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Abstract

Strictly anaerobic bacteria in the evolutionary way formed some mechanisms of oxygen tolerance.
These changes enable strictly anaerobic bacteria existing in natural environment in which avoid-
ing oxygen is not possible. Clostridium bifermentans is described as a strictly anaerobe species;
however, in the literature, there is some information about its oxygen tolerance. Thus, in this
work, the level of C. bifermentans aero-tolerance, its mechanisms, and the ability to metabolite
production in presence of oxygen in cultivation medium were investigated. It was found out that C.
bifermentans is able to survive in the presence of oxygen. Moreover, they are able to utilize oxy-
gen and product metabolites when the level of oxygen is below 10%. In bacteria cells superoxide
dismutase was detected.
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1. Introduction

The occurrence of oxygen in the Earth’s atmosphere two billion years ago, as a consequence of developing of
photosynthetic bacteria, caused evolution changes in an anaerobic bacteria metabolism. These changes provided
form mechanisms of protection against toxic by-products of oxygen in bacteria cells and enable strictly anae-
robic bacteria to exist in natural environment in which avoiding oxygen is not possible [1] [2]. The strictly
anaerobic microorganisms are not able to gain energy from oxygen respiration but first of all they are not able to
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long-time survive in the presence of oxygen at atmospheric level [3]. However, some strictly anaerobic bacteria
species are able to survive short-time oxygenation, and they continue their growth after bringing back anaerobic
conditions [1] [4] [5]. Moreover, the ability of utilizing of small amounts of oxygen by several species was de-
veloped. Some scientists explain the physiology of oxygen utilization by strictly anaerobic microorganisms by
the fact that the main respiration process carried out with slight partial oxygen pressure [6]. However, the main
meaning in aero-tolerance mechanisms in microorganisms plays: enzymes (catalase, superoxide dismutase, pe-
roxydase) [3] [7]-[10] occurrence of negative aerotropism, occurrence of intermembrane chemoreceptors, and
reduction of oxygen bonds [11] [12]. The very important role against oxygen-stress plays superoxide dismu-
tase. The genes encoding this enzyme which were detected is some anaerobic microorganisms, such as Bacte-
roides fragilis, Porphyromonas gingivalis [13], Methanobacterium thermoautotrophicum [14] [15] Desulfovi-
brio vulgaris [16] and Clostridium perfringens [17]. Despite the fact that Clostridium bifermentans is described
as a strictly anaerobe species [18]-[21], in the literature there is some information about its oxygen tolerance
[22]-[24]. Moreover, Hewitt and Morris [2] detected in C. bifermentans cells enzyme superoxide dismutase.

In this work, the level of C. bifermentans aero-tolerance, its mechanisms, and the ability to metabolite pro-
duction in the presence of oxygen in cultivation medium were investigated.

2. Materials and Methods
2.1. Microorganisms

C. bifermentans strains (KM 371, KM 374, and KM 376) were isolated from samples that were collected from a
manure in the Wielkopolska Region (Poland) and it has been identified and characterized in a previous work
[25]. Cultures of C. bifermentans are kept at culture collection of Department of Biotechnology and Food Mi-
crobiology at Poznan University of Life Sciences.

2.2. Cultivation Medium and Conditions

Bacteria were cultivated in the modified PY medium consisted of (g/l): BactoPeptone 10; yeast extract 10;
CaCl,, MgSO,4 x 7H,0 0.96; K,HPO, 2; NaHCO; 20; NaCl 4; glycerol 50. The anaerobic conditions in flask
were maintained by an anaerobic gas generating kit (Oxoid, UK), microanaerobic conditions by CampyGen Kit
(Oxoid, UK).

2.3. Bath Fermentation Procedures

A preculture was carried out in a 500 ml flask containing 300 ml PY medium with glycerol at 37°C for 24 h. It
was inoculated into a five liters bioreactor (Sartorius Stedim, Germany) with three liters PY medium. According
to Myszka et al. [25], a blanket of a high-purity grade gas mixture of 5% O, and 95% CO, was maintained dur-
ing cultivation. Gas flow rate was at up to 1.0 I/min, the stirrer speed varied between 200 and 500 rpm. The fer-
mentation was run at 30°C for seven days. Samples were taken in 24 h intervals to further analyses.

