16S rRNA sequence (Liu et al., 1997) has a G

at position 233. This means that this organism perfectly

matches probe S-*-Dtm(bcd)-0230-a-A-18 instead of

probe S-*-Dtm(a)-0229-a-A-18. D. putei is not targeted

by the other speci®c probes (S-*-Dtm(be)-0152-a-A-20,

S-*-Dtm(c)-0428-a-A-19 or S-*-Dtm(cd)-0216-a-A-19).

Optimization of wash temperatures

To determine target group abundance accurately in environ-

mental samples using quantitative hybridization assays,

probe:target duplexes with one or more mismatches need

to be dissociated after hybridization. Therefore, the optimal

post-hybridization wash temperature (Tw) must be deter-

mined experimentally for each probe. The temperature

of dissociation (Td), de®ned as the temperature at which

50% of the probe:target duplex remains intact during a

speci®ed washing period (Tijssen, 1993), is often used

as a ®rst estimate for the Tw (Stahl and Amann, 1991).

RNA extracts obtained from target organisms and from

non-target organisms with one or two mismatches were

used to determine the Td values using an elution method

(Zheng et al., 1996). Representative normalized Td curves

are shown in Fig. 2 and Table 1 provides the sequence

alignments for the probes and for target and non-target

sequences used in the Td studies, as well as a summary

of the experimentally determined Td values.

The normalized Td curves for probe S-G-Dtm-0229-a-

A-18 for four target organisms were generally similar (Fig.

2A), and the difference between Td values obtained for

Desulfotomaculum ruminis (probe:target duplex included

a dP:A) and other target organisms (probe:target duplex

included a dP:G) was 28C at most (Table 1). This small

Q 2000 Blackwell Science Ltd, Environmental Microbiology, 2, 143±159

Fig. 1. Phylogenetic dendrogram based on
16S rDNA sequence comparisons. Bootstrap
values (of 1000 replications) are shown at the
branch points. Bar� 0.1 nucleotide changes
per nucleotide. Clusters and subclusters as
determined by Stackebrandt et al. (1997) are
indicated for relevant organisms.
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difference in Td values indicates that the use of the pyrimi-

dine analogue dP was ef®cient.

Comparison of the Td curves for D. ruminis obtained

with probes S-G-Dtm-0229-a-A-18 and S-*-Dtm(a)-0229-

a-A-18 (Fig. 2A and B) indicates that incorporation of the

pyrimidine analogue dP in probe S-G-Dtm-0229-a-A-18

did not affect DNA:RNA duplex stability when compared

with a probe with dT (S-*-Dtm(a)-0229-a-A-18). In other

words, the DNA:RNA duplexes with dP:A and dT:A exhibi-

ted similar stabilities. Furthermore, comparison of the Td

curves for Desulfotomaculum kuznetsovii obtained with

probes S-G-Dtm-0229-a-A-18 and S-*-Dtm(a)-0229-a-

A-18 (Fig. 2A and B) shows that the incorporation of dP

improved DNA:RNA duplex stability in the case of a dT:G

mismatch.

Probe S-*-Dtm(be)-0152-a-A-20 has Td values of 51.58C

and 548C for Desulfotomaculum thermosapovorans and

Desulfotomaculum geothermicum respectively (Fig. 2C).

Unexpectedly, it was found that Desulfotomaculum thermo-

acetoxidans, which has one mismatch with this probe, had

a higher Td of 558C. This result suggests that this mismatch

is not real, i.e. that the published 16S rRNA sequence of D.

thermoacetoxidans contains an error. We determined that

this was not the case by sequencing the 16S rDNA of D.

thermoacetoxidans (DSM 5813T ) and con®rmed that D.

thermoacetoxidans has one mismatch at position 162

with probe S-*-Dtm(be)-0152-a-A-20 (unpublished data).

Therefore, other factors, such as differences in duplex sta-

bility as a result of base stacking effects (Tijssen, 1993),

might be responsible for this observation.

A comparison of the Td curves for D. geothermicum

and D. kuznetsovii for probes S-G-Dtm-0229-a-A-18 and

Q 2000 Blackwell Science Ltd, Environmental Microbiology, 2, 143±159

Fig. 2. Representative results of temperature of disassociation (Td) studies. At least two Desulfotomaculum spp. with no mismatches and one
or two with one and/or two mismatches were used for each Td study (except for probe S-G-Dtm-0229-a-A-18, for which only target organisms
were used). The number of mismatches between the probes and the corresponding target sequences is shown in parentheses after the name
of the Desulfotomaculum spp. used. Normalized oligonucleotide Td curves were obtained by the elution method (Zheng et al., 1996). The
curves represent the means of duplicate experiments.
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S-*-Dtm(bcd)-0230-a-A-18 (Fig. 2A and D) suggests that

incorporation of the pyrimidine analogue dP in the genus-

speci®c probe increases the DNA:RNA duplex stability

when compared with a probe with dC (S-*-Dtm(bcd)-

0230-a-A-18). However, a direct comparison is not possible

because the target positions of the two probes are shifted

by one nucleotide, although their length is the same.

Speci®city studies

Probe speci®cities were determined empirically using tra-

ditional speci®city studies (Fig. 3). In addition, probe spe-

ci®cities were evaluated using the concept of probe

`nesting' applied to a selection of samples from different

environments (discussed below). Figure 3A shows positive

hybridization responses for all 42 RNAs included in the spe-

ci®city study with the universal probe S-*-Univ-1390-a-A-18.

Probes S-G-Dtm-0229-a-A-18, S-*-Dtm(c)-0428-a-A-19,

S-*-Dtm(cd)-0216-a-A-19 and S-*-Dtm(bcd)-0230-a-A-

18 behaved as expected. These probes hybridized to

the rRNAs of their target organisms and not to those of

non-target organisms (Fig. 3B, D, F and G).

Hybridization with probe S-*-Dtm(a)-0229-a-A-18 resulted

in a positive signal for subcluster Ia organisms. However, a

signi®cant signal was also obtained for subclusters Ib, Ic

and Id organisms when a Tw equal to the experimentally

determined Td of 538C was used (data not shown). When

the Tw was increased to 568C, the hybridization response

for these non-target organisms became insigni®cant

(Fig. 3C).

Probe S-*-Dtm(be)-0152-a-A-20 hybridized strongly to

D. geothermicum, a subcluster Ib organism. However, a

positive hybridization response was also observed for

Desulfotomaculum spp. of subcluster Id (D. thermoacetoxi-

dans and Desulfotomaculum thermobenzoicum ), which

have one mismatch with this probe (Fig. 3E), despite an

increased Tw (568C; Table 1). Based on the Td curve

(Fig. 2C), this result is not unexpected and con®rms that

probe S-*-Dtm(be)-0152-a-A-20 targets subcluster Id

organisms in addition to subcluster Ib and Ie organisms.

