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The aim of the work was to summarize the results of own research concerning obtaining butanol
producing strains of Clostridium genus, to identify them by physiological, morphological and genetic
methods. Further study of characteristics and biological features of the strains, and various
approaches in biotechnological process of butanol production are discussed. The work includes
methods to increase butanol accumulation by producer strains. Perspectives of using chemical
mutagenesis in Clostridia as a method of increasing butanol production are considered. The feasibility
of using non-food raw material as a substrate for fermentation is discussed. Different methods of
pretreatment and their impact on the accumulation of butanol in the liquid medium are compared.
Butanol accumulation is shown to increase significantly if the synthesis precursors are added as
components of enzymatic medium, and the “reverse bard” is used to reduce waste production without
affecting the level of butanol synthesis. The problem of conservation of producing strains is given

and protective medium for microorganisms during the freeze-drying is defined.
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Energy and environmental crises are
forcing humanity to rational and efficient
use of natural, especially renewable resources
[1]. Microbiological conversion of renewable
biosphere resources with the purpose to
produce commercial products, including
biofuels, is currently one of the challenges that
biotechnology’s facing. Anaerobic bacteria
of Clostridiaseae family are known producers
of one of the alternative biofuels, butanol.
Microbiological synthesis of butanol during
classical acetone-butanol-ethanol (ABE)
fermentation is economically unprofitable
nowadays. To create profitable ABE-
fermentation highly solventogenic strains are
required that would use affordable, renewable
and cheap raw materials such as biomass or
agricultural waste [2].

Industrial production of butanol by
microbial synthesis emerged in the early
twentieth century and was connected (as a
side process) to the production of acetone
[3]- The food materials were processed, corn
flour as substrate by bacteria Clostridium
acetobutylicum in production of acetone,
butanol and ethanol in ratios of 3:6:1 [4]. In
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classic ABE fermentation, C. acetobutylicum
bacteria produced on initial stages butyric,
propionic, lactic and acetic acids (acid
formation stage), then the pH value decreased
and production stage of butanol, acetone,
ethanol (alcohol phase formation) started.
Increased demand for butanol and a sharp
increase in chemical production have meant
that biotechnological process for butanol
became uneconomical and was replaced by more
efficient chemical synthesis.

In recent years, the interest in microbial
process for butanol production (Fig. 1) as
an alternative fuel has resumed [5]. Today,
biofuels account for only 2% of all fuels used.
Experts predict that the volume of biofuels on
the fuel market in the next ten years will reach
30% [7].

Recent studies are related to the search for
new producing strains with increased butanol
accumulation, and the use of non-food raw
materials as the substrate [8, 9]. Thus, creation,
search and identification of new strains of
butanol producers, optimization of cultivation
stages, and use of non-food raw materials as the
substrate are an urgent problem.
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Fig. 1. Technology of butanol production [6]

Most existing butanol producing strains
were isolated from soil [1, 10—-15], so we
collected 9 samples of soil and silts of Kyiv
ponds. Samples of silt and soil have been
previously thermally processed for 10 min
to kill non-spore-forming microorganisms
[10-13].

For proper dilution of soil suspension, the
number of microorganisms was determined
on bean-peptone agar (BPA). The numbers of
microorganisms in samples were used to find
the best dilution of soil and sludge suspensions
for further research of the selection of butyric
and acetonic acid bacteria.

Each clostridia species has different
growth needs [1, 4, 8-15], so several media
were selected for culturing samples of silt and
soil. Integrated medium BPB (bean-peptone
broth) [16] with sucrose as a carbon source was
used for the accumulation of butyric bacteria
cultures. Winogradsky medium with glucose as
the carbon source was chosen as other medium
for selection [17]. This choice was made because
most clostridia are anaerobic nitrogen fixers
[10-13]. Ashby’s medium was used as selective
medium for clostridial forms of bacteria
[17]. All media were liquid and contributed
to the accumulation of bacterial mass during
cultivation process. Growth of Clostridium
was marked by medium opacity, indicating
accumulation of bacterial biomass, and gas
bubbles on the surface of the medium (emission
of fermentation gas) and a noticeable odor of

butyric acid, by-product of butyric-acid bacteria
activity. The opacity levels of the medium and
increase of gas production varied depending on
silt, soil samples and medium used. The data
showed that butyric bacteria grew in all media
after culturing the samples of silt and soil under
nitrogen atmosphere at 30 =1 °C.

