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Abstract: 
Biodegradable polymers, specifically polylactide, are an important part of food packaging and medical devices. Microbiological 
synthesis uses cheap renewable raw materials and industrial waste to produce a high yield of lactic acid, the monomer of 
polylactide. This method needs new effective lactic acid producing strains, e.g., thermophilic bacteria.
The research involved thermophilic bacterial strains isolated from soil and compost samples. Their ability to produce organic 
acids and extracellular enzymes was tested using the method of high-performance liquid chromatography (HPLC) and 
microbiological tests respectively. The real-time polymerase chain reaction method (PCR) detected L-lactate dehydrogenase 
structural genes of L-lactate dehydrogenase of Bacillaceae. Strain T7.1 was fermented using glucose and yeast extract as carbon 
and nitrogen sources, respectively. The optical purity of lactic acid was evaluated using quantitative gas chromatography on a 
chiral column to separate lactate isomers. The molecular genetic analysis of the 16S rRNA gene sequence was applied to identify 
strain T7.1.
The chromatographic analysis proved that 10 out of 13 isolated thermophilic strains were effective lactic acid producers. They 
demonstrated proteolytic, amylolytic, or cellulase activities. During the fermentation, strain T7.1 produced 81 g/L of lactic 
acid with a peak productivity at 1.58 g/(L·h). The optical purity of the product exceeded 99.9% L-lactate. The genetic analysis 
identified strain T7.1 as Weizmannia coagulans (Bacillus coagulans).
The research revealed a promising thermophilic producer of optically pure L-lactic acid. Further research is needed to optimize 
the cultivation conditions, design an effective and cheap nutrient medium, and develop engineering and technological solutions to 
increase the yield.

Keywords: Thermophilic bacteria, Bacillus, Weizmannia coagulans, lactic acid, L-lactate, polylactide

Funding: The research was supported by the foundation of Dmitry Mendeleev University of Chemical Technology of Russia 
(Mendeleev University)  as part of strategic academic leadership Program Priority 2030 (project no. 2022-040).

Please cite this article in press as: Romanova MV, Dolbunova AN, Epishkina YuM, Evdokimova SA, Kozlovskiy MR, 
Kuznetsov AYe, et al. A thermophilic L-lactic acid producer of high optical purity: Isolation and identification. Foods and Raw 
Materials. 2024;12(1):101–109. https://doi.org/10.21603/2308-4057-2024-1-591

INTRODUCTION
Lactic acid is widely used in food production, phar- 

macy, and cosmetics. The global production of lactic 
acid amounted to 1.39 million tons in 2021 and will 
have reached 2.65 million tons by 2029 [1]. The demand 
for local acid keeps increasing, following the increase 
in production of foods, beverages, and biodegradable 
polymers [2]. Lactic acid serves as a preservative and  
acidity regulator in pickled and fermented foods, chee- 

ses, yoghurts, fermented dairy products, bakery, con- 
fectionery, etc. [3]. In addition, environmentally-aware  
consumers, manufacturers, and scientists encourage 
the development of sustainable products and proces- 
ses. This trend affects packaging methods, since envi- 
ronmental pollution by synthetic polymers is approa- 
ching a critical level [4, 5].

Lactic acid is a precursor for the synthesis of green 
solvents, lactide and polylactide. It should be noted that 
lactic acid can at least partially solve the tremendous 
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problem of plastic pollution because it is a source of  
polylactide, which is a biodegradable polymer of high  
transparency and excellent mechanical strength. Polylac- 
tide has good barrier properties to food smell, as well as  
chemical resistance to fats and oils [6, 7]. It is a prospec- 
tive material for biodegradable films and plasticware [2]. 

Lactic acid has two stereoisomers. As a result, it can 
produce poly-L-lactide, poly-D-lactide, and poly-L,D-
lactides with different isomer content. The mechanical 
properties of particular polymer depend on the ratio of 
L- and D-isomers. For instance, polylactide with 90% 
of poly-L-lactide has a semi-crystalline structure, while 
polylactide with a higher content of D-lactate is an 
amorphous material with poor mechanical properties [8].