2.4. Analytical Procedures

The redox potential of bacteria cells was analyzed by flow cytometer BD FACS Aria Ill (Becton Dickinson).
The cells were characterized by two non-fluorescent parameters: forward scatter (FSC) and side scatter (SSC),
and two fluorescent parameters: green fluorescence (FL1) from RedoxSensor #8482; Green reagent and red flu-
orescence (FL2) from propidium iodide (PI) reagent. For excitation of both fluorescent reagents 488 nm blue
laser was employed. The flow cytometric analyses were performed by using logarithmic gains and specific de-
tectors settings. The threshold was set on the FSC and FL2 (PI) signals in order to discriminate microbial cells
from the background and to put all the cells on scale. Data were acquired in a five-decade logarithmic scale as
area signals (FSC-A, SSC-A, FL1-A and FL2-A) and analyzed with FACS DIVA software (Becton Dickinson).
The ability to metabolite production in microaerophilic conditions were delineated with a high liquid perfor-
mance chromatography (HPLC) technique. The Hewlett Packard system consisted of an auto sampler and a
pump, and a refractive index detector was used. The analysis was performed isocratically at flow rate 0.6 ml/min.
at 65°C, on a column Aminex HPX-87H300 x 7.8 (Bio-Rad, USA). 0.5 M H,SO, as a mobile phase was also
used. The standards were applied to identify peaks in chromatograms, and peak areas were measured to deter-
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mine the chemical compounds concentration (ChemStation, Agilent, USA).

The protein profile of C. bifermentans cells was tested by mass spectrometry. Analyses were done in
LC-MS/MS configuration using nanoACQUITY UPLC (Ultra Performance Liquid Chromatography) coupled
with mass spectrometer Orbitrap Velos (Thermo). Chromatography analyses were done on a column RP-C18
(Waters, BEH130 C18, 75 um x 250 mm). Proteins were identified using MASCOT algorithm.

Oxygen concentration in the cultivation environment was analyzed by gas chromatography (Agilent Tech-
nologies, 7890A System) with injector and Thermal Conductivity Detector (TCD). Analyzes were done using
TG Bond Msieve 5A (Thermo Scientific) column (30 m x 0.53 mm x 50 pum). The mobile phase was helium
(99.99%). The temperature of injector and detector was set up to 230°C.

3. Results

In the first step of investigation on the aero-tolerance of C. bifermentans strains, the changes of redox potential
of its cells was measured by the technic of flow cytometer. The aim of this experiment was to confirm the ability
of these bacteria to survive and maintained the metabolic activity in the microaerophilic conditions. Bacteria
were cultivated in 500 ml flask with CampyGen kit. As a result it was find out that independently on cultivation
conditions bacteria cells have generally comparable metabolic activity level, measured as an intensity of fluo-
rescence (Figure 1). The significant differences in the redox potential were only observed in 24 hour of cultiva-
tion in case of KM 374 and KM 376, and in 48 hour in KM 371 strain. However, in 72 cultivation hour and later
this potential was closely related in all investigated strains. C. bifermentans produce metabolites in the stationary
phase of growth (between 24 and 120 hour of cultivation) (unpublished data) so it indicated the assumption that
the presence of oxygen in cultivation environment not influenced on the efficiency of metabolite production by
C. bifermentans strains.

Thus, the authors compared the metabolic profile of investigated strains cultivated both in anaerobic and mi-
croanaerobic a five liters bioreactors. Bacteria were cultivated in PY medium, with glycerol as a carbon source.
The results are presented in Table 1. The main product of glycerol metabolic pathway was 1,3-propanediol
(1,3-PD), and the by-products were lactic, fumaric, acetic, succinic acids, and ethanol in trace amounts (exclud-
ing KM 371).

The metabolites were synthetized on the same level, independently on the cultivation conditions. It indicated
that C. bifermentans, despite the fact that they are recognized as a strictly anaerobic, have same mechanisms of
an aero-tolerance.

