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Abstract

The relative abundance of different groups of sulphate-reducing bacteria (SRB)

in faecal DNA collected before and after therapy from patients suffering from

Crohn’s disease (CD), irritable bowel syndrome (IBS) or ulcerative colitis (UC)

has been compared with that from healthy controls. Growth tests revealed that

SRB were not more abundant in samples from patients with CD before treat-

ment than in the healthy control group. For most of the 128 samples available,

these preliminary results were confirmed using degenerate PCR primers that

amplify the dsrAB gene. However, some samples from patients with CD before

treatment contained a growth inhibitor that was absent from IBS or UC sam-

ples. In-depth sequencing of PCR-generated dsrB fragments revealed that the

diversity detected was surprisingly low, with only eight strains of SRB and the

sulphite-reducing bacterium, Bilophila wadsworthia, detected above the 0.1%

threshold. The proportion of the two major species detected, B. wadsworthia

and Desulfovibrio piger, was as high as 93.5% of the total SRB population in

the healthy control group and lower in all patient groups. Four previously

undescribed species were found: it is impossible to predict whether they are

sulphate or sulphite-reducing bacteria.

Introduction

A common feature of inflammatory bowel diseases (IBD)

such as Crohn’s disease (CD) and ulcerative colitis (UC)

is the excessive immune response to bacteria that inhabit

the intestinal lumen. Despite recent progress in defining

factors that exacerbate or ameliorate these diseases, their

precise causes remain poorly defined. Both can be treated

with different degrees of success by immunosuppressive

drugs such as corticosteroids, azathioprine or infliximab.

Although enteral feeding to control dietary intake is effec-

tive in the treatment of CD, this is not so in UC (King

et al., 1997). Successful treatment of CD is accompanied

by substantial changes in the composition of gut micro-

biota and related immunoglobulins (van der Waaij et al.,

2004), but no single group of bacteria has been impli-

cated as the unequivocal source of these diseases. Irritable

bowel syndrome (IBS) is a condition arising from a vari-

ety of causes whose symptoms are often similar to those

of IBD. No intestinal inflammation is present, but as

many as 50% of cases have food intolerances, so that

symptoms may be controlled successfully by diet (Wies-

ner et al., 2009). These intolerances have been shown to

be related to abnormal fermentation by the colonic

microbial communities (King et al., 1998; Dear et al.,

2005).

Two of the major groups of bacteria that dominate

the human gut are those that ferment complex carbohy-

drates, lipids or protein to lactate and those that convert

lactate to propionate or butyrate. The production of
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butyrate is significant because it is the preferred energy

source for colonocytes (Macpherson et al., 1996; Aminov

et al., 2006; Louis & Flint, 2009; Louis et al., 2009; Mai

& Draganov, 2009) and is both anti-inflammatory and

anti-carcinogenic (Hamer et al., 2008; Tazoe et al.,

2008). It is converted by gastrointestinal bacteria to

other compounds that are also anti-inflammatory (Sokol

et al., 2008). Butyrate is generated from lactate by fer-

mentative bacteria dominated by the Firmicute phylum,

and a marked deficiency of one species, Faecalibacterium

prausnitzii, has been suggested as being correlated with

CD. However, this report is unconfirmed because suc-

cessful treatment with enteral diet resulted in a decrease,

not an increase, in F. prausnitzii in this patient group

(Jia et al., 2010). There was no significant deficiency in

F. prausnitzii either before or after treatment of patients

with UC or IRS.

It has been proposed that the production of an uniden-

tified toxin by intestinal bacteria might play a significant

role in provoking intestinal inflammation. Anecdotally, in

an acute phase, patients with CD suffer from bad breath

typical of hydrogen sulphide production, and the pres-

ence of high levels of sulphide in their faecal samples has

been documented (Pitcher & Cummings, 1996). Some

sulphate-reducing bacteria (SRB) generate sulphide from

sulphate using lactate as their preferred electron donor,

and hence, they compete with Firmicutes for their pri-

mary source of carbon and energy (Roediger et al., 1997;

Chapman et al., 1994). It has therefore been proposed

that SRB exacerbate gastrointestinal disease not only by

generating a toxic product, hydrogen sulphide, but also

by depleting the production of beneficial butyrate (Mar-

quet et al., 2009: but see also Shatalin et al., 2011). If so,

SRB might be less abundant in patients after successful

treatment. Mills et al. (2008) reported that after continu-

ous flow culture models of the human colonic microbiota

were inoculated with faeces from UC and non-UC volun-

teers, changes in bacterial populations were observed,

with elevated numbers of SRB in the microbiota from

patients with UC. Furthermore, it is possible that one or

more species of SRB might be associated with gastrointes-

tinal disease. A previous study has revealed that the prev-

alence of Desulfovibrio piger was significantly higher in

patients with IBD as compared to healthy individuals

(Loubinoux et al., 2002). However, results from the liter-

ature do not show a clear association between SRB and

IBD (Pitcher et al., 2000; Zinkevich & Beech, 2000; Duffy

et al., 2002; Ohge et al., 2005; Manichanh et al., 2006;

Collado et al., 2007). This might reflect highly diverse

microbiota within individual groups and differences in

methodology.

To investigate the possible association between gut dis-

ease and SRB, we compared the relative abundance of

SRB in faecal DNA collected before and after therapy

from patients suffering from CD, IBS or UC; healthy sub-

jects were also recruited as controls. In addition to con-

ventional methods used in previous studies, such as

recovering growth of SRB, PCR and denaturing gradient

gel electrophoresis (DGGE), the diversity of SRB in

human faeces was also studied by next-generation

sequencing (454 sequencing; Roche), which allows the

identification of SRB species at a DNA level.