To confirm the presence of Clostridium,
liquid media samples were studied using
light microscopy [17]. Thecells of Clostridium
bacteria include granulosa, amyloid substance,
which when exposed to iodine is stained blue,
so to differentiate these bacteria the iodine
solution was used. The cytological studies
showed that in all samples one or more rod-
shaped bacterial cultures were present, mobile
and containing granulose. In many samples,
mixtures of cultures were found which were
further separated by method of limiting
dilutions [17].

To confirm the presence of butyric
and acetic-acid bacteria all samples were
transferred to potato slices rubbed with
chalk. In this medium clostridia colonies were
convex shaped, yellow in color with bubbles of
gas within [17]. Typical colonies of different
appearance on the surface of potato slices were
obtained in the study. The data showed the
existence of butyric bacteria in all collected
samples. According to the analysis of the
shape, size, edge, color, structure, texture and
surface of colonies, different strains of butyric
bacteria were found in all samples.
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To support bacterial growth of Clostridia
considering the complexity of the cultivation
process [10—-13], modified Winogradsky’s
medium with agar was created. In this
medium, single characteristic colonies were
obtained and pure cultures were isolated [18].
Genus and purity of the colony were confirmed
by conventional methods [17].

ABE fermentation process is biphasic,
divided into stages of acid and alcohol
formation. The acids, including butyric
acid [12, 19], accumulated at the first stage,
so the determination of butyric acid in the
culture liquid using qualitative reaction with
iron chloride (FeCl;) with forming of butyric
iron was a rapid method for the detection of
ABE bacteria. Solutions of butyric iron were
characterized by “chestnut brown” color of
reflected light (Fig. 2), and “blood-red” color
in the transmitted light [17]. The results
confirmed the presence of butyric clostridia in
the samples.

To identify butanol producers, acetone
rapid test was utilized for all cultures of nine
samples of soil and silt. The results showed
the presence of acetone in the samples IFBG
C6H, IFBG C7P, IFBG C2M. To determine
the alcohol concentration in the culture liquid
of these samples, gas chromatography was
performed. Conducted studies have helped to
select two butanol producing strains — IFBG
C6H and IFBG C7P, and one butyric acid
producing strain IFBG C4B. The results for the
IFBG C6H butanol producing strain are given
in Fig. 3.

Identification of new cultures of
biofuels producing strains is the first step
towards further development of butanol
biotechnology. Species identification of strains
of Clostridium is rather complex [20-23],
so initial identification of obtained strains
was performed by classical methods [17]. It
is shown that according to Bergey’s bacteria
identification manual, the cultures belong to
the Clostridium genus.

One of more precise species identification
methods for strains is comparing gene
sequences of 16S rRNA [24]. To determine
family relationships, phylogenetic analysis
was conducted and phylogenetic tree
was developed. According to molecular
phylogenetic analysis of 16S rRNA gene
sequence of strain IFBG C6H that isolated
strain belongs to C. pasteurianum [25].

To estimate the performance of producing
strains IFBG C7P and IFBG C6H the butanol
accumulation in the culture liquid was
examined and compared with that of other
known strains. Isolated producing strains
IFBG C7P and IFBG C6H produced butanol
on the glucose-containing medium as well
as the classic strain C. acetobutyricum
ATCC 824 [26-29]. In the glucose-
containing medium, the strain IFBG C6H
accumulated more butanol compared with
the strains of C. beijerinckii NCIMB 8052
and C. saccharoperbutylacetonicum N1-4
[30]. In the glucose-containing medium the
strain IFBG C6H accumulated amount of
butanol less than C. pasteurianum strain

IFBG C4B IFBG C6 H

IFBG C7P

IFBG C2M K

Fig. 2. Qualitative reaction with FeCls, where K — negative control;
IFBG C4B, IFBG C6H, IFBG C7P, IFBG C2M — samples
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Fig. 3. Chromatogram of alcohols of culture liquid of IFBG C6H sample

ATCC 6013 [31]. Strains IFBG C7P and the
IFBG C6H fermented xylose, arabinose and
cellulose unlike C. pasteurianum ATCC 6013
and fermented glycerol unlike C. beijerinckii
NCIMB 8052 [32—-34]. These data suggest
that the experimental producing strains
in comparison with those already known
can ferment a wide range of raw materials,
producing butanol. Hence, strains IFBG C7P
and IFBG C6H can be the basis for further
research for commercial development of
butanol biotechnology [35].