Chemical and microbiological syntheses are two 
commercial methods of lactic acid production. However, 
chemical synthesis forms racemic L,D-lactic acid, which  
makes it difficult to produce polylactide with required 
properties. Biotechnological synthesis yields optically 
pure isomers of lactic acid from cheap and renewab- 
le raw materials, e.g., industrial waste [9]. A proper pret- 
reatment, such as grinding, chemical or enzymatic 
hydrolysis, etc., can increase the yield. For example, 
Alexandri et al. used a hydrolysate of bread production 
waste as a substrate to obtain optically pure L-lactic 
acid and cultivate Bacillus coagulans [10]. They also  
substituted yeast extract with a more accessible alfal- 
fa juice. The productivity for batch cultivation was 
2.59 g/(L·h) with the final lactic acid titer of 62.2 g/L. 
The combination of these two substrates (50:50) in 
a continuous process with cell recycling raised the 
efficiency up to 11.28 g/(L·h).

Some lignocellulosic substrates are fit for simul- 
taneous saccharification and fermentation. The pretre- 
atment occurs, wholly or partly, in a fermenter, whe- 
re the lactic acid producer is cultivated. Hu et al. used 
the method of simultaneous saccharification and fer- 
mentation, as well as corn straw as substrate, to culti- 
vate Lactobacillus pentosus FL0421 (37°C, pH 6.0) [11].  
They also added cellulases and yeast extract to the 
medium with the pretreated substrate. The final lactic 
acid titer and the product efficiency were 92.30 g/L and  
1.92 g/(L·h), respectively.

The yield and optical purity of microbiologically-
synthesized lactic acid depends on gene expression, 
enzymatic activity, stereospecificity of lactate dehyd- 
rogenases (LDH), lactate racemases, and some enzymes 
of amino acid metabolism. For instance, enzymes 
L-LDH and D-LDH catalyze the conversion of pyruvic 
acid to L-lactic acid and D-lactic acid, respectively. 
They can be present, together or separately, in different 
types of microorganisms [12].

Lactate racemases provide the mutual conversion 
of lactate isomers. They can be found in some lactic 
acid bacteria, but not necessarily in Bacillaceae, which 
also can produce lactic acid [13]. Bacillaceae strains 
are known as effective producers of optically pure 
lactic acid. Unlike the more popular Lactobacillaceae, 
Bacillaceae are thermotolerant and/or thermophilic. 

Thermophilic lactic acid producers have some advan- 
tages over mesophilic microorganisms. They demonst- 
rate accelerated metabolism and increase the solubility 
of substrates in the fermentation medium during ther- 
mal processing, thus boosting the yield. In addition, 
they reduce the risk of contamination during fermen- 
tation [14]. Thermophilic microorganisms have the same  
optimal growth temperatures as commercial enzyme 
preparations, which increases the efficiency of sacchari- 
fication of complex raw materials in a bioreactor [15].  
Thermotolerant Bacillaceae, e.g., B. coagulans (Weizman- 
nia coagulans), are prospective lactic acid producers as 
they have a low need for growth factors and can utilize 
a wide range of substrates [16]. Some Bacillaceae are 
resistant to inhibitory substances contained in some hyd- 
rolysates, e.g., to furfural and its derivatives [17]. In ad- 
dition, Bacillaceae have their own hydrolytic enzymes,  
i.e., proteases, amylases, and cellulases. As a result, sac- 
charification requires less enzymes during simultaneous 
saccharification and fermentation [9].

