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feeds, which are regulated by regulatory documents (ISO), were used in the research.
The results of the research demonstrate that the protein product obtained by growing
Methylococcus capsulatus culture has a high content of “crude” protein at the level
of 60.9%, which corresponds to high-protein feeds of animal origin by its technical
characteristics. The addition of probiotic microorganisms Bacillus subtillis to the medium
for cultivation significantly improved the qualitative parameters of the synthesised
protein by increasing by 1.5% the amount of essential amino acids, increasing by 3.8%
fatty acids and increasing the concentration of calcium and phosphorus. The increase
in the concentration of lysine, isoleucine, valine and asparagic acid, due to the co-
cultivation of two microorganisms allowed increasing their nutritional value for cattle
since these amino acids are the most demanded in ruminant diets when using corn
silage and other plant feeds. The addition of Bacillus subtillis culture allowed reducing
the content of “crude” fibre and improving its biological characteristics by changing the
microbiological composition of the obtained product.In the future, the biotechnological
method of obtaining feed protein for animals will reduce the dependence of animal
breeding on the cultivation of fodder crops and weather conditions
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INTRODUCTION

The growth of food consumption is closely connected
with the increase in the world population, as a result
of which agriculture has developed intensively in re-
cent years. The demand for meat and dairy products
is growing most intensively. High demand for food of
animal origin contributes to the increase in the num-
ber of livestock and their productivity. S.A. Terry et al.
(2020) indicate that cattle, compared to other domestic
animals, have the lowest efficiency of meat production,
despite the highest demand for this particular type of
product. Therefore, one of the urgent directions of fu-
ture livestock production will be the intensification of
beef cattle breeding to meet the growing demand of
the population. This shortly, is possible only through
extensive growth of the population of animals of
meat breeds. However, according to S.R. Farina and P.
Chilibroste (2019), in most developed countries such
population growth will be artificially limited through
existing environmental regulations and limited land
resources. However, the main constraint is feed scarcity.

According to M.R.C. Cordeiro et al. (2022), increased
livestock production will increase global demand for
feed from 11 to 17% for food crops and from 6 to 15%
for feed crops. Therefore, rapid and uncontrolled growth
in animal numbers will lead to a situation where feed
security becomes critical to meet future global meat
demand and any increase in livestock production will
only occur if sufficient feed is available. The Food and
Agriculture Organisation (FAO) research (2023) indi-
cates that an increase in the share of feed crops such
as maize and soya in the world crop mix should be
expected shortly. Only for the grain group FAO (2023)
forecasts indicate an annual growth of 0.3-0.5% per
year in the required volumes of feed grains for animal
feed, which in physical equivalent becomes 783-1000
million tonnes per year. It will cause an increase in the
area of arable land used for fodder production and, ac-
cordingly, a decrease in the area of land for food crops.
And considering the annual increase in the number of
animals, the situation will only worsen. Even countries
with large areas of land suitable for agricultural pro-
duction are experiencing shortages of animal feed.

Kazakhstan is no exception: the availability of
roughage in 2023 is only 80%, succulent fodder 60%
and concentrated fodder 50% of the need (The Ministry
of Agriculture...,2023).To ensure intensive development
of livestock production, new approaches to protein feed
production will have to be found and utilised more ef-
ficiently. Such a source, according to A.U. Fabiszewska
et al. (2019) a biotechnological method of processing
industrial and food wastes using microorganisms can
become such a source. This method will allow accu-
mulating of protein compounds due to the growth of
microbial biomass. The most promising area is using
methane-oxidising microorganisms as protein produc-
ers, which will allow, in addition to solving the problem
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of the lack of feed resources, to solve environmental
problems associated with the emission of greenhouse
gases by animals.

The intensification of production and the growth of
the animal population have become one of the reasons
for the increase in greenhouse gas emissions, which
are leading to an ecological disaster on the planet. Ac-
cording to H. Guo et al. (2022) global greenhouse gas
emissions from livestock production have increased by
51%, and methane accounts for 50% of total emissions.
Ruminants are the largest producer of greenhouse gas-
es, accounting for about 72% of the livestock sector, of
which one-third is the highly hazardous methane gas
(Gerber et al., 2013).

Therefore, the purpose of this work was to devel-
op an industrial biotechnological method that allows
using live microorganisms with methane as a nutrient
medium to produce protein mass suitable as feed in
livestock production.

