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Abstract

Inflammatory bowel disease including ulcerative colitis are complex multifactorial diseases of 
unknown aetiology. Sulphate-reducing bacteria are often associated with the occurrence of the 
disease. The physiological properties of intestinal sulphate-reducing bacteria including kinetic 
characteristic of their growth have never been reported. The aim of this research was to evaluate 
the presence of sulphate-reducing bacteria isolated from the intestines of mice, study their growth, 
calculate and compare the kinetic growth properties on the model of dextran sulphate sodium 
induced ulcerative colitis in the mice. The number of viable intestinal sulphate-reducing bacteria 
from the bowel lumen of mice with ulcerative colitis was higher (P > 0.05) by 22% at 12 h of 
cultivation compared with cultures of sulphate-reducing bacteria from the bowel lumen of healthy 
mice. The sulphate-reducing bacteria from mice with colitis also had a slightly higher generation 
time (14.29 h) and exponential growth phase (22.24 h) compared with cultures from healthy 
mice. The time of lag-phase was 2 × shorter (P > 0.01) in the cultures of sulphate-reducing 
bacteria from mice with ulcerative colitis. The described research is new and important for the 
prediction of the sulphate-reducing bacteria number in the gut and their rate of dissimilatory 
sulphate reduction. The kinetic characteristic of their growth is important for further clarification 
of the mechanisms of sulphate reduction and accumulation of hydrogen sulphide, which is toxic 
for epithelial cells of the intestine and can cause bowel diseases both in humans and animals, in 
particular ulcerative colitis.

Intestinal microbiota, growth rate, hydrogen sulphide, bowel diseases 

Sulphate-reducing bacteria (SRB) are widespread in anaerobic areas of soils, wetlands, 
fresh and marine waters and available in the microbiota of the large intestine of humans 
and animals (Barton and Hamilton  2010). These microorganisms metabolize sulphate 
as an electron acceptor to hydrogen sulphide. The sulphate dissimilation process is called 
the “dissimilatory sulphate reduction” or “sulphate respiration” (Kushkevych  2016a,b). 
For this process, SRB needs exogenous electron donors, including organic compounds 
or molecular hydrogen. Dependent on SRB genera, organic compounds are oxidized 
incompletely to acetate (acetogenic SRB) or completely to carbon (IV) oxide (Barton and 
Hamilton  2010). 

The intensity of sulphate reduction in SRB and, accordingly, the accumulation of hydrogen 
sulphide in high or toxic concentrations in the intestines can lead to the development of 
various diseases (Kushkevych 2014a). Hydrogen sulphide is the final product in the 
sulphate reduction process of SRB metabolism. At high concentrations, this final metabolite 
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is toxic and carcinogenic for the intestinal cell and can cause inhibition of cytochrome 
oxidase, colonocytes oxidation of butyrate, destruction of epithelial cells, and development 
of ulcers and inflammation with subsequent development of ulcerative colitis (Pitcher et al. 
1996; Gibson et al. 1991; Cummings et al. 2003; Kushkevych 2015c,d).

Acetogenic SRB and their final products of metabolism (including hydrogen sulphide and 
acetate) are often found in the faeces of people with bloody diarrhoea (Pitcher  et al. 1996) 
and the mono and polymicrobial infections of the gastrointestinal tract (McDougall et al. 
1997). It is believed that SRB can cause frequent defecation, weight loss, and increased 
intestinal permeability (Kushkevych  2016b). The species and quantitative composition 
of the SRB on the surface of the intestinal mucosa are different from those microorganisms 
in the lumen (Macfarlane  et al. 2000, 2007; Zinkevich et al. 2000; Kushkevych  2015e). 
Such genera of SRB, Desulfovibrio, Desulfomicrobium, Desulfobacter, Desulfobulbus, 
Desulfotomaculum, Lawsonia and Bilophila, are the most isolated from the intestines 
of healthy and ill humans and animals (Gibson et al. 1991, 1993; Kushkevych  2016b).