This result illustrates the importance of an experimental

determination of Td values and speci®city studies during

probe characterization. If subsequent applications with

this probe require the quanti®cation of subcluster Ib and

Q 2000 Blackwell Science Ltd, Environmental Microbiology, 2, 143±159

Fig. 3. Results of speci®city studies. RNA extracts from 42 organisms, representing a wide variety of phylogenetically distant and close
relatives of target organisms, were used in membrane hybridizations. The following organisms were used (numbers correspond to the order
of application to hybridization membranes; A and B indicate columns on hybridization membranes): Eukarya: 1A Rattus norvegicus, 2A
Dictyostelium discoideum ; Archaea: 3A Methanogenium cariaci, 4A Methanosarcina acetivorans ; Cytophaga/Flavobacteria: 5A Prevotella
ruminicola GA33; a-Proteobacteria: 6A Caulobacter sp. MCS10; b-Proteobacteria: 7A Chromobacterium violaceum ATCC 12472, 8A
Alcaligenes faecalis ATCC 8750, 9A Aquaspirillum serpens ATCC 27050, 10A Neisseria sicca ; g-Proteobacteria: 11A Pseudomonas sp.
ATCC 13867, 12A Aeromonas hydrophila, 13A E. coli K-12, 14A Proteus vulgaris ; d-Proteobacteria (Gram-negative SRB): 15A Desulfovibrio
desulphuricans DSM 642, 16A Desulfovibrio vulgaris DSM 644, 17A Desulfobulbus elongatus DSM 2908, 18A Desulfobacter curvatus DSM
3379, 19A Desulfobacterium autotrophicum, 20A Desulfuromonas acetoxidans ; Low G�C Gram-positive bacteria: 1B Lactobacillus casei, 2B
Listeria monocytogenes, 3B Staphylococcus intermedius, 4B Bacillus subtilis, 5B Clostridium leptum DSM101, 6B Clostridium beijerinkii, 7B
Clostridium innocuum ; Genus Desulfotomaculum: 8B D. ruminis ATCC 23193, 9B D. aeronauticum DSM 10349, 10B D. geothermicum DSM
3669, 11B D. kuznetsovii DSM 6115, 12B D. thermoacetoxidans DSM 5813, 13B D. thermobenzoicum DSM 6193; High G�C Gram-positive
bacteria: 14B Brevibacterium ketoglutaricum, 15B Propionibacterium acidipropionici, 16B Micrococcus roseus ATCC 534, 17B
Saccharopolyspora rectivirgula ATCC 33515, 18B Mycobacterium paratuberculosum, 19B Tsukamurella paurometabolum ATCC 8368, 20B
Nocardia nova ATCC 33726, 21B Rhodococcus coprophilus ATCC 29080, 22B Gordonia amarae RBI. Membrane images were obtained with
an InstantImager (Packard Instruments) and scanned and printed with ADOBE PHOTOSHOP 3.0 (Adobe).
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Ie organisms only, non-speci®c binding can be reduced by

adding an unlabelled version of the oligonucleotide com-

plementary to the target site of subcluster Id organisms to

the hybridization solution (competitor probe) (Manz et al.,

1992; Hansen et al., 1999).

Optimization of conditions for ¯uorescence in situ

hybridizations

Evaluation and optimization of the ®xation procedure are

crucial for the success of ¯uorescence in situ hybridizations

(FISH). Fixatives fall into two classes: precipitants (e.g.

ethanol) and cross-linking agents (e.g. various aldehydes).

Paraformaldehyde (PFA) is the most commonly used ®xa-

tive for FISH studies in microbial ecology and has been

demonstrated to be effective for most Gram-negative bac-

teria. Many Gram-positive bacteria are dif®cult to permea-

bilize after ®xation with PFA (Stahl and Amann, 1991;

Macnaughton et al., 1994; Amann et al., 1995). Gram-posi-

tive bacteria were detected after ®xation by heat (Jurtshuk

et al., 1992), ethanol±formalin (9:1 v/v); Braun-Howland

et al., 1992) or 50% ethanol (Roller et al., 1994). Treat-

ment of PFA-®xed cells with cell wall lytic enzymes, such

as lysozyme or mutanolysin, also increased the perme-

ability of Gram-positive lactococci, enterococci and strep-

tococci (Beimfohr et al., 1993), Streptomyces scabies

hyphae (Hahn et al., 1992), and Microthrix parvicella

(Erhart et al., 1997). Furthermore, ®xation with PFA for

a short time (1 min) resulted in the successful permeabil-

ization of several mycolic acid-containing actinomycetes

(de los Reyes et al., 1997).

As several Desulfotomaculum spp. stain Gram-nega-

tive, even though they are true Gram-positives based on

their cell wall structure and 16S rRNA sequence analysis

(Widdel, 1992; Stackebrandt et al., 1997), we evaluated

the use of PFA and ethanol as ®xatives. The following ®xa-

tion treatments were tested with a pure culture of Desulfo-

tomaculum aeronauticum: 4% PFA ®xation at 48C for

5 min, 2 h and 16 h; and 50% ethanol ®xation at 48C for

2 h and 16 h. The ®xed cells were hybridized with the

bacterial probe S-D-Bact-0338-a-A-18 labelled with an

indocarbocyanine dye (cyanine 3.18; Cy3). All ®ve ®xation

treatments resulted in positive hybridization signals. Rep-

resentative micrographs for two ®xation conditions are

shown in Fig. 4A and B. A similar experiment was per-

formed with pure cultures of D. thermobenzoicum and

Q 2000 Blackwell Science Ltd, Environmental Microbiology, 2, 143±159

Fig. 4. Effects of ®xation treatment on pure cultures of D. aeronauticum (A and B) hybridized with bacterial probe labelled with Cy3 (0%
formamide in buffers), or D. thermobenzoicum (C and D) hybridized with Desulfotomaculum genus-speci®c probe labelled with FAM (15%
formamide in buffers). The cultures were ®xed for 2 h in PFA (A and C) or for 2 h with ethanol (B and D). Magni®cation, 1000 ´. Bar� 10 mm.
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D. thermoacetoxidans and a ¯uorescein amidite (FAM)-

labelled version of probe S-G-Dtm-0229-a-A-18 and a

Cy3-labelled version of probe S-*-Dtm(bcd)-0230-a-A-18

using the experimentally determined optimal formamide

concentrations for these probes in the hybridization and

wash buffers (15% and 10% respectively; see below). For

hybridizations with the genus and subcluster probes, PFA-

and ethanol-®xed cells were treated with mutanolysin

before hybridization. Treatment with mutanolysin increased

the hybridization signal and reduced background ¯uores-

cence (data not shown). Again, all ®ve ®xation treatments

resulted in positive hybridization signals, and representa-

tive micrographs for two ®xation conditions for D. thermo-

benzoicum hybridized with probe S-G-Dtm-0229-a-A-18

are shown in Fig. 4C and D. The positive hybridization sig-

nals obtained with PFA-®xed Desulfotomaculum cells indi-

cate that PFA ®xation allows detection of Gram-negative

and Gram-positive SRB in the same samples. Thus, the

assumption that typical PFA ®xation protocols only allow

detection of Gram-negative bacteria (Llobet-Brossa et al.,

1998) is not always correct and should be evaluated for

relevant Gram-positive organisms. For subsequent hybri-

dizations reported in this study, samples were ®xed with

50% ethanol for 2 h at 48C and treated with mutanolysin

(Erhart et al., 1997).