LITERATURE REVIEW

Biotechnological approaches have been used in forage
production for a long time. They have been applied
according to R. Kapoor et al. (2018) and M.A. Moselhy
et al. (2022) in the preparation of green forages and
their conservation for year-round use as mono-feed.
R.R.Singhania et al. (2017) and S.Bala et al. (2023) pro-
posed biotechnological approaches for utilisation of
animal farm wastes, while R.P. Singh et al. (2022) and
K.C.P. Cruz et al. (2022) conducted studies for microbi-
ological synthesis of farm animal feed additives with
therapeutic and preventive effects. However, research
on using microbial synthesis products for animal nu-
trition using animal wastes themselves as nutrient
media has become particularly relevant. The works
of K. Rasool et al. (2023) and also A.E. Graham and
R. Ledesma-Amaro (2023) indicate that microbially
synthesized protein can be used without restrictions
in animal feeding, and the amino acid composition of
such products is more complete in comparison with
plant proteins. B. Baji¢ et al. (2023) indicate that consid-
ering the composition and characteristics, and the huge
amount of waste in livestock production, this approach
to feed protein production has great potential for in-
dustrial production.

Environmental conditions have a significant influ-
ence on the yield of microbial protein during cultiva-
tion. S. Ismail (2022) identified the influence of tem-
perature, pH level, and nitrogen and carbon sources on
the yield of protein and nucleic acids in the cultivation
of Cupriavidus necator bacteria. Using methane as a car-
bohydrate and energy source for biotechnological pro-
cesses is described in M.L.K. Khider et al. (2021). Meth-
anotrophs, unlike industrial microorganisms, do not
compete for food, which is quite suitable for growing
animal feed biomass. Similar conclusions were reached




by P. Tsapekos et al. (2018), who demonstrated that the
resulting microbial biomass is suitable for use as an
animal feed additive. A. Kuzniar et al. (2019) found that
methanotrophic biomass contains high concentrations
of K,Mg and Fe in addition to protein compounds,and it
can be considered as a feed additive for enriching diets
with protein, macronutrients and some trace elements.

Using microbial protein in diets of different types
of productive animals can be traced in scientific works
published recently, indicating the relevance of such re-
search worldwide. The work of S. Polyorach et al. (2023)
found no adverse effect of adding microbiological
protein to the diets of dairy cows on their productiv-
ity compared to traditionally used vegetable proteins.
Therewith, the researchers observed an increase in
the level of diet digestibility (p>0.05) with the addi-
tion of biotechnological products. Similar results were
obtained by E. Direkvandi et al. (2020) in research on
sheep. The addition of microbial biomass to the diet
had no effect on feed intake and live weight of lambs,
but the positive result was a reduction in the methano-
gen population in the rumen and a reduction in green-
house gas emissions. In addition to ruminants, studies
have demonstrated positive results when feeding poul-
try E.G. Olson et al. (2022), hydrobionts-American eel W.
Lu et al. (2023), and black sea bream B. Xu et al. (2021).

As reported by B. Valverde-Pérez et al. (2020), to
date, the industrial production of protein compounds
from methane is limited due to the explosive nature of
the media in fermenters during production and needs
further improvements in technology.

MATERIALS AND METHODS

Studies were conducted using the culture of methano-
trophic bacteria Methylococcus capsulatus. For the culti-
vation of microorganisms, a bioreactor with a volume
of 40 litres (working volume 25 litres), equipped with a
stirrer with a speed of 3500 thousand revolutions per
minute and having an operating pressure of up to 5
atmospheres was used. Methanotrophic microorgan-
isms were cultured on depleted mineral nutrient media,
which reduces the risk of contamination by pathogenic
and opportunistic microorganisms. Bacteria Methylo-
coccus capsulatus were grown on nutrient medium pre-
pared according to the following recipe: KCl - 0.125 g/l,
MgSO,*7H,0 - 0.125 g/1,FeSO,*7H,0 - 10.75 mg/L, Cu-
S0,"5H,0 - 10 mg/L; MnSO,*5H,0 - 9.5 mg/l, H,BO, -
6.25mg/1,ZnS0,*7H,0 - 1.5 mg/l,Na,Mo0,*2H,0 - 0.25
mg/l, CoCL,"6H,0 - 0.25 mg/l, H,PO, (70%) - 0.35 mg/L.
The PH value of this medium was maintained with 10%
aqueous ammonia solution. Microbial biomass accumu-
lation was conducted at 42°C and pH 5.8 for 48 hours.
To reduce the concentration of carbon dioxide in
the fermenter, which in high concentration inhibits the
growth of methanotrophic bacteria, a culture of Chlo-
rella vulgaris was used. The gas phase separated in the
degassing chamber was passed through the bioreactor
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with growing Chlorella before being returned to the bi-
oreactor to reduce the carbon dioxide concentration. To
improve the quality of protein products obtained by mi-
crobiological synthesis, after the end of Methylococcus
capsulatus cultivation, Bacillus subtillis mother liquor
was added to the fermenter in the amount of 5% by
volume and cultivation was continued for another day
at 38-40°C.