Materials and methods

Patient recruitment and treatment

Faecal samples were collected from 21 patients with IBS,

20 with CD and 14 with UC, as described previously (Jia

et al., 2010). As controls, 18 healthy subjects were also

recruited. Briefly, all volunteers were recruited at Ad-

denbrookes Hospital, Cambridge, which functions as a

tertiary referral centre for IBD. Ethical permission to col-

lect these samples was obtained from Leeds West Ethics

Research Committee (Ref. 07/Q1205/39), and informed,

written consent was obtained from each subject. The

diagnosis of CD and UC was based on standard endo-

scopic, radiological and histological findings; all subjects

with IBS fulfilled the Rome II criteria. The severity of CD

symptoms was reflected by the Harvey & Bradshaw

(1980) Index, and an objective measure of inflammation

was provided by the serum concentration of C-reactive

protein (CRP), which was determined by the Clinical

Biochemistry Department, Addenbrookes Hospital. The

patients gave a faecal sample at the start of treatment

and in most cases again after treatment. Within 48 h of

collection, samples (at 4 °C) were sent by courier to the

University of Birmingham for DNA extraction and prep-

aration of faecal suspension.

Patients with CD were treated as described previously

(Jia et al., 2010). Apart from water ad libitum, their

nutritional intake was limited to the elemental diet E 028

Extra (Nutricia, Liverpool, UK) in quantities calculated

individually by a registered dietician according to the

Schofield (1985) equation until symptoms resolved, which

took 2–3 weeks. Further faecal samples were collected

when they reached remission. Eleven of the patients with

UC had received either immunomodulation or 5-amino-

salicylic acid therapy prior to this study, and this was

continued or introduced for all of the UC group, albeit

with changes in the drugs prescribed and increases in

the doses used. Patients with IBS received conventional

treatment with either low-fibre diet or nonfermentable

bulking agents such as sterculia (Wiesner et al., 2009).

Again, further faecal samples were obtained when the

patients reached remission.
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DNA extraction and template preparation for

454 sequencing

DNA was extracted from each faecal sample and stored as

reported previously (Jia et al., 2010). To amplify a DNA

fragment that is definitive for SRB in environmental

DNA, a semi-nested PCR strategy (the first round to

amplify dsrAB followed by a second round to amplify

dsrB) has proven to be much more effective for detecting

the widest range of species than using only one round of

PCR and was therefore employed by this study (Miletto

et al., 2007). First, five forward and six reverse degenerate

primers were used to amplify an approximately 1.9-kb

dsrAB fragment from as many SRB as possible (Support-

ing Information, Table S1). In a total volume of 20 lL,
10 ng of DNA was used as a template with HotStarTaq

Plus Master Mix kit (Qiagen) plus 4 lL of Q-solution

(Qiagen) according to the manufacturer’s instructions.

The reaction conditions were as follows: initial denatur-

ation (5 min at 95 °C); then 12 cycles of denaturation

(40 s at 94 °C), annealing at temperatures ranging from

60 to 48 °C (decreasing 1 °C per cycle, 40 s) and elonga-

tion (2 min at 72 °C); followed by 23 cycles of denatur-

ation (40 s at 94 °C), annealing (40 s at 48 °C) and

elongation (2 min at 72 °C); and a final extension

(10 min at 72 °C). The PCR product was then used as a

template for a second round of PCR to amplify an

approximately 430-bp dsrB fragment including a barcode

(also called multiple identifiers, MID) that could repre-

sent a patient group and be recognized in the following

analysis. The design of primers used for the second round

of PCR was based on previous publications (Geets et al.,

2006; Miletto et al., 2007) and was made more degenerate

to rescue as many SRB species as possible (Table S1). The

reaction conditions were as follows: initial denaturation

(5 min at 95 °C); then 30 cycles of denaturation (40 s at

94 °C), annealing (40 s at 55 °C) and elongation (1 min

at 72 °C); and a final extension (10 min at 72 °C).

Qualitative estimation of SRB abundance in

faeces

By using a homogenizer, a 0.4 g faecal specimen from

each subject was suspended in 3.6 mL of peptone water.

The suspension was centrifuged at 100 g for 40 s to

remove any remaining solid matter, and the supernatant

was collected and centrifuged at 12 000 g for 5 min. The

pellet obtained was then washed twice in 1 mL of TE

buffer (10 mM Tris–Cl pH 7.5 containing 1 mM

EDTA). The final pellet was resuspended in 4 mL of TE

buffer supplemented with 100 lL of 40% glycerol, and

the suspension was aliquoted and stored at �80 °C. To

recover the growth of SRB that are able to use lactate as

their electron donor and sole source of carbon, 0.5 mL

of faecal suspension was inoculated into a 9.5 mL sul-

phate-rich growth medium, Postgate B (Postgate, 1984).

The cultures were grown anaerobically in sealed 10-ml

serum bottles. After incubation at 30 °C for 21 days,

they were photographed, and the digital pictures were

analysed to measure the degree of blackening of the cul-

ture. The abundance of SRB was gauged according to

the amount of black precipitate, ferrous sulphide,

formed by SRB. The pure black colour was defined as

99, whereas pure white was defined as 0. The black

intensity of each culture was determined accordingly,

ranging from 4 to 73.