Fed-batch culture, as well as semi-continuous and 
continuous fermentation, can increase the lactate yield 
during biosynthesis. Continuous cultivation methods, in- 
cluding those based on a membrane bioreactor, facilitate 
substrate conversion in the fermentation medium into  
the target product and reduce inhibitory effects [18]. 
The efficiency of bioreactors depends on how well they  
are able to maintain the culture in a certain physio- 
logical state at a given medium supply rate [19]. Long-
term cultivation during continuous fermentation re- 
quires process stability, a low contamination risk, and a  
highly-active and stable producer. As a result, the food  
science keeps looking for new lactic acid producers 
with high optical purity and their assessment methods.  
The research objective was to isolate and identify ther- 
mophilic bacterial strains capable of homofermentative 
conversion of carbohydrates into lactic acid, as well as 
to evaluate the optical purity of the product.

STUDY OBJECTS AND METHODS 
Microorganisms and culture conditions. The re- 

search featured strains of thermophilic bacteria isolated 
from various samples of natural origin on nutrient 
media with different glucose and lactate amounts as a 
carbon source and elective element. To obtain enrich- 
ment cultures, we added 1 g of the sample to nutrient  
media and cultivated at 50°C for 24 h. After that, we see- 
ded the cultures into a liquid medium and its tenfold 
dilutions on agar nutrient medium. The medium compo- 
sition, g/L, was as follows: glucose – 20, tryptone – 20, 
yeast extract – 5, K2HPO4·3H2O – 2, MgSO4·7H2O – 
0.2, MnSO4·5H2O – 0.05, and CaCO3 – 10. For further 
research, we selected those colonies that demonstrated 
zones of calcium carbonate dissolution caused by orga- 
nic acids. The profiling of low molecular weight me- 
tabolites was carried out using a similar but tryptone-
free liquid medium after 24 h of cultivation in test tubes 
under anaerobic or microaerophilic conditions. The 
nature of colony growth on agar media revealed its 
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ability to synthesize extracellular proteases, amylases, 
and cellulases. The medium contained skimmed milk  
powder, starch, and carboxymethyl cellulose, respec- 
tively [20].

To produce lactic acid, the strains were cultivated 
in a five-liter Minifors fermenter (INFORS, Switzer- 
land). The inoculum was grown at 50°C under mic- 
roaerophilic conditions on a nutrient medium for 24 h.  
The medium included, g/L: glucose – 20, yeast ext- 
ract – 5, K2HPO4·3H2O – 2, MgSO4·7H2O – 0.2, and 
MnSO4·5H2O – 0.05. All the fermentation medium 
components were sterilized separately to avoid the for- 
mation of inhibiting compounds. The operating volume 
of the medium in the fermenter was 3 L, and the con- 
centrations of the components, g/L, were as follows: 
glucose – 100, yeast extract – 5, K2HPO4·3H2O – 2, 
MgSO4·7H2O – 0.2, and MnSO4·5H2O – 0.05. The 
inoculum was added as 10% of the medium volume. The 
fermentation occurred under anaerobic conditions while 
the medium was stirred at 250 rpm. During cultivation, 
temperature and pH were recorded and controlled using 
the Iris V5 software. The fermentation medium was 
automatically titrated to neutralize lactic acid with 25% 
ammonia solution until pH reached 7.0. The bacterial 
biomass was measured by the optical density of tenfold 
dilutions at λ = 590 nm.

Determining the content of organic acids and 
glucose. To analyze the metabolites in the culture broth  
of thermophilic strains and glucose consumption, we 
used the method of high-performance liquid chromato- 
graphy (HPLC). The procedure involved an Agilent 1220  
Infinity chromatograph (Agilent, USA) with an Agilent 
Hi-Plex H column (250×4.6 mm). The concentration was  
determined by the refractometric signal after standard 
calibration. As pretreatment, the culture broth was cent- 
rifuged at 12 000 rpm for 15 min and filtered through 
0.45-µm cellulose acetate membranes (MF-Millipore, 
USA). The analysis was performed at 50°C and a mobile 
phase flow rate (0.002 M H2SO4) of 0.3 mL/min.