The number of cases of inflammatory bowel disease (IBD) including ulcerative colitis 
(UC) is growing. The cause of the occurrence is still unknown (Cummings  et al. 2003). 
This disease is mostly observed in the human population of the age group of 15–30 years; 
although there is clear evidence of this disease occurring in the human population of the 
age group of 50–70 years, which can be labelled as a potential risk group. Frequent cases 
of this disease are recorded in both developed and underdeveloped countries (Garud and 
Peppercorn  2009). Ulcerative colitis is diagnosed not only in people but also in animals; 
e.g., horses, cows, pigs, dogs, cats, and rodents (mice and rats). However, the functional 
role of SRB in the development of inflammatory bowel disease including ulcerative colitis 
and their participation in the mechanisms of the disease have never been studied properly. 
The physiological properties of intestinal SRB including the kinetic characteristic of the 
SRB growth (doubling time, absolute and relative (specific) growth rate, the maximum 
growth rate and time of lag-phase) and their comparison between healthy mice and mice 
with induced ulcerative colitis, have never been reported. 

The aim of our research was to induce ulcerative colitis in mice using dextran sulphate 
sodium, accumulate the SRB cultures from the intestines of healthy mice and of mice with 
ulcerative colitis, isolate and identify SRB cultures to study their growth, calculate and 
compare the kinetic growth properties.

Materials and Methods
Manipulation with animals

Male C57Bl/6 mice (20 g ± 2 g) were obtained from the Animal Breeding Facility of Masaryk University (Brno, 
Czech Republic). They were kept under standard conditions (22 ± 2 °C, 50 ± 10% relative humidity) and alternating 
12 h light/dark cycles. The animals had access to a standard diet and drinking water ad libitum. Manipulations with 
the animals were carried out according to the bioethical rules as per the principles of the “European Convention for 
the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes” adopted in Strasbourg 
in 1986. The study was also approved by the “Commission for the Protection of Animals against Cruelty” and the 
Ethics Committee of the University of Veterinary and Pharmaceutical Sciences in Brno, Czech Republic.

In total, 6 animals in two groups (4 + 2 animals in the first and second group, respectively) were randomly 
separated and used in this experiment. In the dextran sulphate sodium (DSS) group (n = 4), colitis was induced 
by administering 5% (w/v) DSS (MP Biomedicals, Illkirch-Graffenstaden, France; MW 36.000–50.000 Da) in 
drinking water for 7 days. The mice in the intact group (n = 2) received drinking water only. On the last day 
of experiment, the animals were killed by decapitation under isoflurane anaesthesia. The isolated distal colonic 
segments were selected for the analysis of qualitative and quantitative composition of intestinal microflora of both 
groups of the animals.

Accumulation of intestinal SRB
In total, 100 mg of faeces were taken from healthy mice and mice with UC. A 5 mm-piece of the intestine was 

also taken for studying SRB which can be in biofilms from both groups of animals. All samples were suspended 
in tubes (volume 1.5 ml) with pre-heated (36.6 °C) liquid modified Postgateʼs medium I (Postgate 1984) 
of the following composition (g/l): Na2SO4 (4.0), KH2PO4 (0.3), K2HPO4 (0.5), (NH4)2SO4 (0.2), NH4Cl 
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(1.0), CaCl2×6H2O (0.06), MgSO4×7H2O (1.0), C3H6O3 (6 ml), yeast extract (1.0), Na3C6H5O7×2H2O (0.3). 
Additional solutions (g/l) were prepared separately using deionized water: sodium pyruvate (2 g in 100 ml 
of H2O, 100 ml), NaHCO3 (2 g in 50 ml of H2O, 50 ml), Na2S2O4 (30 mg in 1 ml of H2O, 1 ml), Mohrʼs salt 
solution ((NH4)SO4Fe(SO4)2×6H2O) (10%) 10 ml, Na2S×9H2O (1%) 3 µl. The medium and solutions were 
sterilized separately. Each of these 5 solutions was added to the medium. To adjust the pH value on 8.5 sterile 10N 
solution of NaOH was used. The redox and anaerobic conditions were controlled by resazurin sodium (Oxoid, 
BR 0055B) as an indicator. In addition, reduced FeS and Na2S contained in the medium provided the necessary 
redox conditions for SRB cultures. The discoloration of resazurin sodium (redox potential of discoloration 
Eh = -100 mV) confirmed the decrease of the redox potential. The SRB suspensions were cultivated at 36.6 °C 
under anaerobic conditions for 48 h. The tubes were filled with medium and closed by a rubber plug to provide 
anaerobic conditions. The positive cultures of SRB created a black sediment because Mohr’s salt solution was 
added to the medium. As a result, FeS was formed by the bacterial cells that caused the black sediment.