Because the capacity of Postgate B medium to recover

all SRB is not known, the abundance of SRB in faeces

was also estimated by PCR. The production of a dsrB

fragment following two rounds of PCR was gauged. In

the first round, 10 ng of faecal DNA was used as a tem-

plate, and in the second round, 0.5 lL of the first-round

PCR product was included in all photographs and used

for normalization. The final PCR product (10 lL) was

loaded on a 0.8% agarose gel to check for a specific band

with a length of approximately 430 bp. The samples were

divided into five groups based on the production of dsrB:

score 1, no specific band could be detected; score 2, a

weak band was detected when the undiluted first-round

PCR product was used as a template; score 3, a strong

band was detected when the undiluted first-round PCR

product was used as a template; score 4, a strong band

was detected when a 10-fold dilution of first-round PCR

product was used as a template; and score 5, a strong

band was detected when a 1000-fold dilution of first-

round PCR product was used as a template.

Denaturing gradient gel electrophoresis

The same nested PCR strategy was used to prepare tem-

plate DNA for DGGE. The product from the first round

of PCR, dsrAB, was used as a template to amplify dsrB

but with a 40-bp GC clamp (Miletto et al., 2007). The

design of primers used for second round of PCR was

based on previous publications (Geets et al., 2006; Miletto

et al., 2007) and was made more degenerate to rescue as

many SRB species as possible (Table S1). An alignment of

dsrB sequences has revealed that the improved primers

should be effective for over 95% of all known SRB

(allowing two mismatches). The reaction conditions were

as follows: initial denaturation (5 min at 95 °C); then 30

cycles of denaturation (40 s at 94 °C), annealing (40 s at

55 °C) and elongation (1 min at 72 °C); and a final

extension (10 min at 72 °C). The dsrB-GC PCR product
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was purified by using QIAquick Gel Extraction kit (Qia-

gen, Germany).

To reveal the diversity of SRB, the dsrB-GC fragments

(with the GC clamp) derived from different species in

each patient were separated by DGGE using the DCode

Universal Mutation Detection System (Bio-Rad). A gradi-

ent of 40–70% denaturant was constructed in a 1-mm-

thick 8% (w/v) polyacrylamide gel by mixing a high-

density solution (70%) with a low-density solution (40%)

using the Gradient Delivery System. The 100% (w/v)

denaturant solution contains 7 M urea and 40% (v/v)

formamide. To visually check the formation of the gradi-

ent, 300 lL of DCode dye solution was added into

15 mL of high-density solution. The purified PCR prod-

uct was mixed with 69 bromophenol blue loading buffer

and loaded into the parallel gradient gel. Prior to loading,

the gel had been preheated to 60 °C in 7 L of 0.59 TAE

buffer. The gel was initially run at 150 V for 5 min with-

out circulating the TAE buffer in the tank to facilitate the

access of PCR products into the gel, and then at 75 V for

21 h at 60 °C with the buffer circulating continuously.

Following electrophoresis, the gel was stained for 30 min

in 250 mL of 0.59 TAE buffer containing 1 lg mL�1

ethidium bromide. The gel was photographed in a UV

transilluminator, and each dsrB-GC band representing a

different SRB resource was removed and soaked in

130 lL of nuclease-free water. After eluting DNA into

water overnight, a solution containing 50 ng of DNA was

evaporated down to 7 lL and sequenced by using primer

DSR4R. The sequencing data were analysed using NCBI

blast.

Identification of SRB in human faeces by 454

sequencing

Four groups of subjects were recruited in this study to

produce seven groups of samples: patients with IBS

before and after treatment; patients with CD before and

after treatment; patients with UC before and after treat-

ment; and one healthy control group. Unlike the control

group, in which a dsrB fragment was amplified success-

fully from every sample, some patients did not carry any

SRB that could be amplified, and therefore, 454 sequenc-

ing could not be undertaken. As a result, only nine sub-

jects in each group were selected, and equimolar amounts

of template from each patient were pooled. When a

before-treatment group was compared with the corre-

sponding after-treatment group, the sequencing data were

not for completely paired patients. For the before- and

after-treatment UC groups, seven of nine patients were

paired; for the two CD groups, five of nine patients were

paired; and for the two IBS groups, three of nine patients

were paired. The seven patient pools were sequenced by

the Functional Genomics and Proteomics Laboratory at

the University of Birmingham, and 200 133 sequences

were extracted.

The sequencing data were analysed by using software

Geneious® (Biomatters Ltd, New Zealand). The sequences

with low quality (shorter than 150 bp or longer than

440 bp, 15.3% of total) were removed before further

analysis. For each pool, 24 220 high-quality sequences

were produced on average (169 539 sequences in total).

To handle the data efficiently, the data produced for one

pool were further divided into batches, each comprising

approximately 2500 sequences. They were then aligned by

using software MUSCLE, and a neighbour-joining phylo-

genetic tree was constructed based on the alignment

result. The distance between clusters in a tree reflects the

diversity of SRB found within a patient pool. Sequences

within one cluster (diverging distance < 0.03) were

extracted, and a consensus sequence was produced. Con-

sistent with the report of Kjeldsen et al. (2007), clusters

whose consensus amino acid sequences were over 97%

identical were considered as one phylotype. Duplicate

samples of high-quality sequences were analysed from

seven of the pools to check that sufficient data had been

analysed to generate a reproducible result. In total,

55 708 of 169 539 sequences were analysed as 21 data

sets, which generated 21 phylogenetic trees (Figs S1–S21).
A further comparison between the trees revealed that

there were 16 phylotypes, that is, 16 sulphate- or sulph-

ite-reducing bacterial species. In addition, 10–20% of the

sequences within each bacterial group were analysed

using NCBI blast, and the identification reports validated

the grouping method based on alignment. The DNA con-

sensus sequences were also translated into amino acid

sequences, which again confirmed the grouping method.