After completion of the cultivation process, a me-
dium sample was taken from the fermenter. The re-
sulting cell biomass was precipitated by centrifugation
(4000 rpm, 15 min), and the cell precipitate was further
dried at constant temperature. All subsequent results
were obtained by dry matter examination. The obtained
product was subjected to laboratory research for the
purpose of determining a number of physicochemical
parameters and nutritional value of the synthesised mi-
crobiological biomass. The content of:

-“crude” protein by Kjeldahl method (VELP Scientifi-
ca equipment set) (ISO 20588:2019, 2019);

-“crude” fat by Soxhlet method (ISO 1099:2010,2010);

-“crude” fibre by extraction method (ISO 6865:2000,
2000);

- “crude” ash by ashing in a muffle furnace (ISO
5984:2022, 2022);

- amino acid content was determined using an
Agilent 1260 Infinity Il amino acid analyser (ISO
13903:2005, 2005);

- calcium - by titrimetric method (ISO 6490-1:1985,
1985);

- phosphorus - by spectrometric method (ISO
6491:1998, 1998).

The obtained research results were subjected to
mathematical processing and grouping using Excel
software product included in the Microsoft 365 core
application package.

RESULTS

The main area of research, the results of which are pre-
sented in this research, was to obtain alternative sourc-
es of protein feeds for livestock farming, using wastes
obtained as a result of animal housing or products
of their vital activity. Therefore, it was decided to use
methane as a source of nutrients for microbiological
synthesis, based on its availability, cost and the need to
utilise it as an associated gas resulting from the main-
tenance of ruminants, which in turn will reduce the
impact of greenhouse gases on the environmental sit-
uation. A culture of the methanotrophic bacteria Meth-
ylococcus capsulatus, which is capable of consuming 85
to 90% of the methane dissolved in special nutrient
media, was used for methane utilisation. An additional
positive factor that contributed to the choice of these
microorganisms as an object of research was their
relatively high incubation temperature (from +38 to
+48°C), which reduces the risk of contamination of the
obtained biomass with pathogenic and opportunistic
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microorganisms. Microorganisms causing fodder and
other diseases in cattle have a lower cultivation tem-
perature. Such characteristics of the selected microbi-
ological culture guarantee the absence of infectious
disease development in animals after using microbio-
logical protein in diets.

As a gas nutrient mixture for the cultivation of
methanotrophic bacteria Methylococcus capsulatus, the
most favourable for their growth mixture of methane
and oxygen with an oxygen content of 15% was used.
Experimentally selected cultivation conditions based
on the partial pressure of gases and their solubility,and
mineral nutrient medium allowed obtaining microbial
biomass of Methylococcus capsulatus with a concentra-
tion of 7-8 g/l of culture medium.

Although the results of microbial biomass growth
of Methylococcus capsulatus under experimental con-
ditions were at a high level, the selection of possible
symbiotic microorganisms was performed to increase
the productivity and growth rate of methanotrophic
bacteria. The reasons for this approach were the find-
ings of S. Golaghaiee et al. (2017), who managed to in-
crease the yield of “crude” protein by co-culturing meth-
anotrophic bacteria with microscopic fungi, and their
report on the improvement of quality parameters of the
resulting protein synthesis for animals. The culture of
microorganisms that allowed increasing the efficiency
of protein raw material synthesis were opportunistic
fungi of the Candida genus. Considering that according
to the conditions of the research programme, it is not

recommended to use pathogenic or disease-causing
microorganisms in the process of scientific work, there-
fore, using these symbionts or fungi with similar prop-
erties was not conducted. In this regard, it was decided
to increase the quantity and quality of synthesised pro-
tein from one of the probiotic cultures that can devel-
op in thermophilic conditions - Bacillus subtilis strain,
which processes methanotrophs into protein raw ma-
terial with positive feed characteristics. The absence of
information about diseases caused by microorganisms
of Bacillus subtilis strains or products of their vital activ-
ity allows considering them as safe organisms, which,
moreover, have been identified as promising producers
of probiotic compounds. This strain is actively cultured
on metabolites of Methylococcus capsulatus and their
microbial biomass, biotransforming them into its cell
mass and contributing to the improvement of the quan-
tity and quality of microbial protein. The properties of
protein biomass obtained by biotechnological cultiva-
tion of Bacillus subtilis are well-explored, they have no
contraindications for use as animal feed additives and
additionally have probiotic properties.