Isolation and identification of intestinal SRB pure cultures
For isolation of the SRB pure cultures, each positive suspension with SRB was diluted to 10-12 in a series 

of tubes containing the liquid medium I. To obtain colonies for isolation, the same Postgateʼs agar (12 g/l) medium I 
was prepared. To prevent solidification, the medium I in Erlenmeyer flask (500 ml) was placed in water bath tempered 
to 45 °C. To obtain isolated SRB colonies, 20 ml of agar medium I + 100 µl of each dilution suspension were mixed 
and consequently poured to Petri dishes. After cooling down, the dishes were placed into an anaerobic box with oxygen 
uptake generators (GENbox anaer, bioMérieux, France) for anaerobiosis. The cultivation was carried out in incubator ES 
120 (Nüve, Turkey) operated at 36.6 ± 0.5 °C. Black colonies were visible on the agar medium after 24 h of cultivation. 

Isolated colonies were taken in the liquid medium I and grown for another 24 h. To make sure the samples were 
pure culture, this process was repeated × 2–3. The identification of SRB was carried out as described previously 
(Kushkevych 2013; Kushkevych et al. 2014b). The SRB isolates were identified as Desulfovibrio genus. 
Additional tests of the identification (including morphological characteristics, physiological and biochemical 
properties) showed that no other genera were present. The obtained SRB cultures were kept in the Laboratory 
of Anaerobic Microorganisms of the Section of Microbiology and Molecular Biotechnology at the Department 
of Experimental Biology at the Masaryk University (Brno, Czech Republic).

Testing of bacterial growth by the Bioscreen method
For the testing of bacterial growth, the suspensions of SRB and pure culture of Desulfovibrio genus isolated 

from 2 healthy mice (5 isolates from the faeces + 5 isolates from the intestinal surface which were in biofilm) as 
well as from 4 mice with UC (5 isolates from the faeces + 5 isolates from the intestinal surface). 

Grown SRB in the liquid medium I without Mohr’s salt solution were diluted in the liquid fresh medium 
I (transmittance was 90 at λ = 620 nm). Consequently, 320 µl of each suspension obtained were pipetted to the 
wells (total volume 350 µl) of multiwell plates. To provide anaerobic condition, sterile paraffin oil (30 µl) was 
added to each well. As a control, the medium without any sample (320 µl) + 30 µl of sterile paraffin oil was used. 
For statistical evaluation, each sample was pipetted into 5 wells. For the study of bacterial growth, the Bioscreen 
C (Oy Growth Curves Ab Ltd., Finland) was used. Bioscreen was set at a temperature of 36.6 °C, measuring 
at a 30-min interval within the 24 h of measurement. 

Calculation of growth indices and statistical analysis 
The growth indices of SRB were characterized by the following basic constants (Widdel 2010): generation 

time (G), absolute growth rate (R), relative (specific) rate (µ), the maximum growth rate (µmax) and duration 
of the lag-phase (L). 