To determine optimal FISH conditions for probes

S-G-Dtm-0229-a-A-18 and S-*-Dtm(bcd)-0230-a-A-18,

11 hybridization conditions were evaluated, representing

formamide concentrations from 0% to 70% in 5% steps

(from 0% to 30%) and in 10% steps (from 30% to 70%)

in the hybridization buffer with equivalent formamide con-

centrations in the wash buffer. Equivalent formamide con-

centrations in the wash buffer were simulated using

various concentrations of NaCl, based on empirical formu-

lae (Stahl and Amann, 1991; de los Reyes et al., 1997). We

initially attempted to determine the optimal formamide con-

centration by quanti®cation of probe-conferred ¯uorescence

for target and non-target cells for the different formamide

concentrations using IPLAB SPECTRUM image analysis soft-

ware (Signal Analytics). However, when culturing Desulfo-

tomaculum spp., it was observed that most cells (in

particular thermophilic strains) clumped together, possibly

by attaching to precipitated salts present in the culture

media or produced during growth. It was possible to

break the clumps and obtain individual cells through sonica-

tion, but this process resulted in very low hybridization sig-

nals relative to the background signal, making it impossible

to quantify hybridization responses. The optimal hybridiza-

tion conditions were then determined by comparing FISH

micrographs obtained with target and non-target cells with-

out sonication for formamide concentrations ranging from

0% to 70%. Figure 5 presents representative micrographs

of hybridizations with a Cy3-labelled version of probe

S-*-Dtm(bcd)-0230-a-A-18 with the target organism D.

thermoacetoxidans and the non-target organism D. rumi-

nus (one mismatch) for formamide concentrations of

0%, 10% and 20%. The samples were also stained with

DAPI, and the same image ®elds obtained with a DAPI ®l-

ter set are shown above the micrographs obtained with a

Cy3 ®lter set. The optimal formamide concentrations

were determined to be 10% for probe S-*-Dtm(bcd)-

0230-a-A-18 (Fig. 5) and 15% for probe S-G-Dtm-0229-

a-A-18 (data not shown).

Characterization of environmental samples

The genus-speci®c probe S-G-Dtm-0229-a-A-18 targets a

phylogenetic branch of organisms with 16S rDNA sequ-

ence similarities of between 89% and 93% (Stackebrandt

et al., 1997). This level of similarity is commonly found

within subclasses or families rather than within genera

(Vandamme et al., 1996). Thus, while probe S-G-Dtm-

0229-a-A-18 is genus speci®c based on the valid taxon-

omy of Desulfotomaculum, this probe is more likely to be

family speci®c for the `Desulfotomaculaceae' (although

this family is not yet de®ned). Strains that belong to a

group at this taxonomic level cannot be expected to

share many characteristics. Consequently, based on ®nd-

ings obtained with Desulfotomaculum isolates and their

isolation ef®ciencies, it is only possible to state that the

abundance of Desulfotomaculum spp. in various environ-

ments is probably related to sulphate availability and expo-

sure to adverse environmental conditions, such as regular

exposures to oxygen (Widdel, 1992). More detailed infor-

mation on the ecological role of various Desulfotomaculum

spp. can be obtained only through the application of more

speci®c probes. Stackebrandt et al. (1997) suggested that

subclusters within the genus Desulfotomaculum can be

treated taxonomically as individual genera, but that the

de®nition of new genera is impossible because of limited

information on subcluster characteristics. Subcluster Ia

is the only group consisting of organisms that exclusively

perform an incomplete oxidation of organic substrates

(Widdel, 1992; Liu et al., 1997). Subclusters Ib, Ic and Id

share the ability to use fatty acids and/or benzoate and

its derivatives as electron donors (Tasaki et al., 1991; Wid-

del, 1992; Fardeau et al., 1995). Sporotomaculum hydroxy-

benzoicum, a hydroxybenzoate degrader without sulphate-

reducing activity, also belongs to subcluster Ib (Brauman et

al., 1998). So far, isolates belonging to subclusters Ic and Id

are exclusively thermophilic (Tasaki et al., 1991; Widdel,

1992; Love et al., 1993; Tanimoto and Bak, 1994; Nilsen

et al., 1996; Liu et al., 1997). The probes detecting the

branch harbouring subclusters Ib, Ic and Id (probe S-*-

Dtm(bcd)-0230-a-A-18), the combined clusters Ic and

Id (probe S-*-Dtm(cd)-0216-a-A-19) and Ib and Ie

(probe S-*-Dtm(be)-0152-a-A-20), and the individual sub-

clusters Ia and Ic (probes S-*-Dtm(a)-0229-a-A-18 and

Q 2000 Blackwell Science Ltd, Environmental Microbiology, 2, 143±159
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S-*-Dtm(c)-0428-a-A-19) detect all phylogenetic sub-

clusters of Desulfotomaculum and putative physiological

groups. The application of these probes should have suf®-

cient resolution to allow an ecological characterization of

individual phylogenetic groups, and to help to characterize

each of the subclusters in terms of their competitiveness in

a particular environment.

The genus- and subcluster-speci®c probes were used

in quantitative membrane hybridizations to determine the

abundance of Desulfotomaculum spp. in thermophilic

digesters, in soil samples, in human faeces and in pig

colon samples. Hybridization signals obtained with these

probes were normalized with signals obtained with the uni-

versal probe S-*-Univ-1390-a-A-18 to provide the percen-

tage of total 16S rRNA attributed to the different target

groups (Table 2). Furthermore, signals obtained with

some of the subcluster-speci®c probes were normalized

with signals from the genus-speci®c probe (Fig. 6).