For the purpose of increasing the quantity and
quality of protein biomass, after the end of Methylococ-
cus capsulatus cultivation time, Bacillus subtillis mother
liquor was added to the fermenter in the amount of 5%
of the volume and continued cultivation for a day at
38-40°C. The results of chemical composition of pro-
tein raw materials obtained under different variants of
methanotrophs cultivation are presented in Table 1.

Table 1. Chemical composition of microbiological biomass obtained as a result of cultivation of Methylococcus
capsulatus and co-cultivation of Methylococcus capsulatus + Bacillus subtillis, %

Name of indicator

Methylococcus capsulatus Methylococcus capsulatus +

Bacillus subtillis
Crude protein 60.89 55.67
Total moisture 724 13.02
Crude fat 0.59 4.36
Crude fiber 1.98 1.25
Crude ash 797 9.56
Nitrogen-free extractive substances (calculation method) 23.31 17.38
Calcium 0.6 1.04
Phosphorus 0.06 0.39

Source: compiled by the authors

The “crude” protein yield of Methylococcus capsula-
tus monoculture was 5.2% higher than that of co-cul-
tivation with the probiotic bacteria Bacillus subtillis.
However, despite the insignificant decrease in protein
content, the quality of the obtained feed product was
significantly higher when the two microorganisms
were co-cultured. It was accompanied by a decrease
in the amount of nucleic acids in the protein fraction
by 14.4%, and an increase in the amount of ‘crude” fat
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and ash in the dry matter of microbial biomass, due to
an increase in the concentration of macronutrients -
calcium and phosphorus. It, in turn, allowed reducing
the cost of purchasing mineral feed for animals when
balancing rations.

In addition, when Methylococcus capsulatus was
co-cultured with Bacillus subtillis, a decrease in the
proportion of nitrogen-free extractives (NFE) was ob-
served, which was associated with the replacement of




Gram-negative methanotrophic microorganisms, whose
cell wall is covered with a protective layer of polysac-
charides, by more digestible Gram-positive Bacillus sub-
tillis. This assumption is confirmed by the decrease in
the amount of “crude” fibre in the bacteriological mass,
which indicates a change in the species composition
of the microbial product and a decrease in the amount
of structural (cellular) carbohydrates. In addition to the
replacement of part of cells in the dry product of culti-
vation of one species of microorganisms for another, a
significant increase in the quality of protein associated

Sadvakassov & Islamov

with the enzymatic activity of symbiotic bacteria, whose
enzymes contribute to the destruction of the cell wall
of Methylococcus capsulatus. Therefore, even against the
background of a lower level of “crude” protein in the
microbiological product during the joint incubation
of methanotrophs and symbiotic bacteria, the protein
quality appeared to be more nutritious and suitable
for animal feeding. To explore protein quality in more
detail under different cultivation options for methano-
trophs, amino acid analysis of proteins was performed
and the results are presented in Table 2.

Table 2. Amino acid profile of “crude” protein obtained as a result of different variants of cultivation
of methanotrophic bacteria Methylococcus capsulatus, %

