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Abstract: Intestinal sulfate-reducing bacteria are often 
isolated from patients with inflammatory bowel disease, 
including ulcerative colitis, and can be involved in the 
development of gut inflammation. A comparison of 
the metabolism of intestinal sulfate-reducing bacteria 
isolated from individuals with colitis and healthy controls 
using statistical analysis has never been studied and 
described before. The aim of our research was to evaluate 
the parameters of dissimilatory sulfate reduction in 
Desulfovibrio species that were isolated from the feces 
of healthy objects and individuals with colitis. Principal 
component analysis indicates that the strains that were 
isolated from individuals with colitis grouped in the same 
cluster by biomass accumulation and sulfide production, 
same as the strains isolated from healthy individuals. 
Sulfate and lactate consumption measured over time 
showed negative correlation (Pearson correlations, 
p<0.01), healthy: -0.760; colitis: -0.770; healthy: -0.828; 
colitis: -0.847, respectively. The calculated linear regression 
(R2) was lower in biomass accumulation and hydrogen 
sulfide production, 0.531; 0.625 respectively. Thus, 
biomass accumulation and sulfide production, together 
with measured kinetic parameters play an important 
factor in bowel inflammation, including ulcerative colitis. 
Additionally, acetate production can also synergize with 
H2S, while sulfate consumption and lactate oxidation 
likely represent minor factors in bowel disease.

Keywords: inflammatory bowel disease; ulcerative 
colitis; sulfate-reducing bacteria; Desulfovibrio; hydrogen 
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1  Introduction
The pathogenesis of ulcerative colitis (UC) is known to be 
significantly influenced by the gut microbiota [1]. A major 
risk factor for inflammatory bowel disease in both animals 
and humans is indicated by increased numbers of sulfate-
reducing bacteria (SRB), and intense dissimilatory sulfate 
reduction (DSR) in the gut [2, 3, 4]. While SRB are present 
in the normal gut microbiota, an increased frequency of 
SRB may contribute to colitis development, especially in 
association with hydrogen sulfide production [5]. Another 
contributing factor is reduced mucosal thickness in the 
presence of Desulfovibrio species [6]. Interestingly, SRB have 
also been associated with rheumatic diseases and ankylosing 
spondylitis [7]. The production of hydrogen sulfide has 
been shown to affect the metabolism of intestinal cells and 
give rise to various inflammatory bowel diseases [8]. The 
presence of SRB may also be responsible for some forms of 
rectum cancer. The most frequently detected species of SRB 
are Desulfovibrio genus in patients with bloody diarrhea, 
weight loss, anorexia, epithelial hyperplasia and abscesses 
(both is animals and humans) [9, 10, 11]. Additionally, in the 
feces of both humans and animals with ulcerative colitis, 
SRB are often detected with increased frequency [8, 12]. The 
prevalence of ulcerative colitis (UC) in Western countries is 
observed at a rate of 12 per 100,000 people, mostly between 
the ages of 15 and 30 years old [13]. Certainly, the location 
and severity of UC is influenced by medication and dosage in 
treatment [4, 8, 14, 15].

The final product of SRB is hydrogen sulfide, which is 
toxic, and in addition to contributing to IBD development 
(including UC and Crohn’s disease), it is also associated 
with a higher risk for neurodegenerative illness, likely 
through DNA damage and mutation, enzyme inhibition 
and mitochondrial respiration inhibition [16, 17, 18, 19, 20, 
21].
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The novelty of our study lies in the fact that 
the comparison of dissimilatory sulfate reduction 
(DSR), including sulfate and lactate consumption, 
the production of hydrogen sulfide and acetate, as 
well as growth parameters of the SRB strains isolated 
from healthy and individuals with UC has never been 
presented before. The aim of our research was to evaluate 
the parameters of growth (biomass) of Desulfovibrio 
species that were isolated from the feces of individuals 
with colitis and healthy controls, as well as to investigate 
changes in dissimilatory sulfate reduction of these 
bacterial strains.