Four samples taken at different times from a laboratory-

scale thermophilic anaerobic digester, operated to treat a

mixture of municipal solid waste and sewage sludge (Grif-

®n et al., 1998), were analysed. The inoculum used to start

the digester consisted of a mixture of mesophilic anaerobic

digester sludge and cattle manure. The Desulfotomaculum

16S RNA levels decreased from 2.1% on day 0 to 0.3% on

day 31 of digester operation (Table 2). The signi®cant level

of Desulfotomaculum spp. on day 0 may be the result

of their presence in cattle manure or anaerobic digester

sludge. The subsequent decrease in rRNA levels is con-

sistent with a signi®cant, but low sulphate-reducing activity

in the digester. The sulphate concentrations in the digester

feed averaged 53 6 14 mg lÿ1 (n� 7), whereas ef¯uent

Q 2000 Blackwell Science Ltd, Environmental Microbiology, 2, 143±159

Fig. 5. Optimization of formamide concentration for FISH. Probe S-*-Dtm(bcd)-0230-a-A-18 labelled with Cy3 was used to hybridize the target
organism D. thermoacetoxidans (A±F) or non-target organism D. ruminis (one mismatch) (G±L) using 0% (A, D, G and J), 10% (B, E, H and
K) or 20% formamide (C, F, I and L). The cultures were also stained with DAPI, and the same image ®elds obtained with a DAPI ®lter set
(A±C and G±I) are shown above the micrographs obtained with a Cy3 ®lter set (D±F and J±L). Magni®cation, 630 ´. Bar� 10 mm.
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sulphate concentrations were close to the detection limit

(1 mg lÿ1) for the duration of the experiment (Grif®n et al.,

1998). As the sulphate concentration in the feed was low

and methane production was high, sulphate was probably

limiting, and SRB were not able to compete effectively with

methanogens. This is con®rmed by the consistently low

levels of Gram-negative SRB rRNA [mean 16S rRNA levels

were 1.7 6 0.2% (n� 8) for the family Desulfovibrionaceae,

whereas the levels of other target groups were always

below 1.0% and usually below 0.1%; Grif®n et al., 1998],

and by the decrease in Desulfotomaculum rRNA levels

reported here. The above analysis would be consistent

with the Gram-negative Desulfovibrionaceae being more

competitive than the Gram-positive Desulfotomaculum

spp. in this thermophilic environment with limiting sulphate

levels. However, as discussed above, quanti®cation of

Desulfotomaculum spp. with the genus-speci®c probe

may not be optimal for evaluating their ecological niche

in a particular environment. Instead, determining the abun-

dance of individual subclusters (e.g. expressed as a per-

centage of total Desulfotomaculum 16S rRNA) should

allow a more detailed evaluation of preferential environ-

mental conditions for each of the subclusters.

The observed decrease in Desulfotomaculum rRNA

during the start-up of the thermophilic digester was

caused by a decrease in the levels of all subclusters that

were detected on day 0 (Table 2). However, the contribu-

tion of subcluster Ic 16S rRNA to total Desulfotomaculum

16S rRNA increased from 23% on day 0 to 71% on day 31

(Fig. 6). As all currently known Desulfotomaculum spp. of

subcluster Ic are thermophiles, our result is consistent with

the possibility that Desulfotomaculum populations shifted

from a higher abundance of mesophilic strains in the inocu-

lum towards more thermophilic strains after operation at

thermophilic conditions for 31 days.

Q 2000 Blackwell Science Ltd, Environmental Microbiology, 2, 143±159

Table 2. Results of quantitative membrane hybridizations with RNA extracted from environmental samples.

% of total 16S rRNAa

Sample Genus bcd a be c cd (bcd� a) (be� c)

Continuously mixed thermophilic anaerobic digester
Day 0 2.1 6 0.23 1.4 6 0.27 <DLb 0.9 6 0.03 0.5 6 0.06 <DL 1.4 6 0.27 1.4 6 0.06
Day 11 1.2 6 0.05 0.9 6 0.06 <DL 0.4 6 0.04 0.3� 0.01 <DL 0.9 6 0.06 0.7 6 0.04
Day 27 1.0 6 0.13 0.5 6 0.09 <DL 0.4 6 0.04 0.3 6 0.04 <DL 0.5 6 0.09 0.7 6 0.04
Day 31 0.3 6 0.03 0.1 6 0.04 <DL 0.1 6 0.05 0.2 6 0.01 <DL 0.1 6 0.04 0.3 6 0.05

Temperature-phased anaerobic digester
2.0 6 0.16 0.8 6 0.07 1.5 6 0.21 0.7 6 0.06 0.2 6 0.01 <DL 2.3 6 0.22 0.9 6 0.06

Soils
Sawmill spring 2.6 6 0.27 1.9 6 0.09 0.8 6 0.33 1.5 6 0.23 NDc ND 2.7 6 0.34 ND
Sawmill autumn 3.4 6 0.27 1.6 6 0.08 1.8 6 0.17 1.5 6 0.20 ND ND 3.4 6 0.19 ND
Drummer spring 6.6 6 0.72 3.0 6 0.32 1.6 6 0.13 2.0 6 0.25 ND ND 4.6 6 0.35 ND
Drummer autumn 4.6 6 0.45 3.3 6 0.26 1.5 6 0.11 2.9 6 0.32 ND ND 4.8 6 0.28 ND

Faecal and intestinal samples
Human 1 1.5 6 0.16 1.7 6 0.18 <DL <DL <DL <DL 1.7 6 0.18 <DL
Human 2 2.2 6 0.39 1.0 6 0.18 <DL <DL <DL <DL 1.0 6 0.18 <DL
Human 3 3.3 6 0.45 3.7 6 0.48 <DL <DL <DL <DL 3.7 6 0.48 <DL
Pig 1 6.2 6 0.36 4.1 6 0.62 <DL <DL <DL <DL 4.1 6 0.62 <DL
Pig 2 2.5 6 0.21 0.7 6 0.15 <DL <DL <DL <DL 0.7 6 0.15 <DL

a. The results are expressed as percentages of the total 16S rRNA and represent the mean values from triplicate applications of RNA from a single
sample with standard deviations. Genus indicates probe S-G-Dtm-0229-a-A-18, and bcd, a, be, c and cd represent the corresponding specific
probes. (bcd� a) and (be� c) indicate hybridization signals obtained by adding the signals obtained with the corresponding specific probes.
b. <DL indicates below detection limit. Detection limits ranged from <0.05% to 0.2%.
c. ND, not determined.