Furthermore, each patient group could be considered as

two subgroups, because four samples from one group

were pooled and labelled with a unique barcode, whereas

the other five were labelled with a different barcode.

Comparison of the two subgroups revealed whether the

diversity of SRB was consistent. By combining data for

the two subgroups, it was possible to determine whether

one patient group as a whole was different from other

groups.

In addition to the study based on pooled samples, six

before-treated patients with CD were analysed individu-

ally by 454 sequencing. To investigate whether the com-

position of SRB populations had changed in response to

the ED therapy, the treated samples from four of the six

patients were also sequenced. Samples from the three

control subjects were also sequenced to test whether

the composition of SRB was similar between healthy con-

trols.
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Statistical analysis of the data

Results were assessed by nonparametric methods: Mann–
Whitney U test to compare the healthy control group

with patient groups and Spearman r for correlation analy-

sis. These analyses were carried out using the Instat statis-

tical package (GraphPad).

Results

The abundance of SRB in faecal suspensions

from different patient groups

In this study, 128 faecal samples were donated by seven

groups of patients: patients with CD, UC and IBS both

before and after treatment, and one healthy control group.

For the 128 samples, the abundance of SRB was estimated

by assessing the amounts of ferrous sulphide produced by

SRB after aliquots of faecal suspensions had been grown

anaerobically in Postgate medium B. Depending on the

abundance of SRB in each inoculum, a black precipitate of

iron sulphide had accumulated after 1–14 days. After

21 days at 30 °C, the intensity of the black precipitate in

each culture was measured by densitometry (Table 1). The

resulting data for each patient group were analysed using

the Mann–Whitney test to detect differences between

groups. This analysis revealed that there was significantly

less growth of SRB in samples from patients with CD

before treatment than in the healthy control group (Mann–
Whitney test, P = 0.017). There had been little change in

SRB abundance following enteral diet treatment, but

almost certainly because of the small number of samples

available for analysis, the P value for the difference com-

pared with the healthy control group had increased to

0.065. Samples from patients with UC before treatment

also appeared to give less SRB growth compared with the

healthy control group, but because of the small number of

samples available, this apparent difference was not statisti-

cally significant. In contrast, there were no significant dif-

ferences between the healthy controls and the patients with

IBS either before or after treatment.

The abundance of SRB DNA in faecal DNA

determined by PCR analysis

Dissimilatory sulphite reductase encoded by dsrAB is an

essential and highly conserved enzyme in SRB. The occur-

rence of similar sequences is limited to organisms that

reduce other sulphur compounds such as organosulphates

or sulphite and to sulphur-oxidizing bacteria that are

unlikely to be abundant in human faeces. Degenerate pri-

mer sets have been developed that amplify a 1.9-kb frag-

ment of the dsr operon from virtually all known SRB

(Zverlov et al., 2005). These primers were used to amplify

PCR products using faecal DNA as template. The abun-

dance of SRB in each sample was estimated on the basis

of the quantity of DNA template required to amplify a

PCR product that was visible by gel electrophoresis

(Table 1). This independent qualitative method for esti-

mating the abundance of SRB also revealed significantly

less SRB DNA in faecal samples from patients with CD

and in the healthy control group. Statistical analysis again

revealed that this difference compared with the healthy

control group was statistically significant before treatment

(Mann–Whitney test P = 0.0136): the P value for the

comparison of the post-treatment samples with the con-

trol group was 0.066. As for the growth-dependent assays,

there were no significant differences in the abundance of

dsrB DNA in samples from patients with UC and IBS and

the healthy control group either before or after treatment.

Comparison of data for individual samples

obtained by growth experiments and PCR

analysis

There was a significant correlation between the estimated

relative abundance of SRB obtained for each individual

sample by using the two independent methods (Fig. S22:

Spearman r = 0.3994, P < 0.01, number of XY pairs =
125; culture data were not available for three patients). It

was therefore concluded that, to a first approximation,

both methods provide valid qualitative estimates of the

relative abundance of SRB in faecal samples and therefore

that the PCR approach could be extended to compare the

diversity of SRB within and between samples.

Inhibition of SRB growth by faecal suspensions

from some patients with CD

Despite the significant correlation between the results of

growth tests and PCR analysis of faecal DNA, clear dis-

crepancies were apparent in the results from the two

methods for some of the CD samples. For each of the 18

healthy controls, both growth tests and PCR amplification

data indicated a high abundance of SRB, and the ratios of

the two scores ranged between 11 and 18 (on average

15). In contrast, in 8 of the 22 samples from patients with

CD before treatment, PCR analysis revealed a high level

of SRB DNA, but relatively low SRB growth occurred

when suspensions were used to inoculate Postgate med-

ium B. The ratios of the two scores for these eight sam-

ples were all below 11, including a ratio of 2 for sample

82 and < 1 for sample 148. This lack of growth despite

the presence of SRB DNA might indicate either that the

SRB in these samples were no longer viable, or that the

major SRB species present grew poorly in Postgate
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medium B. A further possibility was that the faeces con-