2  Materials and Methods

2.1  Bacterial culture and cultivation

In total, feces from 48 patients were analyzed: 24 
of them were with UC (12 female + 12 male) and 24 
healthy UC (12 female + 12 male). All patients were 20 
to 30 years old. SRB in all patients were calculated and 
identified, and their physiological and biochemical 
properties were studied as described previously [22]. 
Bacterial isolates have been preserved in the collection 
of microorganisms at the Department of Experimental 
Biology, Faculty of Science at the Masaryk University 
(Brno, Czech Republic). Bacteria were grown for 36 
hours at 37°C under anaerobic conditions in nutrition 
modified Postgate’s liquid medium [23]. Before bacterial 
passage, 0.05 ml.L-1 of sterile solution of Na2S×9H2O 
(1%) was added. The sterile 10 mol.L-1 solution of NaOH 
(0.9 ml.L-1) was used to adjust the medium to pH 7.2. 
The medium was heated in boiling water for 30 min in 
order to obtain an oxygen-free medium and cooled to 
35°C. Tubes were brim-filled with medium and closed to 
provide anaerobic conditions.

2.2  Assay of bacterial biomass

About 1 mL of liquid medium without Mohr’s salt 
was transferred into a plastic cuvette and taken to a 
biophotometer (Eppendorf®) for taring. Subsequently, 
1 mL of bacterial suspension was transferred into 
another cuvette and taken again to the biophotometer 
for measuring at OD λ=340. Before SRB were used for the 
experiments, optical density (OD340) was measured to 
insure approximately the same number of bacteria was 
used in each experiment [4].

2.3  Assay of sulfate, lactate, hydrogen 
sulfide and acetate in cultivation medium

The sulfate ion concentration in the medium was 
determined by the turbidimetric method after it had 
been precipitated by barium chloride. To stabilize the 
suspension, glycerol was added [24]. Lactate concentration 
was measured through the dehydrogenation reaction 
using a Lactate Assay Kit (Sigma-Aldrich, Catalog 
Number MAK064). Sulfide concentration in the culture 
medium was assayed by the spectrophotometric method 
as described [25]. Accumulation of acetate ions during 
bacterial growth was determined using an Acetate Assay 
Kit (Colorimetric, Catalog Number KA3764).

2.4  Statistical analysis

Overall differences between bacterial growth (biomass) 
and DSR parameters in the Desulfovibrio strains isolated 
from individuals with UC and healthy controls were 
determined by principal component analysis (PCA). 
According to an Eigen value of greater than 1, two factors 
described total variability. The relationship between time, 
bacterial growth (biomass) and DSR parameters were 
confirmed by linear regression. The correlation between 
bacterial biomass and DSR parameters was conducted by 
Pearson’s correlation analysis. SPSS 20 statistical software 
(IBM Corporation, Armonk, USA) was used. The research 
results were also analyzed using software package Origin 
7.0 (www.origin-lab.com). Using the experimental data, 
the basic statistical parameters (mean: M, standard error: 
m, M ± m) were calculated. The accurate approximation 
was when P≤ 0.05 [26]. 

3  Results
Principal component analysis (PCA) of the bacterial 
growth (biomass) and dissimilatory sulfate reduction 
(DSR) parameters (sulfate consumption, hydrogen 
sulfide production as well as lactate oxidation and 
acetate accumulation) by Desulfovibrio strains isolated 
from individuals with colitis and healthy controls is 
shown in Fig. 1. PCA analysis revealed four groups: 
I) strains isolated from individuals with colitis were 
grouped in the same cluster by biomass accumulation 
and sulfide production, II) strains isolated from healthy 
individuals were grouped in the cluster according to 
sulfide production and biomass accumulation, III) strains 
isolated from individuals with colitis and healthy controls 
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as “dissimilatory anaerobic sulfate respiration”). For this 
process, SRB also require an exogenous electron donor. 
The electron donor can be an organic compound (lactate, 
propionate, butyrate, acetate, ethanol, etc.), though they 
may also serve as a carbon source for growth [27, 28]. 
Lactate is universal electron donor and a carbon source 
[7]. These compounds can be oxidized incompletely to 
acetate or completely to carbon (IV) oxide and water, 
depending on the SRB genera present in the bowel. 

The presence of sulfate and lactate in the human 
intestine contributes to intensive bacterial growth and the 
accumulation of their metabolites: acetate and hydrogen 
sulfide. Hydrogen sulfide is toxic, mutagenic and 
carcinogenic in epithelial intestinal cells [12, 13]. There is 
also a hypothesis that sulfate-reducing bacteria can cause 
some forms of cancer of the rectum through the formation 
of hydrogen sulfide.

formed a distinct cluster by acetate accumulation, IV) 
strains isolated from individuals with colitis and healthy 
controls were positioned separately in another cluster 
by lactate (healthy individuals) and sulfate (individuals 
with colitis). Between these groups, statistical significant 
differences (p<0.05) were observed, thus supporting the 
importance of PCA analysis of the collected data.