Fig. 6. Results of quantitative membrane hybridizations with
digester samples. Hybridization signals obtained with the speci®c
probes were normalized to hybridization signals obtained with the
genus-speci®c probe. The results are expressed as percentages of
the Desulfotomaculum 16S rRNA and represent the mean values of
triplicate applications of RNA from a single sample; error bars
indicate standard deviations. Thermophilic digester samples were
obtained on days 0, 11, 27 and 37 from start-up; a single sample
was taken from the thermophilic phase of a temperature-phased
anaerobic digester (TPAD).
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A sample was obtained from the thermophilic phase of a

laboratory-scale temperature-phased anaerobic digester

(TPAD; Han and Dague, 1997) used to treat biosolids pro-

duced by a wastewater treatment plant. This plant treated

a mixture of municipal wastewater and wastewater from a

paper mill producing pulp from wood. Desulfotomaculum

spp. 16S rRNA levels were signi®cantly higher in the

TPAD than those in the thermophilic digester 31 days

after start-up (2% versus 0.3% of total 16S rRNA; Table

2). A signi®cant fraction of Desulfotomaculum rRNA in

the TPAD consisted of subcluster Ia rRNA (1.5% of total

16S rRNA and 76% of Desulfotomaculum 16S rRNA),

whereas subcluster Ia rRNA was non-detectable in the

thermophilic digester (Table 2 and Fig. 6). The thermophilic

digester treated a mixture of municipal solid waste and

sewage sludge, which contained a high level of cellulose,

a relatively low level of lignin and a low sulphate concentra-

tion [55.5 6 4.4% of total solids, 8.9 6 0.4% of total solids,

53 6 14 mg lÿ1 respectively (n� 7); Grif®n et al., 1998]. In

contrast, the TPAD treated a waste stream, which presum-

ably contained a higher level of lignin (from wood). The sul-

phate-reducing activity in the TPAD was also higher, as

indicated by sulphate concentrations of 120±160 mg lÿ1

and 20±50 mg lÿ1 in the waste stream and ef¯uent respec-

tively. Furthermore, as the TPAD had been fully operational

for an extended period of time, sample characteristics were

probably determined mostly by operating conditions and

less by the characteristics of the inoculum. The anaerobic

microbial degradation of lignin results in the production of

aromatic intermediates, particularly benzoate derivatives

and phenolic compounds (Colberg and Yong, 1985; Akin

and Benner, 1988), which can serve as energy and carbon

sources. Benzoate derivatives can be degraded by Desul-

fotomaculum spp. of subclusters Ib, Ic and Id. Consistent

with this, the use of probe S-*-Dtm(bcd)-0230-a-A-18 resul-

ted in a signi®cant hybridization signal (Table 2). No detect-

able hybridization signals were obtained with probe S-*-

Dtm(cd)-0216-a-A-19, although members of subcluster Ic

were present, as indicated by the positive signal obtained

with probe S-*-Dtm(c)-0428-a-A-19 (Table 2). This result

suggests that thermophilic strains belonging to subcluster

Ic, but not detectable with probe S-*-Dtm(cd)-0216-a-A-19

(e.g. D. luciae ), were present in the TPAD and that those

strains were more competitive than thermophilic strains of

subcluster Id. This ®nding is in apparent disagreement with

the sources of isolation of the characterized strains of sub-

clusters Ic and Id. Members of subcluster Id, whether

validly described or referred to as Desulfotomaculum spp.,

were all isolated from thermophilic reactors, including

digesters treating pulp waste condensate and kraft pulp

(Tasaki et al., 1991; Tanimoto and Bak, 1994). Typical

environments from which members of subcluster Ic were

isolated include formation water from oil reservoirs and

geothermal waters (Love et al., 1993; Nilsen et al., 1996).

Sawmill soil samples were obtained during the spring

and autumn and consisted of a mixture of samples taken

from the saturated zone of a stream bank and from a

stream bed in a wooded area. Drummer soil samples con-

sisted of a mixture of surface samples from a cropland with

soybean residue in the spring (from the previous year's

crop) and corn residue in the autumn. The Desulfotomacu-

lum 16S rRNA levels in the spring and autumn Sawmill soil

samples were 2.6% and 3.4% respectively, whereas Desul-

fotomaculum 16S rRNA levels in spring and autumn

Drummer soil samples were 6.6% and 4.6% respectively

(Table 2). The high levels of Desulfotomaculum spp. in

spring Drummer soil are in agreement with the relatively

high sulphate concentrations in this soil (349.5 mg gÿ1

soil). For comparison, the sulphate concentrations in the

autumn Drummer, spring Sawmill and autumn Sawmill

soil samples were 37.4, 51.0 and 66.9 mg gÿ1 soil respec-

tively. The higher sulphate level in the spring Drummer soil

sample is presumably caused by the mineralization of

organic sulphur (present in crop residue) to sulphate,

which is facilitated by an increase in soil temperature dur-

ing the spring. During the growing season, sulphate levels

decrease as a result of sulphate-reducing activity and the

uptake of sulphate by crops as their sulphur source, which

explains why the sulphate level in the autumn sample was

much lower. Although Desulfotomaculum spp. were most

abundant in the soil sample with the highest sulphate con-

centration, the limited number of samples did not allow a

correlation of Desulfotomaculum 16S rRNA levels with sul-

phate concentrations. Also, the levels of different Desulfo-

tomaculum subclusters (Table 2) did not appear to relate

only to sulphate concentrations. Furthermore, 31% of

the total Desulfotomaculum signal for the spring Drummer

soil (high sulphate concentration) was not detected by spe-

ci®c probes, as indicated by the sum of results obtained

with probes S-*-Dtm(bcd)-0230-a-A-18 and S-*-Dtm(a)-

0229-a-A-18 (Table 2), which indicates the presence of

an undescribed group of Desulfotomaculum spp. in this

sample.

The relatively high levels of Desulfotomaculum 16S

rRNA in these soil samples, which were obtained from

areas that are `¯ooded' during part of the year, indicate

that spore-forming SRB are competitive in soils that are

exposed to varying O2 levels (low O2 pressure during

¯ooded conditions and higher O2 levels in dry soil) and sul-

phate concentrations (high sulphate concentrations result-

ing from mineralization of crop residue and lower sulphate

concentrations after sulphate-reducing activity). Isolation

frequencies of SRB also suggest that Desulfotomaculum

spp. may prefer habitats that alternate between aerobic

and anaerobic conditions, such as rice paddies and some

soils (Cord-Ruwisch and Garcia, 1985; Widdel, 1992).

However, our results need to be complemented with

detailed physical, chemical and microbial analyses of a
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larger number of soil samples to explain our observations

in more detail.