Methylococcus capsulatus

Name of indicator

Methylococcus capsulatus + Bacillus
subtillis

Content in the product

Protein content Content in the product Protein content

Substituted amino acids

Asparagic acid (Asp) 6.32 10.36 6.67 11.97
Threonine (Thr) 3.32 5.44 2.62 4.7
Serine (Ser) 1.9 3.11 1.71 3.07
Glutamic acid (Glu) 9.43 15.45 8.30 14.9
Proline (Pro) 2.78 4.55 1.51 271
Glycine (Gly) 4.03 6.6 3.18 571
Tyrosine (Tyr) 2.29 3.75 1.7 3.06
Alanine (Ala) 4.94 8.09 4.74 8.51
Cystine (Cys) 0.44 0.72 0.57 1.02
Arginine (Arg) 3.67 6.02 2.51 4.51
Valine (Val) 3.36 5.51 3.87 6.95
Total number of substituted amino acids 42.48 69.6 37.38 67.11
Essential amino acids
Methionine (Met) 1.31 2.14 1.25 2.24
Isoleucine (lie) 2.35 3.85 2.66 478
Leucine (Leu) 4.82 7.9 3.84 6.89
Phenylalanine (Phe) 2.89 4.74 2.02 3.63
Histidine (His) 1.14 1.89 0.8 1.44
Lysine (Lys) 3.24 5.31 4.66 8.37
Total amount of essential amino acids 15.75 25.83 15.23 27.35

Source: compiled by the authors

The amino acid composition of microbial raw ma-
terials obtained in different variants of microbial cul-
tivation indicates some differences in the content of
individual amino acids. Thus, a significant decrease of
arginine and glutamic acid was observed in the final
product in the co-synthesis of methanotrophs with
Bacillus subtillis compared to the cultivation of Meth-
ylococcus capsulatus. Whereas for other substitutable
amino acids, their levels were at the same level or not
significantly higher than the protein obtained from the
initial synthesis. The introduction of 5% hay bacillus

culture into the substrate for cultivation allowed in-
creasing the concentration of most essential amino
acids, which are limited in protein compounds of grain
crops (wheat, barley, maize). The greatest increase was
observed in the concentration of lysine, isoleucine,
valine, and asparagic acid. These amino acids are the
most demanded amino acids in ruminant diets when
using maize silage. Therefore, the addition of Bacil-
lus subtillis in the industrial production of microbial
protein will allow obtaining a feed product maximally
suitable for cattle.
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In the process of primary cultivation of Methylococcus
capsulatus microorganisms, a significant amount of car-
bon dioxide is produced, which in small concentrations
stimulates the growth of methanotrophic bacteria and
completely inhibits their cultivation at high concentra-
tions. Biosynthesis produces about 3.5 litres of carbon
dioxide from 10 litres of methane. The removal of the gas
phase from the bioreactor used in the research is done in
a degassing chamber, due to the pressure difference. After
analysing the concentration of ambient gases, the nec-
essary additional injection of methane and oxygen up to
the specified values was pumped back into the bioreactor.

All known methods of cultivation of methanotroph-
ic bacteria provide, as a prerequisite, the need to re-
move carbon dioxide from the gas-air mixture of the
bioreactor. It is achieved either by chemical methods,
which significantly affects the final cost of the product;
or by discharging unspent methane into the atmos-
phere together with oxygen and carbon dioxide. There-
with, several microorganisms require carbon dioxide
for growth, Chlorella vulgaris being one such species. In
the improved model of the bioreactor, the purification
of the gas mixture from carbon dioxide is performed by
cultivation of Chlorella algae on carbon dioxide, which
is produced by methanotrophic organisms as a waste.
The gas phase separated in the degassing chamber
passes through a tank with growing chlorella before
being returned to the bioreactor, where it is cleared
of carbon dioxide and saturated with oxygen. In pre-
liminary studies conducted on an additional source of
protein animal feed derived from the accumulation of
microbial biomass of the algae Chlorella vulgaris. more
than 700 g of oxygen was obtained from one kilogram
of carbon dioxide, allowing this approach to be used in
biotechnological production. As a result of this improve-
ment, atmospherically harmful carbon dioxide emis-
sions were utilised to grow valuable plant protein and
generate oxygen for the cultivation of methanotrophic
bacteria. Therefore, future studies are planned to explore
the possibility of obtaining additional feed protein from
Chlorella vulgaris biomass and to analyse the qualitative
and quantitative characteristics of this product.