Correlations between time (range from 0 to 10 days) 
and sulfate reduction parameters in Desulfovibrio isolates 
from healthy objects and people with colitis are shown 
in Table 1. Negative correlations were observed between 
time and sulfate and lactate consumption, while positive 
correlations were observed between the remaining 
measured parameters. Strains isolated from individuals 
with colitis produced a lower correlation with time only 
in biomass and sulfide accumulation as compared to 
the strains from healthy individuals. In other cases, they 
showed a higher correlation. 

Linear regression plots of growth (biomass 
accumulation, sulfate consumption, hydrogen sulfide 
production, and lactate oxidation and acetate production) 
with time of Desulfovibrio species isolated from individuals 
with colitis and healthy controls are shown in Fig. 2–3. 
R2 factors (p<0.01) were higher for strains isolated from 
colitis than healthy persons, though in comparison with 
healthy individuals, lower R2 were observed in biomass 
accumulation and hydrogen sulfide production. 

Based on our data, kinetic parameters of Desulfovibrio 
growth and their sulfate reduction isolated from individuals 
with colitis and healthy controls were calculated (Table 2). 
It can also be seen that the duration of the exponential 
growth phase extended for a longer period (142.50 hours) 
in the samples from healthy individuals. The stationary 
phase was achieved faster in samples that were collected 
from individuals with colitis (119.47 hours). These results 
correspond with a measured lag phase, and generation 
time (G), which was similar to the maximum growth rate 
(µmax) (Table 2). The rate of hydrogen sulfide production 
was also higher in samples that were collected from 
individuals with colitis.

4  Discussion
Part of human and animal intestinal microbiota is 
composed of sulfate-reducing bacteria; among them, 
the Desulfovibrio genus is the most often detected in 
individuals with IBD, including ulcer active colitis [4, 18, 19, 
20]. This genus is comprised of anaerobic microorganisms 
that utilize sulfate ions as an electron acceptor in the 
process of “dissimilatory sulfate reduction” (also known 

Fig. 1: Principal component analysis (PCA) of the bacterial growth 
(biomass) and DSR parameters in the Desulfovibrio strains isolated 
from healthy and individuals with UC

Table 1: Pearson correlations between sulfate reduction parameters 
in Desulfovibrio isolates from healthy subjects and individuals with 
colitis 

Correlations
(n=48)

Time
Range: 0 – 10 days

Biomass (healthy) 0.783**
Biomass (colitis) 0.729**
Sulfate (healthy) -0.760**
Sulfate (colitis) -0.770**
Sulfide (healthy) 0.838**
Sulfide (colitis) 0.790**
Lactate (healthy) -0.828**
Lactate (colitis) -0.847**
Acetate (healthy) 0.875**
Acetate (colitis) 0.941**
Comments: Correlation is significant at the 0.01 level (2-tailed)
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Fig.2: Linear regression plots of growth (biomass) of Desulfovibrio species, sulfate consumption and hydrogen sulfide production with time 
by bacterial strains isolated from healthy and individuals with colitis
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Fig.3: Linear regression plots of growth of lactate oxidation and acetate production with time by Desulfovibrio bacterial strains isolated from 
healthy and individuals with colitis

Table 2: Kinetic parameters of Desulfovibrio growth and their sulfate reduction isolated from healthy people and colitis patients

Subject:
healthy/colitis

Kinetic parameters
te

(h)
Lag-phase

(h)
G

(h)
Absolute rate  

(number of cells/hour)
Specific rate

(number of cells/hour)
Average µmax

Bacterial growth (Biomass)

healthy 142.50 0.38 0.63 1.59 0.022 0.046

colitis 119.47 0.27 0.59 1.70 0.024 0.057
Sulfate consumption (mM/hour)

healthy – – – 1.82 0.0260 0.0293

colitis – – – 1.81 0.0230 0.0267
Hydrogen sulfide production (mM/hour)

healthy – – – 0.0100 0.007 0.012

colitis – – – 0.0133 0.009 0.014
Lactate consumption (mM/hour)

healthy – – – 4.082 0.019 0.023

colitis – – – 4.080 0.018 0.021
Acetate production (mM/hour)

healthy – – – 0.0208 0.014 0.018

colitis – – – 0.0126 0.009 0.012
Comment: te is duration of exponential growth phase (hours), G is generation time (hours), µmax is maximum growth rate
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that sulfate consumption and lactate oxidation are 
responsible factors for illness development. Interestingly, 
in an assay in which DNA repair is inhibited, Attene-
Ramos et al. (2006) showed that Na2S above of 500 µmol/L 
is able to induce genomic DNA damage in HT-29-Cl.16E 
colonic cells [16].