Generation time (G) was defined as the time (t) per generation of one bacterial cell (N = number of SRB cells 
in the interval time), in practice, it is the duration of the cell cycle of one cell: 

where t0 is initial time (t0 = 0) and N0 is initial number of bacterial cells (N0 = 5.69 log10CFU·ml-1). The absolute 
growth rate (or doubling rate) was calculated by the number of divisions (generations) per unit time. The absolute 
growth rate (R) was defined as the number of cells formed per time:

The relative (specific) growth rate (μ) was determined by the absolute growth rate related to the population size 
(number cells formed per time and existing number of cells, N):

Maximum growth rate was considered as the maximum value of relative (specific) growth rate. Time of lag-
phase was calculated by formula: L= tk–te, where tk was the duration of the experiment, and te was the duration of 
the exponential growth phase: 
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Kinetic and statistical calculations of the results were carried out using the software MS Office and Origin 
computer programs. Using the experimental data, the basic statistical parameters (mean: M, standard error: 
m, M ± m) were calculated. The research results were treated by methods of variation statistics using Student’s t-test. 
The significance of the calculated indicators of line was tested by Fisher’s F-test. The accurate approximation was when 
P ≤ 0.05 (Bailey 1995). 

Results
The first stage of our research was to compare the kinetic properties of SRB isolated 

from the lumen (faeces) of both experimental groups. The number of viable intestinal SRB 
from the bowel lumen of mice with UC was higher (P > 0.05) by 22% at 12 h of cultivation 
compared to cultures of SRB from the bowel lumen of healthy mice (Fig. 1A). These data 
correlate with specific maximal growth rate (µmax) which was also higher (P > 0.05) by 
13% in SRB from mice with UC. The specific maximal growth rate of the SRB from both 
groups was achieved at 12–12.5 h (Fig. 1B). These microorganisms also had a slightly 
higher generation time (14.29 h) and exponential growth phase (22.24 h) compared to 
the cultures from healthy mice (Table 1). It should be noted that the time of the lag-phase 
was × 2 shorter (P > 0.01) in the cultures of SRB from the faeces of mice with UC. That 
may indicate adaptive capacities of the SRB and their participation in the development 
of UC. The intestinal SRB from the faeces of healthy mice and mice with UC achieved 
the exponential phase after an adaptation period (3.49 and 1.76 h, respectively) in the lag 
phase. The stationary phase was achieved after 20.51 and 22.24 h, respectively (Table 1).

Sulphate-reducing bacteria can be found not only in the faeces or in the intestinal lumen 
but they can also be in interaction with other intestinal microorganisms in the biofilms. 
These biofilms are often formed by the SRB with species of Clostridium, Bacteroides 
or Escherichia genera. However, the features of the formation of these biofilms and the 
interaction of SRB with other bacterial genera are still unexplored. 

Cultures of SRB from the intestinal surface of the biofilm of healthy mice and of mice with 
UC were accumulated in the medium and the kinetic properties of their growth were studied 
(Fig. 1C). The growth of SRB cultures from the bowel surface of both groups of mice was 
almost the same until 4.5 h of cultivation. The level of growth of SRB from the biofilm of mice 
with UC was increased (P > 0.05) within the time interval of 4.5–12.5 h and after that they 
were released from the biofilm of healthy mice. The specific maximal growth rate was higher 
(P > 0.05) by 26% in SRB from healthy mice compared to mice with UC (Table 1). However, 
maximal growth rate of SRB from the biofilm of healthy mice was achieved earlier at 1.5 h, 
whereas µmax of SRB from the biofilm of mice with UC was achieved later at 9.5 h of cultivation 
(Fig. 1D). These results correlated with specific means and absolute growth rates which were 
also higher (P > 0.05) by 17–18% in SRB from healthy mice. The generation time (12.72 h) and 
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Suspension te Lag-phase G Absolute rate
 Specific rate

of SRB from (h) (h) (h)  (number of cells/hour)
 (number of cells/hour)

 Average µmax

 healthy 20.51 3.49 13.13 0.076 ± 0.023 0.052 ± 0.016 0.063 ± 0.011
 UC 22.24 1.76 14.29 0.069 ± 0.007 0.048 ± 0.005 0.071 ± 0.002

 healthy 19.74 4.26 12.72 0.079 ± 0.009 0.054 ± 0.062 0.081 ± 0.014
 UC 21.21 2.79 15.48 0.065 ± 0.023 0.045 ± 0.014 0.060 ± 0.005

Table 1. Kinetic properties of SRB cultures isolated from mice.