Evaluating the optical purity of lactate. To deter- 
mine the individual optical isomers of lactic acid in the 
fermentation products, the culture broth was purified 
from biomass by ultrafiltration on an AR-100 hollow 
fiber device with a cut-off limit of 100 kDa. Nonutilized 
components of the nutrient medium and interfering me- 
tabolic products were adsorbed: the cell-free broth 
was filtered through a layer of activated carbon. After 
that, the lactate was converted into salt, and from salt  
into acid. This process involved ion-exchange H-form  
resin Amberlyst 70. The entire lactic acid was conver- 
ted into the trimethylsilyl derivative using N,O-Bis(tri- 
methylsilyl)trifluoroacetamide (BSTFA) as a silylating 
agent. We took 0.03 g of the sample, thoroughly mixed 
it with 1 mL of ethyl acetate, and added extra BSTFA. 
The mix was incubated at 60°C for 30 min. We used 
the same conditions to convert all forms of lactic acid 
to derivatives of ditrimethylsilyl ethers (diTMS esters) 
suitable for gas chromatography.

The optical isomers of the obtained lactic acid de- 
rivatives were determined by quantitative gas chro- 
matography using a column for the separation of chiral 
isomers Cyclosil-B, 30 m×0.25 mm×0.25 μm (Agilent, 
USA). The procedure also involved a Kristall 5000.1 gas  
chromatograph (Khromatek, Russia) with a flame-ioniza- 
tion detector and Khromatek Analyst 2.6 software. Nitro- 
gen served as the mobile phase at a pressure of 75 kPa.  
The initial temperature of the column (35°C) was main- 
tained for 20 min, then the temperature was raised to 
100°C at a rate of 1°C/min and then to 250°C at a rate of 
10°C/min. The optical purity (OP) of L-lactic acid was 
calculated as follows:

                               100SLOP
SL SD

= ×
+

    

where SL is the peak area of the diTMS-ester of L-lactic 
acid; and SD is the peak area of the diTMS-ester of 
D-lactic acid.

Screening L-LDH genes. The structural genes of 
L-lactate dehydrogenase were detected using the real-
time polymerase chain reaction method (PCR). De- 
generate primers for genetic screening were selec- 
ted based on the sequences typical of Bacillaceae, in 
particular Bacillus coagulans and Bacillus subtilis: 
5’-CGGSCTGCCGAAAGAAC-3’ (forward primer) and 
5’-GCCGTGYTCGCCGATAAT-3’ (reverse primer). The  
genomic DNA isolation involved a 24-h culture and a  
genomic DNA isolation kit (Dia-M, Russia). The PCR  
analysis was performed in a CFX96 Touch Deep Well  
Real-Time PCR Detection System (Bio-Rad Labora- 
tories, USA). 

The reaction mix had a volume of 25 µL and inclu- 
ded 5 µL of 5x qPCRmix-HS SYBR reagent (Evrogen, 
Russia). In total the reaction mix contained Taq DNA 
Polymerase, dNTPs, buffer, MgCl2 and SYBR Green I,  
1 μL of each primer with final concentration of 200 nM, 
1 μL of the culture lysate, and bidistilled water. 

The PCR had the following temperature conditions: 
preliminary denaturation at 95°C for 3 min followed by 
35 cycles of denaturation at 95°C for 15 s, annealing at 
55°C for 15 s, and elongation at 72°C for within 25 s.

The PCR data analysis involved melting curves 
constructed when the samples were heated at 65–95°C at 
0.5°C intervals.

Strain identification. The bacteria were identified 
by their morphological and biochemical features, as 
well as by molecular genetic analyses of the 16S rRNA 
gene nucleotide sequence. The genomic DNA isolation 
involved a 24-h culture and a kit for isolating genomic 
DNA from bacterial cells.

The classical PCR was performed in a CFX96 Touch  
Deep Well Real-Time PCR Detection System with a Hot  
Start Taq-DNA polymerase PCR kit (Dia-M, Russia). 
The universal primers 8F (5’-AGAGTTTGATCCTGGCT- 
CAG-3’) and 1492R (5’-TACGGYTACCTTGTTACGACT- 
T-3’) were used at a final concentration of 240 nM to 
amplify the 16S rRNA gene region.
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The process proceeded under the following con- 
ditions: pre-denaturation at 95°C for 5 min followed by 
35 cycles of denaturation at 95°C for 30 s, annealing at 
54°C for 30 s, elongation at 72°C for 90 s, and the final 
elongation at 72°C for 10 min.