Further studies were aimed at
increasing butanol accumulation and
obtaining productive strain by chemical
mutagenesis [36]. The strains were selected
for mutagenesis among the new producing
strains IFBG C6H and IFBG C7P, using
the method for determining the strain
performance described in [1]. Strain IFBG
C6H was selected for mutagenesis. The clones
obtained using mutagenesis accumulated
butanol differently; several clones have
completely lost the ability to produce
alcohols. Among the obtained clones one
was selected for further research of butanol
accumulation on non-food raw materials. To
confirm the stability of the mutant strain,
the study was conducted on the accumulation
of butanol during a year of storage. The
unchanging butanol concentration in the
culture liquid showed stability of the mutant
strain [17]. Further studies were performed

with the mutant strain comparing it with the
original.

Storage on artificial nutritious media can
lead to rapid drying, dying of microorganisms
and reduction or loss of physiological and
enzymatic properties. For the “conservation”
of materials of biological origin, freeze-
drying method is widely used [37]. Through
the selection and use of cryoprotectants —
protective media of different composition —
negative consequences of eutectic concentra-
tions during freezing and freeze-drying on the
microorganisms can be prevented [38]. The
effect of the protective medium (glucose and
sucrose) on hydrophilic bacterial suspensions
after freeze-drying was studied depending on
their concentration [39]. It is shown that the
use of glucose and sucrose in an amount of
10% resulted in the lowest residual moisture
in the lyophilized suspension. For freeze-
drying of new butanol producing strains,
the composition of protective medium was
optimized (% : sucrose — 10.0; gelatose —
10.0; agar — 0.02). The biological activity
of the cells did not decrease in samples of
lyophilized bacteria after one month storage
at 4 °C. If storage temperature was higher,
the cell activity gradually lowered and a
temperature of 30 °C it was reduced by 40%
[39]. Storage of samples of lyophilized bacteria
for six months with that cryoprotectant at 4 °C
had virtually no effect on the productivity of
strains.
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In addition to strain productivity, the
cost of the end product largely depends on the
enzymatic medium, the substrate [40]. It is
desirable to determine both the quantitative
composition and individual components of
the substrate [41-49]. Analysis of biomass
makes it possible to determine substances that
compose it [60—-52] with sufficient accuracy
for future use of plant biomass as a substrate.
Chemical composition of biomass of Panicum
virgatum L. (switchgrass) and definition of its
components (29% hemicellulose, 26% lignin,
36% cellulose) were studied.

The butanol producing strains were
tested for their ability to ferment the minor
components that make up the biomass of
switchgrass. The study showed that the
new butanol producing strains can ferment
cellulose and monosaccharides, which are
parts of hemicellulose. Similar results were
obtained by authors [26, 31, 32] on the
fermentation process of model mixtures with
the corresponding sugars.

The substrate composition can significantly
affect the synthesis of butanol [40], so
comparative cultivation was conducted on
classical (maize and potato mashes) and
alternative substrates (mash with sawdust,
savings, switchgrass and crude glycerol).
Fermentation of wide range of raw materials by
the producing strains and the use of “hungry”
substrates to produce butanol (without
additional costs) showed the possibility
of using alternative substrates in butanol
biotechnology [35].

The cost of the target product is affected
not only by the strain nature and substrate
composition and cost; pretreatment and
concentration of substrate are also important.
The influence of the concentration, milling
and autoclaving of switchgrass biomass for
production of butanol were studied [40].

Lignocellulosic biomass (savings, switch-
grass) was fractionated into its consti-
tuent components (lignin, arabinogalactan,
cellulose, water-soluble substances)
after thermobaric treatment (explosive
autohydrolysis). The strains were cultured
on different components of switchgrass after
explosive autohydrolysis. The possibility
of using the lignocellulose components
after explosive autohydrolysis processing
as a substrate for microbial synthesis of
butanol was described [53]. It was revealed
that before cultivation the products of
switchgrass autohydrolysis have to be
additionally cleaned of furfurol, which is
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formed by thermobaric treatment and inhibits
microbial growth. The results showed the
possibility of culturing strains and obtaining
butanol using all derived components
(cellulose, arabinogalactan and lignin). It
was established that the use of explosive
autohydrolysis for pretreatment of waste has
twice increased butanol accumulation [53].

Optimization of technological parameters
such as temperature, pH and duration of
cultivation and are important in microorga-
nism culturing and can increase the
accumulation of the target product [40].
Optimization of main cultivation parameters
of new producing strains was conducted and
the optimum process parameters (T 35 °C,
pH 7, cultivation duration 120 hours) were
discovered [35]. Optimization of cultivation
process parameters taking into account the
needs of cultures according to [34] allowed
to increase the accumulation of the target
product by 20% for the original and by 50%
for the mutant strains. The accumulation
of acetone, butanol and ethanol by different
producing strains on different carbon sources
are showed in the Table.