In addition, future research is planned to explore
the possibility of stimulating microbial growth by in-
creasing or decreasing the concentration of individu-
al ions that are the foundation of the mineral nutrient
medium and obtaining the optimal concentration of
macro- and microelements in the microbial biomass
for animal feeding. In this block of research is planned
to explore the influence of trivalent iron and calcium
ions,and the introduction of these metals in the form of
different salts of sulphates, phosphates or in the form
of chlorides. A separate area of research will be the ex-
amination of the effect of different concentrations of
copper salts on the activity of enzyme systems of Meth-
ylococcus capsulatus and the rate of methane oxidation.
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DISCUSSION

The main trend of the 2015-2023 years in agricultural
production in the world is the annual growth of ani-
mal population with a relative constancy of areas under
fodder crops. This situation forces either to search for
fodder crops with higher yields or to search for alterna-
tive sources of fodder for the growing needs of animal
husbandry. The most promising method of obtaining
high-grade protein feeds for animals is industrial bi-
otechnological approaches using microbiological syn-
thesis. In addition to the main purpose - to obtain dry
microbial biomass, which can replace part of grain feed
in the diet of farm animals, and thereby improve the sit-
uation with food safety, another positive factor of such
production is to reduce the adverse impact of animal
husbandry on the ecological situation of the planet.
Using the wastes accumulated during animal housing
and products of their vital activity in the process of mi-
crobiological production of fodder protein contributes
to increasing the profitability of animal husbandry and
reducing the environmental impact on nature.

Based on the analysis of scientific publications and
preliminary studies, the most promising method ap-
peared to be using methanotrophic bacteria as protein
biomass producers, which combines high-intensity bac-
terial mass synthesis with using one of the most dan-
gerous greenhouse gases — methane - as a nutrient.
Therefore, similar conclusions were reached by several
other authors: B. Valverde-Pérez et al. (2020), exploring
the products of microbiological synthesis of methano-
trophic bacteria, PA.Zenkovich et al. (2022), when feed-
ing Siberian sturgeon with dry feed obtained from the
cultivation of Methylococcus capsulatus, and M. Rajesh
etal. (2022) in a study conducted on rainbow trout indi-
viduals. All authors noted positive growth dynamics of
fish when feed products obtained from microbiological
synthesis were introduced into their diet. These addi-
tives were found to be on par with fish meal in terms
of nutritional quality. In Kazakhstan, biotechnological
approaches using methanotrophic microorganisms are
only at the stage of research and implementation in
limited volumes in industrial production, while in other
countries these methods are already in full use mainly
for wastewater treatment. R. Salem et al. (2021) indi-
cate that wastewater treatment has yielded important
products such as ectoine, polyhydroxyalkanoates and
methanobactins, which are actively used in biotechnol-
ogy and biomedicine.

Using methanotrophic bacteria Methylococcus cap-
sulatus for industrial production of feed protein for ru-
minants using biotechnological methods was positively
confirmed in the studies described in this publication.
As a result of the laboratory experiment, an average of
7-8 g of dry microbial protein was obtained from each
litre of nutrient medium. Therewith, the feed product
was characterised by an increased content of essential
amino acids and basic macronutrients. In addition, the




results obtained were confirmed by the publication of
A. Kuzniar et al. (2019), indicate that as a result of the
cultivation of methanotrophic bacteria of Methylocystis
and Methylosinus species, the dry biomass of microor-
ganisms contained high concentrations of potassium,
9.6-19.1, magnesium, 2.2-7.6,and iron, 2.4-6.6 g/kg, and
it could be considered as a feed additive for the en-
richment of animal diets with macronutrients and some
trace elements. In addition, this mass had a high con-
tent of unsaturated fatty acids in its composition.

E.O. Sadykova et al. (2023) report that their studies
of comparative evaluation of the amino acid profile of
Methylococcus capsulatus protein demonstrated a bal-
anced content of most amino acids, the level of which
was comparable to chicken egg protein, which is a con-
ventional benchmark of high-quality complete protein.
All these results allow confirming with certainty that
the Methylococcus capsulatus culture selected as a pro-
ducer of protein biomass can be used for the industrial
production of feed for animals of different species.

However,theindustrialuse of suchamethod of micro-
biological synthesis, according to X. Huang et al. (2022),
is limited by the relatively low efficiency of carbon pro-
cessing by methanotrophic cells. For this purpose, the
studies conducted utilised symbiotic microorganisms,
in particular the culture of the probiotic bacteria Bacil-
lus subtillis. 1t was possible due to preliminary studies
conducted by A.G. Kisten et al. (2022) on solid nutrient
media. In this work, it was indicated that the activity of
methane utilisation began to increase on the 2nd-4th
day after the co-cultivation of microorganisms. Within
the framework of the conducted research, Bacillus sub-
tillis culture was used under the conditions of a min-
eral medium, which allowed obtaining positive results
of symbiotic use of two microbiological cultures. This
approach allowed microbiological mass production and
improved the quality of the obtained fodder product. In
comparison with the monocultivation of Methylococcus
capsulatus, the addition of symbiont culture allowed, on
the one hand, to increase the content of ‘crude” fat by
3.8% and limited essential amino acids by increasing the
share of lysine, isoleucine and glutamic acid. On the oth-
er hand, this approach allowed reducing the amount of
‘crude” fibre and increasing its digestibility by changing
the ratio of bacterial composition of the finished prod-
uct. The increase in microbial biomass yield and quality
of the obtained protein was also described by JJ. Nunes
et al. (2016) when methanotrophs were co-cultured with
heterotrophic bacteria Alcaligenes acidovorans, resulting
ina 265% increase in biomass with a cell concentration
of 10.3 g/l compared to 2.8 g/l in monoculture. Hetero-
trophic bacteria did not grow independently on miner-
al media with methane addition but increased biomass
concentration when added to M. capsulatus culture.