The sequencing of the obtained PCR fragments of 
the 16S rRNA genes followed the Sanger method with 
preliminary purification (Evrogen, Russia). The sequen- 
cing involved the same universal primers as those used 
for amplification. The amplicons were sequenced in for- 
ward and reverse directions. The resulting nucleotide 
sequences were compared to the 16S rRNA gene sequen- 
ces from the NCBI GenBank database using the BLAST 
search tool. The phylogenetic analysis relied on the 
neighbor-joining method in the MEGA software [19].

RESULTS AND DISCUSSION
Isolating the thermophilic strains and their me- 

tabolite profiling. We isolated and profiled 13 ther- 
mophilic bacterial strains using the enrichment culture  
method. The samples were obtained from soils of  
Moscow urban forests, summer gardens, and natural 
ecosystems of the Moscow Region. Seven strains deve- 

loped calcium carbonate dissolution zones on agar me- 
dia with glucose as a carbon source, which proved that  
they released organic acids. The isolated acid-forming 
strains were characterized by rod-shaped morphology. 
They were classified as aerotolerant anaerobes and facul- 
tative anaerobes. The chromatography of the thermophi- 
lic culture broth grown under microaerophilic conditions 
showed that the bacteria released lactic, acetic, and pro- 
pionic acids (Table 1).

Figure 1 shows a typical chromatogram of T6.1 cul- 
ture broth grown on a glucose medium under microaero- 
philic conditions. The bacteria proved able to perform 
homofermentative lactic acid fermentation.

Strains T1.1, T5.1, T6.1, and T7.1 converted glucose 
into lactic acid in large quantities with minimal by-
product organic acids. The lactic acid yield and fer- 
tation selectivity depended both on the strain and 
culture conditions.

Further research involved detection of extracellular 
enzymatic activities on agar media with respective sub- 
strates. Table 2 introduces the screening results for extra- 
cellular hydrolases in cultures.

Table 1 Glucose consumption and formation of organic acids by thermophilic bacterial strains

Strain Dissolution of calcium carbonate Glucose consumption, g/L Lactic acid, g/L Acetic acid, g/L Propionic acid, g/L
T1.1 + 2.34 2.24 n.d. n.d.
Т1.2 + 1.05 2.13 n.d. 0.54
Т1.3 + 4.40 2.36 n.d. 0.79
Т2.1 + 2.62 2.17 n.d. 0.57
Т2.2 n.d. 0.80 0.06 0.39 n.d.
Т3.1 n.d. 6.00 2.18 n.d. 1.53
Т3.2 n.d. 3.00 2.07 n.d. 0.61
Т3.3 n.d. 3.01 1.85 n.d. 0.58
Т4.1 n.d. 2.15 0.09 0.29 0.65
Т4.2 n.d. 2.30 0.08 0.41 n.d.
Т5.1 + 1.74 2.58 n.d. 0.37
T6.1 + 2.79 2.60 n.d. 0.37
T7.1 + 2.42 2.66 n.d. n.d.

n.d. – not detected
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Figure 1 Thermophilic acid-forming strain T6.1 culture broth: chromatogram
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The experiments demonstrated that six out of thir- 
teen strains possessed proteolytic activity, ten strains 
showed amylase activity, and seven strains had cellulase 
activity. These results could be used to develop a new 
nutrient medium for synthesis of lactic acid, e.g., for acid- 
forming strains T3.1. T6.1, and T7.1. Starch-containing 
vegetable raw materials could serve as a potential source 
of carbon.

Genetic screening for LDH genes. Promising lactic  
acid producers T6.1 and T7.1 underwent genetic scree- 
ning. According to their morphological and physio- 
logical characteristics, they were previously assigned 
to Bacillaceae. The PCR analysis detected the bacil- 
lary L-ldh gene in both strains. It is responsible for  
the synthesis of L-lactate (Fig. 2a). The melting curves 
showed that the fragments were homogeneous and 
contained no PCR by-products (Fig. 2b).