Thus, the level of oxygen tolerance by C. bifermentans was investigated. Bacteria were cultivated in a five li-
ters bioreactors with automatic microaeration (1%, 5%, and 10% of O,). The ability of 1,3-PD production by
investigated strains in these conditions were tested. The obtained results are presented in Figure 2.

It occurred that investigated C. bifermentans strains were able to the main metabolite production in the pres-
ence of small amount of oxygen (1% and 5%). The aeration on the level of 10% of oxygen inhibited 1,3-PD
synthesis, however bacteria survived in such conditions (unpublished data). Moreover, in cultivations with mi-
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Figure 1. The redox potential of C. bifermentans cells during cultivations: A KM 371; B KM
374; C KM 376; IF — fluorescence intensity.
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Table 1. Metabolic profile of investigated strains of C. bifermentans cultivated in anaerobic and microanaerobic conditions.

isolation

strain source 1,3-PD [g/l] LA [g/1] FA [g/1] AA [g/l] SA [g/l] EtOH [g/1]

AC MC AC MC AC MC AC MC AC MC AC MC

KM 371  manure 9.81 9.78 8.21 8.19 1.91 1.94 3.92 381 598  6.20 nd nd
+0.11 =+010 +£050 +0.08 +011 +0.08 =£0.05 +0.15 +0.06 +0.11

KM 374 manure 10.17 10.18 8.64 8.67 2.36 2.34 3.72 3.73 011 020 0.23 0.49
+0.09 011 =+£007 =005 =+017 =+025 =+0.17 +0.15 +0.02 +0.03 +0.02 +0.02

KM 376 manure 11.15 1135 6.66 6.66 1.34 1.36 2.92 3.04 188 173 029 0.44
+009 =£007 =£0.02 003 £013 =+011 =021 +0.04 +0.08 =006 +001 =011

AC—anaerobic condition; MC—microanaerobic condition; LA—Ilactic acid; FA—fumaric acid; AA—acetic acid; SA—succinic acid; EtOH—etha-
nol; nd—not detected.

(a) 20.00 15 | |®20.00 15
3 ~
S 15.00 10 % g 1500 0D
£ 1000 ;& E::)010_00 g
& 500 22500 5 )
Z 000 L S 0,00 S~
0 24 48 72 96 120 144 168 0 24 48 72 96 120 14‘4 168A
cultivaton time (h) cultivaton time (h)
© 15
- 20.00 35
= 15.00 10 &
g‘ib 10.00 5 E,-
g* 5.00 at}
0.00 0
0 24 48 72 96 120 144 168
cultivaton time (h) oxygen utilization (%) === 1,3-PD (g/L)

Figure 2. The kinetics of oxygen utilization (green line) and 1,3-PD production (red line) by C. bifer-
mentans strains: (a) KM 371; (b) KM 374; (c) KM 376.

croaeration 1,3-PD was synthetized in comparable amounts such as in strictly anaerobic conditions. These ob-
servations conduced the above mentioned assumption about the presence of aero-tolerance mechanisms in C.
bifermentans cells.

In the aim to develop the mechanisms of aero-tolerance of C. bifermentans, the ability to oxygen utilization
and the protein profile were investigated. The oxygen utilization by investigated strains was tested in 500 ml
flask cultivations by the technique of gas chromatography. As a result it was find out that C. bifermentans are
able to oxygen utilization. In Figure 2 the kinetics of oxygen utilization by investigated C. bifermentans strains
were confront with the kinetics of 1,3-PD production. It was observed that the ability to 1,3-PD synthesis is
strictly dependent on the level of oxygen in the fermentation environment. The necessary condition to begin the
main metabolite of glycerol pathway production by tested strains is limitation of oxygen below 10%. This ob-
servation confirmed the earlier conclusion that bacteria were not able to 1,3-PD synthetize in bioreactor cultiva-
tions with aeration on the level of 10% of oxygen (Figure 3).