No less dangerous than methane greenhouse gas
is carbon dioxide, which is actively produced by meth-
anotrophic microorganisms in the process of their culti-
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vation (Zheng et al., 2023). Modern production facilities
do not allow the utilisation of carbon dioxide produced
as a result of methane oxidation. It is in most cases
released into the atmosphere, and the processing of
10 litres of methane produces 3-3.5 | CO, in the en-
vironment. Preliminary studies conducted within the
framework of the research work programme to explore
the effect of adding a tank with microscopic algae of
Chlorella vulgaris species to the fermentation system
allowed reducing both the amount of carbon dioxide
emitted and increasing the level of effective carbon uti-
lisation. Thus, when one kilogram of CO, was utilised,
up to 700 g of oxygen was released into the environ-
ment, which was used for further oxidation of methane.
Thus, such a minor modernisation of industrial feed
protein production will allow obtaining an autonomous
system without the need to control the gas mixture in
the bioreactor and additional oxygen pumping. It, in
turn, will allow reducing the cost of production of bio-
technological feed products.

Future studies are planned to investigate the
growth of microbiological biomass of algae and the
quality of such a product as animal feed. In studies by
N.Roberts et al. (2020) in the joint cultivation of Chlorella
sorokiniana with methanotrophic bacteria Methylococcus
capsulatus in comparison with microalgae monoculture,
it was possible to obtain an increase in biomass pro-
duction by 120%, improved assimilation of total nitro-
gen and total phosphorus by 71 and 164%, respectively,
with the same amount of biogas produced. Therefore, in
future studies, it is expected that in addition to the au-
tonomy of the biotechnological system, there will be an
additional increase in dry animal feed products. In addi-
tion, several studies are planned shortly to explore the
influence of the concentration of different constituent
elements of mineral nutrient medium for the cultivation
of methanotrophs and the addition of copper ions, which
can increase the activity of microbial enzyme systems
responsible for methane oxidation.

CONCLUSIONS

Based on the results obtained during the experimen-
tal work on the cultivation of methanotrophic micro-
organisms Methylococcus capsulatus and their co-culti-
vation with probiotic bacteria Bacillus subtillis to obtain
protein biomass for ruminant feeding, the following
conclusions and suggestions for future scientific work
can be made: using of Methylococcus capsulatus culture
on depleted mineral medium in methane-oxygen at-
mosphere allowed obtaining microbial biomass yield
with cell concentration of 7-8 g/l of nutrient medium
and content of “crude” protein at the level of 60.9%,
which corresponds to the indicators of high-protein
animal feeds and significantly exceeds the protein
feeds of plant origin.

The addition of the probiotic bacteria Bacillus sub-
tillis to the bacterial culture of Methylococcus capsulatus
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in the bioreactor allowed improving the quality char-
acteristics of the feed product obtained as a result of
the initial microbial synthesis. It was expressed in an
increase in the amount of essential amino acids by
1.5%, crude” fat by 3.8% and the main macronutrients -
calcium and phosphorus. Therewith, due to the partial
replacement of the microbiological composition of the
product, the content of “‘crude” fibre decreased and its
biological value increased. The inclusion of a tank with
Chlorella vulgaris microalgae culture in the fermenter
design allowed reducing the concentration of carbon
dioxide in the bioreactor gas mixture and saturating it
with oxygen. In the process of algae life activity, more
than 700 grams of oxygen were obtained from one
kilogram of carbon dioxide, which will allow estab-
lishing an autonomous bioreactor without the need for
constant monitoring of carbon dioxide levels.