tained an inhibitor of SRB growth. To investigate whether

samples 82 and 148 from patients with CD before treat-

ment contain an inhibitor of SRB growth, 0.5 mL of fae-

cal suspension from these two samples was incubated in

Postgate medium B with samples 116 or 126 in which

SRB growth was rapid and abundant. Both samples

strongly inhibited the growth of the positive controls

(Fig. 1a and b). Dilution of these samples resulted in pro-

gressively less growth inhibition of the positive controls,

Table 1. Abundance of SRB in human faeces estimated by recovering growth and PCR

Patient

Sample

no. before

FeS

formed

PCR

score

Sample

no. after

FeS

formed

PCR

score Patient

Sample

no. before

FeS

formed

PCR

score

Sample

no. after

FeS

formed

PCR

score

Healthy UC

AA 11 73 5 DA 13 17 2 22 15 3

AB 15 66 5 DB 14 4 4 24 63 4

AC 16 71 5 DC 23 29 3 35 73 3

AD 37 71 5 DD 28 22 2 32 9 4

AE 40 56 5 DE 30 37 4 60 73 5

AF 42 73 4 DF 31 54 5 34 72 5

AG 43 66 5 DG 38 71 5 49 72 5

AH 44 72 5 DH 51 34 4 62 19 2

AI 50 71 4 DI 81 n/a 4 170 n/a 3

AJ 54 n/a 4 DJ 98 58 5 108 62 4

AK 71 68 5 DK 102 72 4 111 58 4

AL 74 71 4 DL 116 72 5 120 72 5

AM 95 64 4 DM 139 72 5 155 69 4

AN 114 65 4 DN 160 60 5 165 71 4

AO 145 70 5

AP 146 58 5

AQ 168 71 5

AR 169 69 5

Mean 68 4.7 46 4.1 56 3.9

STDV 5.0 0.5 24 1.1 24 0.9

IBS CD

BA 8 73 1 9 72 4 CA 18 56 4 27 8 2

BB 12 60 4 29 38 4 CB 39 42 5 66 24 3

BC 17 18 5 25 62 5 CC 46 32 3 56 13 3

BD 20 72 4 45 73 5 CD 47 71 4 73 43 4

BE 36 71 4 90 21 4 CE 53 69 4 61 71 5

BF 48 71 5 69 72 5 CF 57 61 5 65 65 5

BG 52 70 4 72 16 4 CG 82 9 4 88 18 4

BH 55 36 4 159 70 4 CH 93 5 5 127 73 5

BI 58 18 4 76 59 4 CI 117 58 2 123 56 1

BJ 63 42 4 70 50 1 CJ 121 29 3 141 48 4

BK 64 16 5 68 21 5 CK 124 58 1 138 47 3

BL 84 69 5 89 66 5 CL 126 66 5 163 71 5

BM 86 29 5 106 55 5 CM 128 71 5 133 72 5

BN 100 64 5 134 70 5 CN 131 7 3 136 25 1

BO 104 72 4 129 72 5 CO 137 35 1 157 59 4

BP 105 65 5 150 59 1 CP 140 72 4 147 70 5

BQ 110 70 4 115 68 4 CQ 142 70 5 149 70 5

BR 112 71 4 176 69 4 CR 143 68 4 154 72 5

BS 113 66 4 118 68 4 CS 164 71 5 172 69 5

BT 122 35 4 125 70 4 CT 166 13 3 175 19 4

BU 162 72 5 167 71 4 CU* 148 4 5

Mean 55 4.2 58 4.1 48 3.8 50 3.9

STDV 21 0.9 18.5 1.1 25 1.3 23 1.3

n/a, not assayed.

*Patient CU did not donate a follow-up sample; thus, his/her sample was not used for the calculation of mean and standard deviation.
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confirming that inhibition was concentration dependent.

Growth inhibition was also lost on subsequent subcultur-

ing, presumably also because of the dilution of growth

inhibitor in the original faecal sample (Fig. 1c). Sample

#82 was from patient CG before treatment: the post-treat-

ment sample #88 from this patient was also incubated

with SRB-positive controls: it did not inhibit SRB growth

(Fig. 1b). Further investigation established that six of the

eight samples that gave poor SRB growth contained

inhibitory factors for the growth of SRB, and in all six

cases, growth inhibition was lost or had decreased sub-

stantially in samples from the same patient post-treat-

ment. Samples from patients with IBS and UC in which

SRB DNA was abundant but growth in Postgate medium

B was poor were also tested for the presence of growth-

inhibitory factors. None of these samples inhibited

growth of the positive controls.

DGGE investigation and sample selection for

454 sequencing

In initial experiments, the 1.9-kb dsrAB fragments were

used as templates to generate 390-bp PCR products with

clamps suitable for analysis by DGGE. To provide stan-

dards to calibrate DGGE gels, PCR products were also

generated from DNA isolated from pure cultures of

well-characterized SRB, and also from Bilophila wadswor-

thia. Multiple bands following electrophoresis revealed

the presence of PCR products of different GC content,

suggesting the presence of a range of different SRB in

these samples (Fig. S23). However, multiple bands were

also obtained from PCR products generated using the

same set of degenerate primers and chromosomal DNA

purified from pure cultures of known SRB. Bands

extracted from some of these gels were sequenced, and

their origins were confirmed. By using NCBI blast, three

species, B. wadsworthia, Desulfovibrio vulgaris Hildenbor-

ough and Desulfovibrio sp. NY682, were found in the

samples tested. However, extensive experiments with this

technique gave data too variable for reliable use in detect-

ing minority populations or in determining the relative

abundance of different SRB groups. The method was also

too insensitive to detect minority populations that might

be relevant to disease. The DGGE analysis was therefore

abandoned in favour of in-depth DNA sequencing of

PCR products.