The important aero-tolerance factors in microorganisms are enzymes, such as peroxidase, superoxide dismu-
tase, and catalase. Thus, the protein profile of C. bifermentans strains was tested by tandem mass spectrometry.
Bacteria were cultivated in microaerophilic conditions (CampyGen) in 500 ml flasks. It was find out that despite
the presence of oxygen during bacteria cultivation, the typical enzymes taking part in glycerol pathway were
detected (Table 2). Also the enzyme responsible for catalyzing the dismutation of superoxide into oxygen and
hydrogen peroxide were found (Table 2).

4. Discussion

The natural environment is a rich source of strains with high metabolic potential, which might be used in many
branches of industry. Some of them evaluated to adapt to conditions in which they live. An example of such
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Table 2. Proteins isolated from C. bifermentans cells.

protein name weigh (Da) IP protein occurence
acetyl-CoA acetyltransferase 41574 5.66 KM 371; KM 374; KM 376
glyceraldehyde-3-phosphate dehydrogenase, type | 35921 5.36 KM 371; KM 374; KM 376
aspartate-semialdehyde dehydrogenase 40533 5.98 KM 374; KM 376
NAD(p)-specific glutamate dehydrogenase 49209 5.72 KM 371; KM 374; KM 376
D-3-phosphoglycerate dehydrogenase 32345 5.17 KM 371; KM 374; KM 376
triose-phosphate isomerase 26783 4.99 KM 371; KM 374; KM 376
dihydroxyacetone kinase, DhaK 35822 5.04 KM 371; KM 374; KM 376
glycerol kinase 55866 5.35 KM 371; KM 374; KM 376
pyruvate kinase 50903 5.46 KM 371; KM 374; KM 376
short-chain alcohol dehydrogenase 33012 6.91 KM 371; KM 374; KM 376
chain A, native structure of the B12-independent 88790 611 KM 371: KM 374: KM 376
glycerol dehydratase
pyruvate:ferredoxin oxidoreductase 128076 5.46 KM 371; KM 374; KM 376
adenylosuccinate synthase 47789 5.38 KM 371; KM 374; KM 376
ketol-acid reductoisomerase 37658 5.02 KM 371; KM 374; KM 376
1,3-propanediol dehydrogenase 41759 5.66 KM 371; KM 374; KM 376
glycerol dehydrogenase DhaD1 41509 5.13 KM 371; KM 374; KM 376
pyruvate phosphate dikinase 97182 5.17 KM 374; KM 376
superoxide dismutase 32000 6.10 KM 371; KM 374; KM 376
dihydroxyacetone kinase 35822 5.04 KM 371; KM 374; KM 376
phosphoglycerate kinase 42136 5.13 KM 371; KM 374; KM 376
acetate kinase 43596 5.22 KM 371; KM 374; KM 376
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Figure 3. The level of oxygen tolerance of C. bifermentans strains presents as an

ability to 1,3-PD production in different conditions.

evolution is an aero-tolerance of strains generally recognized as strictly anaerobe. The aero-tolerance of strains
is a very important issue from the industrial point of view. It caused that application of microorganisms in a
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large production scale is easier and chemical synthesis of varied chemical compounds may be substitute by bio-
technological way [26] [27].

Bacteria from Clostridium genera exist commonly in the natural environment, for example in dust, soil [28],
water, sediments and in the alimentary canal in people and animals [29]. They play a key role in many solvents
(among other butyrate, acetate, and iso-propanole) [30]-[32], organic acids (acetic, fumaric, succinic, lactic) [32],
diols (1,3-PD, 2,3-butanediol) [33] [34] and gases (carbon dioxide, methanol, hydrogen) [35] [36] production.

In the work, the aero-tolerance of C. bifermentans strains isolated from the probes obtained from the natural
environment [25] was investigated. The isolation and selection processes of these strains were described in ear-
lier publications [25] [37]. The authors investigated the not-known yet ability of this species to 1,3-PD synthesis.
During these researches it was found out that despite the fact that bacteria belong to the Clostridium genera are
strictly anaerobic, obtained isolates proved some tolerance to the oxygen.