Desufotomaculum 16S rRNA levels in human faeces

and in pig colon samples ranged from 1.5% to 3.3% and

from 2.5% to 6.2% respectively. Previously, SRB levels

in human faeces were found to be inversely proportional

to the level of methanogenesis (Gibson et al., 1988), and

may also relate to the level of dietary sulphate (Christl et

al., 1992; Florin et al., 1993). The present data indicate

that the only speci®c probe that resulted in detectable

signals for the human faecal and pig colon samples was

probe S-*-Dtm(bcd)-0230-a-A-18 (Table 2). The 16S

rRNA signal obtained with this probe constituted 46%

(human 2) and >100% (human 1 and 3) of the Desulfoto-

maculum 16S rRNA in the faecal samples. Human 2 had

received fructooligosaccharide (Golden Technologies,

Westminster, CO) as a dietary supplement, while human

1 and 3 had received placebos. The lower fraction of

Desulfotomaculum 16S rRNA detected by probe S-*-

Dtm(bcd)-0230-a-A-18 may result from inclusion of fruc-

tooligosaccharide supplement in the diet of human 2,

which affects the composition of the microbiota in the

human intestine (Hidaka et al., 1991). This shift in Desulfo-

tomaculum population (i.e. decrease in relative signal

with probe S-*-Dtm(bcd)-0230-a-A-18) without a marked

change in abundance (as evidenced by the results

obtained with the genus probe) may be caused by an

increase in H2 production from fructooligosaccharide sup-

plementation and a corresponding increase in methano-

genic populations (Gibson et al., 1988). 16S rRNA levels

estimated by probe S-*-Dtm(bcd)-0230-a-A-18 accounted

for 66% and 31% of the Desulfotomaculum 16S rRNA in

pig colon samples. To the best of our knowledge, the pre-

sent results represent the ®rst speci®c demonstration of

intestinal Desulfotomaculum population in non-ruminant

animal species.

Probe nesting

Probe `nesting' is an important strategy for evaluating probe

speci®city further (Raskin et al., 1997). If each probe in a

set of nested probes (i.e. probes with increasing levels of

speci®city) hybridizes with all target organisms present

in a sample, the sum of the amounts of 16S rRNAs quan-

ti®ed by a set of speci®c probes (e.g. subcluster-speci®c

probes) should equal the amount determined by a more

general probe (e.g. genus-speci®c probe).

Probe nesting was evaluated for the thermophilic diges-

ter samples by comparing the sum of 16S rRNA levels

estimated with probes S-*-Dtm(be)-0152-a-A-20 and

S-*-Dtm(c)-0428-a-A-19 with the 16S rRNA level deter-

mined by the more general probe S-*-Dtm(bcd)-0230-a-

A-18 (Table 2). The results indicate that the probe nesting

requirement was well met at this level. The sum of 16S

rRNA levels obtained with probes S-*-Dtm(bcd)-0230-a-

A-18 and S-*-Dtm(a)-0229-a-A-18 should equal the 16S

rRNA level for most Desulfotomaculum spp. (as determined

with probe S-G-Dtm-0229-a-A-18). The discrepancy in

these results (Table 2) may indicate that not yet character-

ized strains of the genus Desulfotomaculum belonging to

different subclusters were present in the samples. Further-

more, the lack of detectable hybridization signals with

probe S-*-Dtm(cd)-0216-a-A-19 is not consistent with

the signals obtained with S-*-Dtm(c)-0428-a-A-19. Finally,

the expectation that the signals obtained with probes S-*-

Dtm(bcd)-0230-a-A-18, S-*-Dtm(cd)-0216-a-A-19 and S-*-

Dtm(c)-0428-a-A-19 should be in descending order on

account of the increased level of speci®city was not met.

For three of the soil samples, the sum of 16S rRNA

levels obtained with probes S-*-Dtm(bcd)-0230-a-A-18

and S-*-Dtm(a)-0229-a-A-18 was close to the 16S rRNA

levels estimated with probe S-G-Dtm-0229-a-A-18 (Table

2), indicating that the complete diversity of Desulfotomacu-

lum spp. was captured by the genus-speci®c probe and that

all Desulfotomaculum spp. in these samples belonged to a

characterized subcluster. Additional Desulfotomaculum

spp. may be present at signi®cant levels only in the spring

Drummer soil, which contained high levels of sulphate. In

this soil, 31% of the signal obtained with the genus-speci®c

probe was not accounted for by speci®c probes.

In faecal and colon samples, subgenus level signals were

obtained only with S-*-Dtm(bcd)-0230-a-A-18. Based on a

comparison of hybridization results obtained with probes S-

G-Dtm-0229-a-A-18 and S-*-Dtm(bcd)-0230-a-A-18 (Table

2), it can be determined that up to 69% of the Desulfotoma-

culum strains did not belong to a de®ned branch in the fae-

cal sample obtained from human 2 and in the pig colon

samples. Thus, unknown Desulfotomaculum subclusters

were probably present in these three samples.

Conclusions

A set of phylogenetically nested oligonucleotide probes for

Desulfotomaculum spp. was designed and characterized

to determine the abundance of various SRB populations

and to investigate their ecology in environments with sul-

phate-reducing activity. Screening of environmental sam-

ples by quantitative hybridizations indicated that strains

belonging to undescribed Desulfotomaculum subclusters

were present in some of the environmental samples eval-

uated, whereas other samples were well characterized by

the current set of probes. For example, the overall abun-

dance of Desulfotomaculum spp. in three out of four soil

samples was almost completely covered by the current

set of speci®c probes, while anaerobic digester, faecal

and intestinal samples probably contained Desulfotomacu-

lum spp. that do not belong to known subclusters. Further-

more, soil, faecal and intestinal samples possibly harboured
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a variety of new species within the branch covering sub-

clusters Ib, Ic and Id, while this branch was completely

covered by subcluster-speci®c probes for the thermophilic

digester samples.

The distribution of members of subcluster Ic in environ-

mental samples of this study is in accordance with the cul-

ture-based ®nding that subcluster Ic contains exclusively

thermophilic strains, as members of subcluster Ic were

only detected in thermophilic digester samples. The data

reported here also indicate that subcluster Ia strains

were present in the thermophilic phase of the TPAD,

whereas members of subcluster Ia have yet to be isolated

from thermophilic environments.

As strains in culture collections do not represent the

complete diversity present in the environment, it is often

dif®cult to design a set of oligonucleotide hybridization

probes that performs satisfactorily for the evaluation of

widely differing microbial ecosystems, as demonstrated

in this study. Our results are consistent with the fact that

the genus Desulfotomaculum is currently composed of

only 16 validly described and correctly classi®ed species

(Stackebrandt et al., 1997; DSMZ, 1999). As many as

nine of these species were isolated from thermophilic

environments. It is likely that the abundance of Desulfoto-

maculum spp. isolated from thermophilic environments is

attributable to intensi®ed research of extreme environments

rather than to a preference of most Desulfotomaculum

spp. for thermophilic conditions. The current data indicate

that results obtained with quantitative hybridizations and

detailed probe nesting studies can help to select environ-

ments for isolation and characterization of Desulfotoma-

culum spp. The additional phylogenetic and physiological

information that would become available in this way

would make it possible to expand and improve the current

set of hybridization probes for Desulfotomaculum spp.