Diversity of SRB in human faecal DNA

The 1.9-kb dsrAB fragment was readily generated using fae-

cal DNA from all of the 18 samples from the control group,

and all of these faecal samples gave abundant growth of

(a) (c)

(b)

Fig. 1. Inhibition of SRB growth by faecal suspensions prepared from samples donated by some patients with CD. In a sealed serum bottle, 9.5 mL

of Postgate medium B was inoculated with 0.5 mL of faecal suspension. Photographs were taken after 21 days of growth at 30 °C. (a) Cultures

inoculated with samples #38, #116 and #139 were used as positive controls. The culture inoculated with sample #148 did not form a black

precipitate of FeS possibly due to the presence of inhibitors of SRB growth. When the positive controls were mixed with sample #148, growth and

FeS formation were severely inhibited. (b) A 0.5 mL of inoculum from the cultures with sample #148 alone, or #148 plus #38, #116 or #139, was

subcultured into 9.5 mL of fresh Postgate B medium. After a further 21 days, cultures were photographed and compared with the starting cultures.

(c) Samples obtained from the same patient before treatment (#82) and after treatment (#88) were mixed with a positive control #126, and the

effect on growth was tested. SRB growth in the positive control samples was inhibited by six of the eight faecal samples from patients with CD

before treatment that gave a poor correlation between the level of growth and abundance of dsrB DNA estimated by PCR.
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SRB in Postgate medium B. Nine of these samples were

used as templates to generate two pools (one pool from five

samples and the other from four samples) of 430-bp bar-

coded PCR products suitable for in-depth DNA sequenc-

ing. A further 12 pools of 430-bp bar-coded PCR products

were also generated from faecal DNA from patients with

CD, UC and IBS before and after treatment (Table 2). As a

result, the 454 sequencing data would reflect the most

abundant SRB species present in the samples. However, the

profile for patients with CD and UC would not be quite

complete because it was impossible to include samples

from which dsrB fragments could not be amplified.

Equal quantities of DNA from each of the 14 resulting

pools were mixed and sequenced. The 14 pools yielded

169 539 DNA sequences of good quality, of which over

99% could unequivocally be assigned to a dsrB fragment

from an SRB in an identified pool of PCR products. The

numbers of sequences obtained from individual pools

ranged from 1591 in one of the pools of samples from

patients with IBS after treatment to 24 100 sequences

from a pool of patients with UC after treatment.

As a first step in data analysis, the diversity and relative

numbers of SRB amongst over 2500 randomly selected

sequences were then analysed and compared with a fur-

ther 2500 sequences from the same sample. The results

of these duplicate analyses were essentially identical (Fig.

S24), suggesting that it was sufficient to analyse 2500

sequences from each pool to detect species present at

more than 0.1% of the total SRB population.

The diversity of SRB in each pool was then determined,

as described in detail in the Methods section. As shown in

Table 2, each of the seven patient groups could be consid-

ered as two subgroups. The two subgroups were compared

to determine whether the diversity of SRB was consistent

within one patient group and, when the results of the two

subgroups were combined, whether one patient group as

a whole was different from others (Fig. 2 – comparison

between seven patient groups; Table 3 – comparison

between two subgroups within one patient group).

The diversity and relative distribution represented in

the 14 pooled samples were then determined by analysis

of 55 708 of the 169 539 good-quality sequences available

following 454 sequencing. There were two key observa-

tions from this initial series of experiments.

First, the diversity detected was surprisingly low, with

only eight groups of dsrB sequences other than the sulph-

ite-reducing bacterium, B. wadsworthia, detected above

the 0.1% threshold (Fig. 3). Four of the SRB are either

identical or closely related to known species: D. piger;

D. vulgaris Hildenborough; Desulfovibrio sp. NY682; and

D. desulfuricans F28-1. Note that the remaining four spe-

cies might not be SRB, but bacteria able to reduce sulph-

ite or organic oxidized sulphur compounds.

Second, four previously undescribed species designated

strains A, B, C and D were found: strains A and B were

more widely distributed than strains C and D. Because

these results were from pools of DNA samples from four

or five individuals, these strains might have been carried

by only one or two people. Database searches revealed

that on the basis of the dsrB sequences, the closest relative

to species A is D. desulfuricans F28-1 (93% sequence

identity); dsrB from species B is 84% identical to that

from D. oxamicus; dsrB from C is 80% identical to

Desulfotomaculum sp. Lac2; and D is 88% identical to

D. simplex. It is impossible to predict whether the four

new bacterial groups have sulphate- or sulphite-reducing

capacity as they are so different from any known bacteria

(Fig. 3; Table S2).

Relative abundance of SRB in faeces

The data described earlier enabled the relative abundance

of the various strains to be calculated. D. piger was the

most abundant SRB present in 9 of the 14 pools. How-

ever, its abundance varied widely from pool to pool, and

no consistent trends were apparent. For example, D. piger

was not detected in one of the samples, pool 11, from

patients with IBS before treatment but constituted 44.7%

of the dsrB sequences in the other pool of patients (pool

4; Table 3). There was similar variation in the abundance

of D. piger in pools from patients with IBS post-treat-

ment, with none detected in pool 12, but 36% in pool 5.

Bilophila wadsworthia was more abundant than all of the

SRB in 9 of the 14 pooled samples, but again, its relative

abundance varied widely between pools (Table 3).