In the first step of this work, the redox potential of bacteria cells, cultivated both in anaerobic and microaero-
philic conditions, was compared. The aim of this step was to confirm assumption that C. bifermentans strains are
able to maintain the metabolic activity when oxygen presents in the fermentation environment. As a result it was
found out the oxygen did not significantly influence on the metabolism of bacteria cells and it was the founda-
tion for further experiments. Also other scientists used the redox potential to measure the metabolic activity of
bacteria cells [38] [39]. Also the ability of 1,3-PD, the main metabolite of glycerol pathway, production in mi-
croaerophilic was tested and the results were compared with the results obtained in anaerobic fermentations. It
occurred that independently on cultivation conditions, the concentration of produced metabolite is on the same
level. This observation contributed the earlier thesis that investigated bacteria are able to survive and maintain
the metabolic activity in the presence of oxygen. The synthesis of 1,3-PD by C. bifermentans in microaerophilic
conditions is very important issue, because there is no literature data about the ability of bacteria from the Clo-
stridium genera to 1,3-PD production in microaerophilic conditions. But we can find information about micro-
aerophilic synthesis of 1,3-PD by among other some strains belong to Lactobacillus (eg. Lactobacillus diolivo-
rans) [40], Klebsiella (eg., Klebsiella pneumoniae, Klebsiella oxytoca) [41], and Pediococcus (eg., Pediococcus
pentosaceus) [40] genera.

Despite the fact that generally bacteria C. bifermentans are regarded as strictly anaerobic [18]-[21], in the li-
terature there are some data about their tolerance to oxygen [22] [23]. Gibs [23] stated that in the presence of
oxygen, the sporulation process of C. bifermentans is more effective (even when the oxygen is on the atmos-
pheric level). Hewitt and Morris [2] detected in C. bifermentans cells the antioxidative enzyme—superoxide
dismutase and Kawasaki et al. [24] detected peroxidase NADH/NADPH. Researches carried out by Admassu et
al. [22] indicated that C. bifermentans maintained metabolic activity in the presence of oxygen. However, there
is no information about the concentration of oxygen which they tested. Thus, the authors decided to check the
level of oxygen tolerance. In this aim, bacteria were cultivated in bioreactors with aeration on the level of 1%,
5%, and 10% of oxygen. As a result of conducing maintaining of metabolic activity of bacteria cells, concentra-
tion of synthetized 1,3-PD was tested. It was found out that in 1% and 5% of oxygen 1,3-PD was normally pro-
duced, but in cultivation with 10% of oxygen synthesis of metabolite was inhibited, because the metabolic en-
zymes associated with the detected metabolites proteins were inactive. Because the key role in microorganism
aero-tolerance plays enzymes, such as superoxide dismutase, catalase, peroxidase [7] [9], the protein profile of
investigated strains were checked. These analyses conducted the thesis presented by Admassu et al. [22] that in
C. bifermentans superoxide dismutase, taking part in antioxidation reactions, is present. The very important
thing is also the fact that despite the presence of oxygen during bacteria cultivations, the main enzyme of glyce-
rol pathway was detected. Moreover, in the literature data there is no information about protein profile of C. bi-
fermentans. Only two papers demonstrated some information about the presence of cells low-molecular proteins
located in inactive spores of C. bifermentans [42]. The common mechanism of aero-tolerance is also the ability
to oxygen consumption, thus it was also checked in investigated strains. As a result, it was found out that inves-
tigated bacteria are able to consume oxygen. Moreover, the limitation of oxygen below 10% is a necessary con-
dition to beginning synthesis of 1,3-PD.

The mechanisms which protect live cells against toxic by-products generated during uncompleted decompo-
sition of oxygen were formed in evolution processes. They are indispensable for further survive of particular
anaerobic bacteria species. Generally, these mechanisms have not been precisely described. C. bifermentans is
able to survive in presence of oxygen. It also produces metabolites in microaerophilic conditions. The aero-to-
lerance mechanisms of this species based mainly on the ability to oxygen utilization and the presence of supe-
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roxide dismutase in bacteria cells.
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