Comment: te is duration of the exponential growth phase (hours), G is generation time (hours), µmax is maximum growth rate, 
SRB: sulphate-reducing bacteria, UC: mice with ulcerative colitis
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exponential growth phase (19.74 h) of these microorganisms were shorter (P > 0.05) compared 
to the cultures of SRB from mice with UC. It should be noted that the time of the lag-phase in 
SRB from surface was × 1.5 shorter (P > 0.05) in the cultures of SRB from mice with UC. It 
correlated with the lag-phase in the SRB isolated from the bowel lumen of mice with UC. The 
stationary phase of both SRB cultures was achieved after 20 h of cultivation.

Discussion

Inflammatory bowel disease including ulcerative colitis are complex multifactorial 
diseases of unknown aetiology (Cummings et al. 2003). However, the aetiological 
role of the sulphate-reducing bacteria Desulfovibrio genus in the development of these 
inflammatory diseases was demonstrated in our previous research (Kushkevych 2014a). 
Ulcerative colitis was experimentally induced in the animals by application of sulphate-
reducing bacteria. The initiation of the animals’ own potential intestinal microflora of 
sulphate-reducing bacteria was observed in those animals which obtained a dose of 
sulphate containing medium. The changes in the colonic microbiota were observed in 
the animals which received a dose of SRB suspension. The bacteria belonging to the 
normal colonic microbiota were associated with the aetiology of inflammatory bowel 
disease and ulcerative colitis. The concentration of sulphide and acetate in faeces from 
different sections of the large intestine was determined. The level of ulcerations in the 
second and third group of sick animals under the specific conditions was demonstrated 
(Kushkevych 2014a).
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Fig. 1. Physiological indices of sulphate-reducing bacteria isolated from mice: bacterial growth (A, C) and 
specific growth rate (B, D), the arrows indicate the maximum rate of the growth and CFU is colony-forming units  
(M ± m, n = 5)



The increasing number of viable intestinal SRB was also described previously in several 
researches published by Gibson et al. (1991, 1993), Kushkevych (2015a), Cummings 
et al. (2003), and Pitcher et al. (1996). The increasing specific maximal growth rate 
(µmax) of SRB from mice with UC can lead to intensive sulphate reduction (Kushkevych 
2014c). The increased concentration of sulphate in the intestine can lead to an increase in 
the specific maximal growth rate of the SRB and the production of hydrogen sulphide and 
acetate in high concentrations. 

The reduction of sulphate ions to hydrogen sulphide occurs as a result of the formation 
of many intermediate compounds (Postgate 1984). The sulphate reduction enzymes are 
located in the cytoplasm and peripheral plasma. The initial stages of sulphate reduction 
include the uptake of sulphate ions in the bacterial cells. The sulphate ions can be transported 
into the cells simultaneously with protons and some sulphate-reducing bacteria can absorb 
sulphate from the flow of sodium ions (Barton and Hamilton 2007). It is known that the 
centre of adenosine triphosphate (ATP) hydrolysis is located on the cytoplasmic surface 
of the membrane. In another one of our studies, the ATPase activity in cell-free extracts 
of the sulphate-reducing bacteria isolated from the human large intestine was demonstrated. 
The maximum ATPase activity for SRB strains at +35 °C and at pH 7.0 was described 
(Kushkevych et al. 2015). 

The described research is novel and important to predict the SRB number in the gut 
and their speed of dissimilatory sulphate reduction. The kinetic characteristic of their 
growth is important for further clarification of the mechanisms of sulphate reduction and 
accumulation of hydrogen sulphide, which is toxic for epithelial cells of the intestine 
and can cause bowel disease both in humans and animals, in particular ulcerative colitis. 
These results could be particularly useful for the study of IBD and its therapeutic strategy. 
These data are also indispensable for application into mechanistic details that will facilitate 
better preclinical drug/therapy design to target specific components involved in the disease 
pathogenesis.
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