ABE fermentation is one of the
varieties of butyric fermentation [29], thus
intensification of the butanol accumulation
using precursor synthesis, such as lactic,
acetic and butyric acid was studied [54]. The
results show that using precursor synthesis
increased butanol accumulation for 1.7 times.
The results are caused by the biphasic nature
of ABE process and the required synthesis of
lactic, acetic and butyric acids for further
alcohol accumulation. The aforementioned
precursors, added to the enzyme medium,
trigger alcohol synthesis [8, 34, 54].

An important issue of butanol technology is
waste recycling. To solve this problem, it was
suggested to return the leftovers of acetone-
butanol fermentation (so-called “bards”) to
the process of cultivation. The possibility of
successful use of “reverse” bards to reduce
waste production was shown [54].

This work paper analyzes the main stages
of butanol biotechnology (Fig. 4) using new
producing strains of the Clostridium genus.

Determined characteristics and biological
features of the strains, the methods of
increasing accumulation of butanol are
suggested, the possibility of using non-food
raw materials as the substrate is showed,
cryoprotectants for protection and stability
of microorganisms during freeze-drying are
identified.
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Synthesis of ABE products by different producing strains
of Clostridium genus on different substrates [35]

Accumulation of acetone, butanol, ethanol on different carbon sources, g/1
Producing strains
Glucose Xylose Arabinose Cellulose Glycerin
C. acetobutyricum Acetone, buta-
) ATCC 81424 nol and etha- 0.2:1.9:0.2 0.2:1.9:0.2 0.1:2.4:0.2 0.1:3.0:0.1
nol:5.7:10.0:1.1
C. beijerinckii 1.7:5.1:4.6 0.9:2.7:2.4 0.9:2.6:2.4 1.4:4.2:3.8 -
NCIMB 8052 | 1-75.1:4.6 | 0.9:2.7:24 | 0.9:2.6:2.4 | 1.4:4.2:3.
C. saccharoper-
butylacetonicum A Q. 1 o. 1 o. N 9. _
N 1-4 (Al 0.6:4.8:0.8 0.8:1.2:0.2 0.8:1.2:0.2 0.1:0.3:0.1
-Shorgani, 2011)
IFCG C6H 0.7:8.0:0.05 0.02:1.9:— 0.02:1.5:0.01 0.01:1.1:0.01 0.5:6.0:0.5
IFBG C6H 5M 0.2:4.0:0.03 0.02:2.0:0.02 0.02:2.3:— 0.02:2.8:— 0.1:3.4:0.1
C. pasteurianum . . _ _ _ .
ATCC 6013 5.0:10.0:2.0 1:5:2

ISOLATION, PURIFICATION NON-FOOD SUBSTRATES.

ANE II;ENTﬁ(S:ATION OPTIMIZATION
’ CULTIVATION CONDITIONS.
SERAINS BIOUOCIC AL PRECURSOR OF SYNTHESIS.
CHARACTERISTICS.

WASTE DISPOSAL
STORAGE OF STRAINS.

T~ —

TECHNOLOGY OF BUTANOL
OBTAINING

Fig. 4. Stages of obtaining strains of butanol-producers and increasing their productivity
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BITYU3HAHI HITAMU-ITPOAYITEHTHA
BYTAHOJY POY Clostridium