Thus, future efforts should focus on obtaining phylogenetic

and physiological information after isolating Gram-positive

SRB from appropriate environments, such as soils and

intestinal samples.

Experimental procedures

Organisms, culture techniques and nucleic acid

extractions

Seven species of the genus Desulfotomaculum [D. aeronauti-
cum (DSM 10349T ), D. geothermicum (DSM 3669T ), D. ther-
mosapovorans (DSM 6562T ), D. kuznetsovii (DSM 6115T ),
D. thermocisternum (DSM 10259T ), D. thermoacetoxidans
(DSM 5813T ) and D. thermobenzoicum (DSM 6193T )] were
obtained from the Deutsche Sammlung von Mikroorganismen
und Zellkulturen (DSMZ, Braunschweig, Germany). The other
bacterial strains used in this study were obtained from the
American Type Culture Collection (ATCC, Rockville, MD,
USA), or from culture collections at the University of Illinois.
Desulfotomaculum spp. were grown as recommended by

DSMZ. Proteobacteria were cultured in liquid tryptone±yeast
extract medium (10 g of bacto-tryptone, 5 g of yeast extract
and of 7 g NaCl per litre, pH 7.0). Gram-positive bacteria with
a high DNA G�C content were grown in tryptone±glucose±
yeast extract medium (5 g of bacto-tryptone, 1 g of glucose,
3 g of yeast extract per litre, pH 7.0) or yeast±glucose medium
(5 g of glucose and 3 g of yeast extract per litre, pH 7.0). Other
strains were cultured as recommended by ATCC.

The organisms were grown to mid-log phase, and nucleic
acids were extracted from cell pellets by a bead-beating,
low-pH, hot-phenol extraction procedure (Grif®n et al., 1998;
Stahl et al., 1988). Nucleic acid concentrations were measured
spectrophotometrically assuming that 1 mg mlÿ1 RNA is equal
to 20 OD units at A260. The quality of extracted RNA was eval-
uated by PAGE (Zheng et al., 1996).

Environmental samples

The ®rst anaerobic digester was a continuously mixed, labora-
tory-scale reactor, operated at 558C to treat a mixture of muni-
cipal solid waste and sewage sludge (Grif®n et al., 1998). The
digester was seeded with an inoculum consisting of 75% (w/w)
mesophilic anaerobic digester sludge and 25% (w/w) cattle
manure. Samples were collected on days 0, 11, 27 and 31
after start-up of the digester, frozen and stored in a liquid nitro-
gen freezer immediately after collection. The second reactor
was a laboratory-scale, temperature-phased anaerobic diges-
ter (TPAD; Han and Dague, 1997) operated to treat biosolids
from a wastewater treatment plant. This plant treated a mix-
ture of municipal wastewater and wastewater generated by
a paper mill producing pulp from wood. A sample was taken
from the thermophilic phase (558C) of the digester, stored
overnight on wet ice, frozen on dry ice and stored at ÿ808C.

Human faecal samples were obtained from a previous
double-blind, placebo-controlled study involving nursing home
patients receiving an enteral formula (A. Sghir et al., unpub-
lished). The objective of the study was to determine the effect
of supplementing fructooligosaccharide (Golden Technolo-
gies) on intestinal bi®dobacterial populations, which are impli-
cated in restricting the growth of pathogenic bacteria (Hidaka
et al., 1991). Freshly voided stool was collected in sterile faecal
collection bags, frozen on dry ice, shipped overnight to the
laboratory and stored in a liquid nitrogen freezer. The bi®do-
bacterial study was carried out in collaboration with Ross Pro-
ducts Division of Abbott Laboratories after Institutional Review
Board approval in compliance with US Food and Drug Admin-
istration regulations. Colon samples from growing pigs fed a
corn±soy diet were collected and stored as part of the study
described by Sghir et al. (1998) for evaluation of a Lactobacil-
lus group-speci®c 16S rRNA hybridization probe. The pig study
was carried out in accordance with experimental animal proto-
cols approved by the University of Illinois Laboratory Animal
Care Committee.

Nucleic acids were extracted from the digester, human faecal
and pig colon samples by a bead-beating, low-pH, hot-phenol
extraction procedure (Grif®n et al., 1998; Stahl et al., 1988).

In addition to the digester, faecal and intestinal samples, two
types of soil samples, Sawmill and Drummer, were obtained
during the spring and autumn of 1998. The < 4 mm Sawmill
fraction contained 53% sand, 23% silt, 24% clay and 4%
organic matter and was classi®ed as a sandy clay loam. The
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samples were composites of three stream bank (upper 6 cm,
saturated) and three stream bed samples and were immedi-
ately mixed 1:1 (w/v) with stream water. The < 4 mm Drummer
fraction contained 26% sand, 42% silt, 32% clay and 5%
organic matter and was classi®ed as a silty clay loam. The
soil samples were composites of 10 random surface samples
(upper 6 cm) taken from a 21 m2 area of cropland for which
conservation tillage was used. The land had soybean residue
in the spring (from the previous year's crop) and corn residue
in the autumn. The samples were mixed 1:1 (w/v) with double-
distilled water (J. Crawford et al., unpublished).

Nucleic acids were extracted from 1.5 g of soil (three random
samples of 0.5 g each). Protocol no. 3 described by Ogram et
al. (1995) was used with the following modi®cations: (i) the
lysis and SDS solutions were buffered at pH 6.4 (instead of
pH 8.0); (ii) samples were subjected to bead beating for
2 min before the ®rst boiling step and after the 658C thawing
step (for a total of 4 min); and (iii) 4 M guanidinium isothiocya-
nate was replaced in the nuclease inactivation solution with
6.3 M guanidine thiocyanate, and 0.1 M b-mercaptoethanol
was included (J. Crawford and L. Raskin, unpublished). Nucleic
acid concentrations were determined with the RiboGreen RNA
quantitation reagent and kit (Molecular Probes).

Phylogenetic analysis

The CLUSTAL W program (Thompson et al., 1994) was used for
multiple alignment of 16S rRNA sequences of 20 organisms,
which were obtained from the RDP (Maidak et al., 1997) or
GenBank (Benson et al., 1999). A phylogenetic tree was con-
structed by the neighbour-joining method (Saitou and Nei,
1987).