Distribution of SRB in individuals

The most significant differences in SRB populations

revealed by PCR analysis were between patients with CD

before treatment and the healthy controls. To identify

any differences in SRB populations before and after treat-

ment, 13 individual samples were investigated, including

three healthy controls, four pairs of patients with CD

both before and after treatment and two other patients

with CD before treatment (Table 4). In the three healthy

individuals, the proportion of the two major species con-

tributed over 90% of all dsrB sequences, similar to the

pooled data. However, the ratios of B. wadsworthia to

D. piger varied over a wide range. Among the six patients

with CD before treatment, four patients carried a much

lower proportion of B. wadsworthia (below 27.8%) com-

pared to the average level in the healthy control group

(67.7%). Subsequent analysis of the two exceptional

patients with CD (sample #47 and #128) with high levels

of B. wadsworthia revealed that the severity of disease in
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Table 2. Pooled and individual samples used in two 454 sequencing experiments

Barcode

pool no.

Patient

no.

Sample

no. before

FeS

formed*

PCR

score

Barcode

pool no. Patient no.

Sample

no. after

FeS

formed*

PCR

score

Pooled samples used for the first 454 sequencing experiment

Healthy

1 AA 11 73 5

AC 16 71 5

AD 37 71 5

AH 44 72 5

8 AE 40 56 5

AG 43 66 5

AM 95 64 4

AN 114 65 4

AP 146 58 5

IBS before treatment IBS after treatment

4 BF 48 71 5 5 BD 45 73 5

BL 84 69 5 BF 69 72 5

BP 105 65 5 BN 134 70 5

BU 162 72 5 BO 129 72 5

11 BC 17 18 5 12 BB 29 38 4

BI 58 18 4 BE 90 28 4

BK 64 16 5 BG 72 16 4

BM 86 29 5 BK 68 21 5

BT 122 35 4 BM 106 55 5

CD before treatment CD after treatment

6 CL 126 66 5 7 CL 163 71 5

CM 128 71 5 CM 133 72 5

CQ 142 70 5 CP 147 70 5

CP 140 72 4 CQ 149 70 5

13 CA 18 56 4 14 CD 73 43 4

CB 39 42 5 CG 88 18 4

CF 57 61 5 CJ 141 48 4

CG 82 9 4 CO 157 59 4

CH 93 5 5 CT 175 19 4

UC before treatment UC after treatment

2 DG 38 71 5 3 DE 60 73 5

DL 116 72 5 DF 34 72 5

DM 139 72 5 DG 49 72 5

DN 160 60 5 DL 120 72 5

9 DB 14 4 4 10 DB 24 63 4

DE 30 37 4 DD 32 9 4

DF 31 54 5 DJ 108 62 4

DH 51 34 4 DK 111 58 4

DJ 98 58 5 DM 155 69 4

Samples sequenced individually in the second 454 experiment

CD before treatment CD after treatment

3 CQ 142 70 5 4 CQ 149 70 5

5 CD 47 71 4 6 CD 73 43 4

7 CG 82 9 4 8 CG 88 18 4

9 CH 93 5 5 10 CH 127 73 5

11 CM 128 71 5

12 CP 140 72 4

Healthy

13 AD 37 71 5

15 AE 40 56 5

16 AM 95 64 4

*Equal quantities of DNA from four or five samples from each subgroup were sequenced. The first of the two pools was from samples that gen-

erated most FeS, and the second from samples that generated slightly less FeS.
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patient 128 was very low (2 mg mL�1 CRP), while in

patient #47, no other sulphate- or sulphite-reducing bac-

terium was detected apart from B. wadsworthia. This

result is consistent with the results from the pooled data:

a low proportion of B. wadsworthia is likely to correlate

with CD. However, based on the observation of these

four patients, effective treatment determined either by the

Harvey and Bradshaw Index or by the concentration of

CRP (Table 5) does not always lead to an increase in the

proportion of B. wadsworthia. Clearly, many more data

from individuals before and after treatment will be

required for any statistically significant conclusions to be

drawn. Based only on the 13 tested individuals, there was

no obvious association between the presence of species A

and an abnormal gut environment. No or very low levels

of species C were found in patients with CD, but it was

present in only one of the three healthy individuals inves-

tigated. Based only on the 13 tested individual samples,

there was no obvious association between the presence of

species A or C and a healthy gut environment. The rela-

tively high proportion (approximately 6%) of species D

observed in the CD patient pool was likely contributed by

one individual (patient sample #140), carrying species D

at a level of 60% of all SRB. Again, no statistically mean-

ingful conclusion could be drawn from such a small

sample.

Discussion

To our knowledge, this is the first attempt to define the rel-

ative abundance and diversity of SRB in the human gut.

Our primary objective was to determine by in-depth

sequencing of individual DNA molecules whether the

Fig. 2. Distribution of four types of SRB in seven patient groups. The

histogram shows relative abundance in the seven sample groups of

dsrB DNA from four species (the sulphite-reducing bacterium,

Bilophila wadsworthia, Desulfovibrio piger and two unknown species)

expressed a percentage of the total number of SRB sequences

obtained.
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presence of one or more species, or their relative abun-

dance, could be correlated with gut disease. Once they had

been screened for variation because of sequencing errors,

highly significant data were obtained. The results are there-

fore important in that they demonstrate that for bacteria

for which the more traditional method of analysing 16S-

ribosomal DNA sequences is unreliable, a combination of

bar-coded primers and DNA sequencing of genes for a

highly conserved metabolic enzyme can provide a useful

alternative approach to analyse complex bacterial commu-

nities that might be associated with human disease.