In future studies, it is planned to conduct a com-
prehensive study of the qualitative characteristics of
the feed product obtained by the cultivation of Meth-
ylococcus capsulatus with symbiotic cultures of Bacillus

subtillis and Chlorella vulgaris. In addition, to examine
the effect of different concentrations of media com-
ponents on the quantitative characteristics of the feed
product and the possibility of activation of the enzyme
system of Methylococcus capsulatus by increasing the
concentration of copper ions in the nutrient medium.
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AHoTauif. 3pocTalunii NONUT Ha Xap4oBi NPOAYKTU TBAPUHHOIO MOXOOXKEHHS CMPUSB LOPIYHOMY 36iMblUEHHIO
YMCENBHOCTI CiNIbCbKOrOCNOAaPCbKOi MONynsuii NpoOAYKTUBHUX TBAapWH Y CBITI, WO, B CBOK 4Yepry, Npu3Beno Ao
CYyTTEBOrO AediuMTy KOPMiB Ta 3pOCTAHHS iX BapTOCTi. ToMy MeTow poboTu Oyno AOCNIAKEHHS SKiCHOrO CKNnagy
KOPMOBMX MPOAYKTiB,0TPUMAHUX LNSIXOM KY/IbTUBYBAHHS METAHOTPODHMX MikpoopraHi3mis Methylococcus capsulatus
3 npobioTMuHmMMK BakTepiamu Bacillus subtillis. Tip Yac npoBeAeHHs LOCNILXEHb BUKOPUCTOBYBaNM apbiTpaxHi
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CBifYaTh, WO 6iNKOBMI NPOAYKT, OTPMMAHMI NpU BUPOLLYBaHHI KynbTypu Methylococcus capsulatus, Mae BUCOKUM
BMIiCT «CMpOro» npoTeiHy Ha piBHi 60,9 %, W0 3a CBOIMM TEXHIYHMMM XapaKTEPUCTUKAMM BiANOBIAAE BUCOKOBINKOBUM
KOpMaM TBapMHHOIO NOXOXeHHS. [lonaBaHHS B cepefoBuLLe AN KyIbTMBYBaHHSA NPOBIiOTUYHMX MiKpPOOPraHi3miB
Bacillus subtillis nano 3Mory 3Ha4yHO MONIMWMTK AKiCHI MOKA3HMKM CUHTE30BAHOIO BiNka 3@ paxyHOK 30i/bLUEHHS Ha
1,5 % KinbKOCTi HE3aMiHHMX aMiHOKMCIIOT, NiABULLEHHS HA 3,8 % XMPHUX KMCOT | 3pOCTAHHS KOHLEHTpaLii KanbLito
Ta hocdopy. 36inblIeHHS KOHLEHTpaLiT Ni3uHY, i301eiLuMHY, BafliHy Ta acnapariHoBOi KMC/IOTM BHACAIAOK CMiSIbHOTO
KYNbTUBYBAHHS [BOX MiKpPOOPraHi3MiB Aano 3Mory 36ifblUMTH iXHI0 MOXMBHY LiHHICTb AN BEAMKOI poraTtoi Xyaobu,
OCKI/IbKM Lii aMiHOKMCNOTH € Hai3aTpebyBaHiLIMMM B paLlioHaX XKYMHUX TBAPMH Mif, 4aC BUKOPUCTAHHS KYKYPYA3SHOIO
CMNOCY Ta iHWMX pOCAMHHMX KOpMiB. [logaBaHHs KynbTypu Bacillus subtillis nano 3MOry 3HM3UTU BMICT «CUPOI»
KNITKOBMHM Ta noninwmTy ii 6ionorivHi XxapakTepncTMKmM 3a paxyHoK 3aMiHM MiKpobionoriyHoro cknagy oTpMMaHoro
npoaykTy. BukopucranHsa B nopanblioMy 6ioTeXHONOrYHOrO MeToAy OTPMMAaHHS KOpMOBOro 6inka Aans TBapwH
[03BOSIUTb 3HU3UTU 3a/1EXKHICTb TBAPMHHULTBA Bif BUPOLLYBAaHHS KOPMOBUX KYNbTYp i MOrOAHUX YMOB

KniouoBi cnoBa: MeTaHOTpodM; MiKpobHa KynbTypa; NpobioTMYHA KynbTypa; CMiBKYNbTUBYBAHHS; KOPMOBUI NPOAYKT;
AMiHOKMCNOTHUIM CcKNag,
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