It should be noted that previous work has indicated 
that the physiological properties of intestinal sulfate-
reducing bacteria (kinetic characteristics) isolated from 
mice with colitis are higher in comparison with healthy 
samples [21, 29]. Our results are clearly in agreement with 
this same observation (Table 2) 

Positive or negative attributes of sulfide are described 
by following parameters [29]: I) sulfide concentration 

One of the main factors that drives disease 
pathogenesis is increased intestinal SRB and their 
production of hydrogen sulfide. This is in agreement 
with the results of our research, where hydrogen sulfide 
production, biomass accumulation in individuals with 
colitis and healthy controls clustered in two separate 
groups. This was also confirmed by our Pearson 
correlation and linear regression results (Fig. 2–3, Table 1). 
Acetate production formed a single cluster with healthy 
and colitis affected individuals, thus suggesting that 
acetate production cannot be the main contributing factor 
in bowel disease development. On the other hand, acetate 
is thought to synergize with hydrogen sulfide increase the 
risk of IBD development. From our results, it is unlikely 

Fig. 4: The model of the dissimilatory sulfate reduction in intestinal sulfate-reducing bacteria of Desulfovibrio species (modified from Kush-
kevych 2016) [29]



Analysis of physiological parameters of Desulfovibrio strains from individuals with colitis    487

inside the colonic lumen and thus substrate availability 
from exogenous (alimentary) and endogenous origins 
and metabolic capacity for the microbiota to produce 
H2S, II) percentage of sulfide in free and bound forms, III) 
capacity of colonic epithelial cells to detoxify and to use 
sulfide as an energy source, as well as the availability of 
anaerobic metabolic pathways (i.e., glycolysis) for energy 
production when mitochondrial oxygen consumption 
is impaired, IV) capacity of colonic epithelial cells to 
rapidly adapt to excessive luminal sulfide production. The 
metabolic pathway of sulfate reduction in SRB is depicted 
in Fig. 4, as published by Kushkevych et al. (2016) [30]. 
However, it is clear that a better understanding of the 
pathways involved in H2S metabolism in colonocytes is 
still needed. According to previous work it is likely that 
imbalances between the concentration of free sulfide in 
the large intestinal mucosa and the metabolic Achaea 
capacity of epithelial cells results in a loss of normal 
oxidative cell capacity and epithelial cell renewal, 
with possible consequences for the process of mucosal 
inflammation and/or relapse risk. Recent works have 
also emphasized that endogenously produced H2S plays 
a role in the neuromodulation of chloride secretion, 
influencing intestinal contractility and large intestine 
nociception. It has yet to be shown whether H2S acts as 
a pro- or antinociceptive agent in the large intestine. It is 
possible that mammalian cells use the very simple sulfur-
containing gas molecule due to are function as indicated 
by metabolic studies with bacteria and marine animals 
living in sulfur-containing rich environments [31].

Alternatively, many bacterial genera and species are 
intertwined in the human microbiome, and in healthy 
individuals they establish metabolic equilibrium. The 
problem arises when metabolic equilibrium is not formed, 
and dysbiosis occurs and thus leads to the development 
of IBD. Intestinal SRB, including the Desulfovibrio sp., are 
detected not only in feces but also in the samples of colonic 
biopsies. Studies using Desulfovibrio indonesiensis as a 
model mono-culture have shown interactions between 
SRB and the human colon and intestinal epithelial 
cells, and in co-culture with an E. col isolate, as well as 
SRB consortia from human biopsy samples. Coutinho 
et al. (2017) emphasized that the influence of SRB on 
inflammation formation is higher in the presence of E. coli, 
and that these interactions are not observed in healthy 
individuals. Certainly, these findings further highlight the 
importance of SRB in IBD development [32].

5  Conclusions 
Defining the role of intestinal SRB in colonic conditions is 
important to better understand their ability to inhibit and/
or reduce the production of sulfide and acetate. Overall, 
our findings help describe the factors that influence 
sulfide production in the human and animal colon. 

In summary, our research supports the conclusion 
that SRB biomass accumulation and hydrogen sulfide 
production are important factors in IBD development, 
including UC, and could be utilized as risk indicators of 
IBD. Although acetate production can synergize with H2S, 
it was shown to exert a lesser effect. Similarly, sulfate 
consumption and lactate oxidation also likely represent 
negligible factors in the development of IBD as well.
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