Oligonucleotide probes

Oligonucleotide probes were designed by comparing the 16S
rRNA sequences of 20 Desulfotomaculum strains that were
obtained from the RDP or GenBank. The oligonucleotide
probe sequences and their target groups are shown in
Table 1. In addition, a universal probe S-*-Univ-1390-a-A-18
(Zheng et al., 1996) and a bacterial probe S-D-Bact-0338-a-
A-18 (Amann et al., 1990) were used in this study. The oligo-
nucleotide probes were synthesized and puri®ed by Ransom
Hill Bioscience. The pyrimidine analogue dP CE phosphor-
amidite (Glen Research; Hill et al., 1998) was incorporated
during the synthesis of the Desulfotomaculum genus-speci®c
probe (S-G-Dtm-0230-a-A-18). This probe was synthesized
and puri®ed by Mega Bases. Oligonucleotide probes used
for membrane hybridizations were 58 end-labelled with T4 poly-
nucleotide kinase (Promega) and [g-32P]-ATP (ICN Radioche-
micals) (Raskin et al., 1994). Oligonucleotide probes used for
¯uorescent in situ hybridization (FISH) were coupled to Cy3
for probes S-*-Dtm(bcd)-0230-a-A-18 and S-D-Bact-0338-a-
A-18 (Operon), or FAM for probe S-G-Dtm-0229-a-A-18
(Mega Bases).

Optimization of wash temperatures

Denatured RNA samples (25 ng) were applied by slot-blotting
to Magna Charge nylon membranes (Micron Separation) and
hybridized as described previously (Raskin et al., 1994). After

hybridization, the membranes were washed twice with 50 ml
of wash buffer [1% SDS and 1´ SSC (0.15 M NaCl and
0.015 M sodium citrate)] for 1 h each at 408C. Subsequently,
the membranes were cut into individual slots, and each slot
was washed in 3 ml of wash buffer for 10 min at a ®rst tem-
perature. The slot was transferred to a new scintillation vial
with fresh wash buffer at the next temperature, incubated for
10 min and transferred sequentially to vials at increasing tem-
peratures (30±808C). The amount of probe released at each
wash temperature and the amount remaining on the mem-
brane after the 808C wash were quanti®ed by liquid scintillation
counting (Zheng et al., 1996). Each experiment was performed
in duplicate. The average background radioactivity was sub-
tracted from the average radioactivity eluted at each tempera-
ture. These values were then used in a cumulative addition to
obtain the total radioactivity (in c.p.m.) that would elute at
each temperature and normalized to the total radioactivity
eluted (including the radioactivity that remained on the mem-
brane) (Zheng et al., 1996).

Probe speci®city studies

Oligonucleotide probe speci®cities were examined by mem-
brane hybridizations (Raskin et al., 1994) with RNA from 42
organisms, representing a broad spectrum of phylogenetic
diversity. Final washes were conducted for 30 min in wash
buffer at a wash temperature (Tw) determined based on
results from Td studies (Table 1; Raskin et al., 1994). Mem-
brane images were obtained with an InstantImager (Packard
Instruments).

Cell ®xation, FISH and microscopy

For FISH, cells were harvested in the mid-log phase. Five ®xa-
tion conditions were tested. Desulfotomaculum cells were ®xed
for 5 min, 2 h or 16 h in 4% paraformaldehyde (PFA), or for 2 h
or 16 h in 50% ethanol at 48C. After PFA ®xation, samples
were washed with PBS buffer (130 mM NaCl, 10 mM sodium
phosphate, pH 7.2) and PBS containing 0.1% Nonidet P-40
(NP40). PFA- and ethanol-®xed samples were resuspended
in 1:1 (v/v) PBS±ethanol before storage at ÿ208C. Fixed
cells (1 ml) were applied in a sample well on a washed
Te¯on-coated microscope slide (Cell-Line Associates), air
dried and dehydrated with an increasing ethanol series
[50%, 80%, 95% (v/v) ethanol, 3 min each]. After air drying,
samples were treated with mutanolysin (Sigma, 5000 U mlÿ1

in 0.1 M phosphate buffer, pH 6.8) for 15 min at 378C to per-
meabilize the cell wall. After enzymatic treatment, the cells
were dehydrated again by serial immersion in 50%, 80%
and 95% ethanol for 3 min each. Prewarmed (468C) hybrid-
ization buffer (8 ml) (X% formamide, 0.9 M NaCl, 0.1 M Tris,
pH 7.2, 0.1% SDS, where X varied depending on the desired
stringency and ranged from 0% to 70%) was applied, followed
by 2 ml (25 ng) of probe. Hybridizations were conducted for 2 h
in the dark at 468C. The slides were rinsed with wash buffer
(0.1% SDS, 20 mM Tris-HCl and Y M NaCl, where Y varied
depending on the desired stringency and corresponded to
the percentage formamide in the hybridization buffer; Stahl
and Amann, 1991; de los Reyes et al., 1997), immersed in
50 ml of wash buffer at 488C for 20 min and stained for 1 min
with DAPI solution (6.26 mg mlÿ1 DAPI in 0.1 M Tris-HCl,
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pH 7.2, and 0.9 M NaCl). Hybridizations with the Cy3-labelled
bacterial probe (S-D-Bact-0338-a-A-18) were performed as
described by Amann et al. (1992). Slides were then washed
with ice-cold water, air dried and mounted in Citi¯uor (Citi-
¯uor). Visualization of the ¯uorescence signal was conducted
with a Zeiss Axioskop and dichromatic ®lter sets 41001-FAM,
41002-Cy3 and 31000-DAPI (Chroma Tech). Digital images
were captured with a CH250 liquid-cooled charge-coupled
device (CCD) camera (Photometrics), and data were analysed
with IP Laboratory Spectrum IO software version 3.0 (Signal
Analytics).

During the experiments designed to optimize hybridization
conditions, a 25 s sonication step was included after ®xation to
break clumps of Desulfotomaculum cells. Sonication was per-
formed with a probe sonicator (Tekmar).

Quantitative membrane hybridizations

Denatured RNA samples obtained from different environments
and a dilution series of pure culture (D. aeronauticum, D.
geothermicum, D. kuznetsovii and D. acetoxidans ) RNAs
were applied in triplicate to Magna Charge nylon membranes
(Micron Separation). The membranes were hybridized with
universal and speci®c probes (Raskin et al., 1994), and the
resulting hybridization signals were used to determine the
relative concentration of target 16S rRNA in the samples.
The abundance of Desulfotomaculum spp. estimated by
genus- and subcluster-speci®c probes were expressed as a
percentage of the total 16S rRNA (Zheng et al., 1996; Raskin
et al., 1997).
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