0. 0. Tieynosa, H. €. Beilko,
I'.C. Andpiaw, C. I'. IIpuiiomos, C. M. Illynvea

Y «IactutyT XapuoBoi 6ioTexHOJIOTIT
ta renoMmiku HAH Vkpainmu», Kuis
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Mertoto poboTu 0yJIO ImiACyMyBaTH pe3yJbTa-
TH BJIACHUX JTOCJiIKE€Hb OTPUMAHHA HOBUX IIITA-
MiB-mpoayneHTiB 6yranony poxny Clostridium,
npoBecTH iX imemTudikamiro ¢isiosmoro-mopdpo-
JgoriuaumMu i remernynumMu meromaMu. O6roso-
PIOETHCA MOJAJIbIIIe BUBUEHHS XapaKTEePUCTUK Ta
GiosioTiuHUX 0COGJIMBOCTEH IIITAMiB, Pi3Hi MIIAXU
06i0TEeXHOJIOTIYHOTO IIPOIeCy Ofep:KaHHA OyTaHO-
ay. Po3ragHyTO MeTOAM HiABUINEHHS HAKOIIU-
yeHHA OyTAaHOJY INITAMaMU-TIPONYIIeHTaAMM’, OK-
peciieHO MepPCIeKTUBY BUKOPUCTAHHS XiMiuHOTrO
MyTareHesy KJOCTPULIM AK MeTOAy 30iJbIlIeHHs
npoaykitii 6yranosny. IlokasaHo MOMKJIUBICTH BU-
KOPUCTAHHA HEXapuoBOi CUPOBUHU AK cybcTpa-
Ty IJs KYJbTUBYBAaHH:A, IPOBEEHO MOPiBHAHHA
Pi3HUX MeTOiB moIlepeaHbOI IIiATOTOBKU CHPO-
BUHU Ta BIUIUBY 1X Ha HAKONUUYEHHS OyTAHOJY B
KyJAbTypasibHi# piguui. [JloBegeHo cyTTeBe 36i1b-
IIeHHA HaKOMNUEeHHs OYyTaHOJIY 32 PAXYHOK BUKO-
PUCTaHHA MOTEPETHUKIB CUHTE3Y AK JOTATKOBUX
KOMIIOHEHTIiB 10 eH3UMATUYHOTO CEePEIOBUIIA Ta
3aCTOCYBaHHS 3BOPOTHOI 6apau IJis 3MEeHIIIeHHA
BimxomiB BUpoOHUIITBA 0€3 BILIMBY HA PiBeHb CUH-
Tedy 6yTaHoay. Ilogano xapakTepucTuKy mpobJie-
Mu 30epiraHHs IITaMiB-IPOAYIIEHTIiB Ta BU3HAaUE-
HO cepeloBUIIe JJIA 3aXUCTY MiKPOOpPTraHi3MiB mif,
gac JiodiJIbHOTO BUCYIITYBaHHS.

Knwouosi cnosa: mraMu-1posyesuT, MyTareHes,
Clostridium.
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ITenbo paboThl OBLIO 0GOOIIIEHUE PE3yJib-
TATOB COOCTBEHHBIX HCCJIEIOBAHUMN MOJYUEHUSI
HOBBIX IIITAaMMOB-IPOAYIIEHTOB OyTaHoJa poaa
Clostridium, ocylecTBIeHe UX UAeHTU(DUKA-
nuu puU3moJa0ro-MopPOJIOTUUYECKUMM 1 TeHeTH-
yeckuMmu metogamu. O6cy:KaaioTcsa gaabHenIee
U3yuyeHNEe XapPaKTePUCTUK U OUOJOTHUYECKUX
0COOEHHOCTEH IIITaMMOB, pasHble IyTU OMOTEX-
HOJIOTMUECKOT0 IIpoIlecca MOJyUueHusa OyTaHoJia.
PaccMoTpeHbI MEeTOABI OBHITIIEHNA HAKOIJIEHUA
OyTaHoJIa IITAMMaMU-IIPOAYIIEHTAME, OUepUeHa
IMepcreKTuBa UCIOJb30BaAHUSI XUMUYECKOTO MY-
TareHesa KJOCTPUAUHA KaK MeTOJa IOBBIIIEHUS
nponykiuu 6yranosa. Ilokasana BO3MOKHOCTD
WCHOJIL30BAHUA HEIIUIIEBOTO CHIPHA B KAUECTBE
cybcTpaTa AJid KYJbTUBUPOBAHUA, IIPOBEIEHO
CpaBHEHNE Das3HBIX METOIOB IIPEABAPUTEJIbHON
00paboOTKM ChIPbS W UX BIUSHUS HA HaKOILJIEHUe
OyTaHoJIa B KYJIbTYPAJIbHOU KUAKOCTHU. [loKasaHo
CYIIIECTBEHHOE YBeJINUeHNe HaKOIJIEeHUs OyTaHoJIa
3a CUET MCIOJB30BAHUA IPEAIIECTBEHHNKOB CUH-
Te3a KaK J00ABOUHBIX KOMIIOHEHTOB K DH3UMATH-
YeCKOH cpelie U IPUMeHeHre 00paTHOI 6apabl A
YMEHBIIIeHUsST OTXOJ0B IPOM3BOACTBA 0e3 BJIUA-
HUA Ha YPOBEHb CHMHTe3a. JlaHa XxapaKTepucTuKa
mpobJeMbl COXPAaHEHUA IITAMMOB-IIPOAYIIEHTOB
U ompelieieHa cpefa IJid 3aIlUThl MUKPOOPTaHU3-
MOB BO BpeMsA JUOPUIHLHOTO BLICYIITMBAHMS.

Kntouesvie cnosa: mMITaMMbI-IIPOAYIIEHTBI, MyTa-
reues, Clostridium.