Three major caveats should be considered in interpret-

ing the data obtained from this study. First, two rounds

of PCR were required to generate the template molecules

that were sequenced. In any PCR involving degenerate

primers and community DNA, some templates will be

amplified more than others. Second, primer design is crit-

ical because only those templates recognized by the

primers can be amplified. For these reasons, it was essen-

tial to provide independent data to confirm that at least

the major groups of SRB present in human faeces can be

detected using the methods described in this study. The

third caveat is that samples that failed to generate suffi-

cient PCR product could not be included in the sequenc-

ing. Thus, it is conceivable, but we believe unlikely, that

new SRB species might occur only in these samples and

hence would have been overlooked in this study. With

these caveats in mind, several important conclusions can

be drawn from our data.

Because of the scarcity of SRB in human faeces, the 1.9-

kb dsrAB fragments produced from the first round of PCR

were hardly detected on an agarose gel, whereas the sec-

ond-round PCR product, dsrB, was visible for most sam-

ples. Thus, the amount of SRB in each patient was scored

by the amount of first-round PCR product required to pro-

duce a clearly visible dsrB band on an agarose gel. The fae-

cal samples were classified into five groups according to the

PCR scores. To explore the possibility that our data were

invalidated during the first round of PCR, the abundance

of SRB in each individual faecal sample was first assessed

for its ability to generate a black precipitate of iron sul-

phide, which is indicative of SRB growth. The data corre-

lated significantly with the PCR scores (Fig. S22), which

suggests that most of the major groups of SRB had been

detected. However, there were two types of deviation from

the general trend. First, six of the eight samples from

patients with CD before treatment were shown to contain

an inhibitor of SRB growth. The PCR assay was therefore

more reliable than the growth assay for these samples. Con-

versely, two of 28 UC samples (#14 and #32), two of the 41

CD samples (#123 and 124) and 6 of 42 IBS samples (#17,

#64, #86, #90, #72 and #68) gave abundant formation of

iron sulphide, but the PCR primers failed to detect the

dsrAB genes in these samples. In this context, it was sur-

prising that no Desulfovibrio fairfieldensis was detected in

any of our samples (see, for example, Loubinoux et al.,

2002). This bacterium has recently been implicated in

human disease (Gaillard et al., 2011). Thus, despite the

Fig. 3. Consensus sequences of the nine phylotypes found in this study and the eight reference species. The phylotype labels 100% Bilophila

wadsworthia, 99% Desulfovibrio piger, 98% D. desulfuricans F28-1 and 98% Desulfovibrio NY682 overlap the labels of their reference species,

as they are too similar to be distinguished on the dendrogram.
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generally good correlation between growth tests and the

PCR assay, further improvements to the primer set are

required for the PCR assay to be completely reliable. An

example of such an improvement was published after this

work had been completed (Steger et al., 2011).

The DGGE experiments provided an indication of the

likely reliability of the second round of PCR using two

independent sets of primers, but identical DNA templates.

Comparable data for the relative abundance of B. wads-

worthia and D. piger were obtained from both DNA

sequencing and analysis of DGGE gels. This correlation

extended to the three other previously characterized SRB

found in individual samples. However, the DGGE method

was insufficiently sensitive to be used to detect minority

of SRB populations.

If all sulphate- and sulphite-reducing bacteria in each

faecal DNA sample were defined as 100%, then B. wads-

worthia and D. piger contributed 86% on average to the

overall SRB (Table 3 and Fig. 2) and were the major spe-

cies of sulphate- or sulphite-reducing bacteria detected in

this study. The proportion of the two species was as high

as 93.5% in the healthy control group and lower in all

patient groups. After treatment, the proportion of the

two species had increased slightly in all three disease

groups. In the CD patient group before treatment, the

proportion of B. wadsworthia (41.9%) was much lower

than that in the healthy group (67.7%) or any other

patient group; after treatment, the proportion of B. wads-

worthia had increased to a level similar to the healthy

group. Also in this group before treatment, the propor-

tion of D. piger (36.7%) was higher than that in the

healthy group (25.8%) or any other patient group; the

corresponding figure decreased to a level similar to the

healthy group in response to treatment. In all of the three

patient groups, after treatment, there was always an

increase, to different extents, in the ratio of B. wadswor-

thia to D. piger. It is notable that the level of new species

A is very low in healthy controls (0.48%) compared to

patients with any of the three diseases (in a range of 6

–12%). Following treatment, the proportion of species A

decreased in every disease group, especially in patients

with CD (from 8.7% to 1.6%). New species C was found

almost only in the healthy group, and new species D was

found almost only in the CD group. If these preliminary

results can be confirmed in a much more extensive study,

they raise many interesting questions. For example, could

a relatively low level of B. wadsworthia or high level of

D. piger be used as an indicator to distinguish CD from

the other two gut diseases? Does an effective treatment

always lead to a decrease in the proportion of D. piger or

an increase in the proportion of B. wadsworthia? Could

the presence of new species A be used as an indicator for

abnormal gut environment, or the presence of newT
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species C be used as an indicator for healthy gut environ-

ment? Does the presence of new species D contribute to

the aetiology of CD? Are species A, B, C and D SRB, or

prokaryotes that reduce organosulphur compounds, or

sulphite? Does the observation in pooled data reflect the

distribution of SRB in each individual? Finally, could the

presence of a growth inhibitor in patients with CD be

developed as a useful tool in diagnosis?

In summary, despite its acknowledged limitations, this

study has indicated some clear objectives for future research,

and methods applicable to answer many questions raised.
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