 Thermophilic strains T6.1 and T7.1 were close to  
some representatives of the Bacillus genus and were  
found potentially capable of synthesizing the L-enantio- 
mer of lactic acid. Genome of some Bacillus represen- 
tatives, e.g., in particular Bacillus coagulans, contains 

Table 2.Extracellular hydrolases of thermophilic strains: 
enzymatic activity

Strain Proteolytic 
activity

Amylase 
activity

Cellulase 
activity

Т1.1 – + –
Т1.2 – – +
Т1.3 – + –
Т2.1 – – –
Т2.2 +++ +++ +++
Т3.1 + ++ ++
Т3.2 + ++ ++
Т3.3 + ++ ++
Т4.1 ++ ++ ++
Т4.2 ++ +++ +++
Т5.1 – – –
T6.1 – + –
T7.1 – + –

+++ – prominent enzymatic activity under the test conditions; ++ – 
positive enzymatic activity under the test conditions; + – enzymatic 
activity confirmed by the tests; and – – no enzymatic activity detected

Figure 3 Colony growth on the medium with calcium 
carbonate (a) and cell morphology of strain T 7.1, 1000× (b)

                       a                                                b

both structural genes. However, L-lactate-producing 
B. coagulans have a much more expressed L-ldh than 
D-ldh [20].

Profiling the promising thermophilic acid-forming 
strains. Strain T7.1 was as a spore-forming facultative 
anaerobe, resistant to slightly acidic pH. On agar, it 
developed white colonies with a diameter of 2–4 mm 
with a smooth surface. Strain T7.1 hydrolyzed starch but  
not casein. On the medium with calcium carbonate, it 
formed clean zones, which indicated the release of acids 
(Fig. 3a). The cell morphology was rod-shaped and 
typical for Bacillaceae (Fig. 3b).

For strain T7.1 identification, the 16S rRNA gene 
was amplified with standard bacterial primers, purified, 
and sequenced by the Sanger method.

The bioinformatic analysis of the nucleotide sequen- 
ce included sequence alignment of reference bacterial 
16S rRNA and a phylogenetic analysis.

The phylogenetic analysis relied on the 16S rRNA 
sequences deposited in the GenBank NCBI. The strains  
were selected with ≥ 92% similarity of the gene.  
Strain T7.1 shared 99.86% with Weizmannia coagulans  

Figure 2 Amplification curves of L-ldh gene fragments  
of thermophilic strains T6.1 and T7.1 (a) and melting curves  
of PCR products (b)
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NBRC 12583, which was the maximal similarity achie- 
ved for this gene (Fig. 4).

Thus, strain T7.1 was identified as W. coagulans. The 
result correlated with the morphological, physiological, 
and biochemical characteristics of the test culture.

Simple batch cultivation of strain T7.1 on the me- 
dium with high initial glucose content. Strain T7.1 
was chosen for further studies of lactic acid synthesis by 
thermophilic bacteria. It underwent batch fermentation 
for 70 h. Figure 5 illustrates the main results of the fer- 
mentation: culture growth, consumption, and lactic acid 
synthesis.

Thermophilic strain T7.1 utilized 86 out of 95 g/L  
glucose to form 81 g/L of lactic acid with a peak pro- 
ductivity at 1.58 g/(L·h). The substrate conversion excee- 
ded 90% while the yield of lactate was 94%. The chro- 
matography showed no by-product organic acids at the 
end of cultivation (Fig. 6).

The fermentation data indicated that the sugars in 
the medium were metabolized by homofermentative lac- 
tic acid fermentation. Both in lactic acid and glucose 
conversion, the maximal productivity was observed at 
a residual glucose concentration of ≈ 50 g/L and lactate 
accumulation ≤ 45 g/L in the medium. The process oc- 
curred when the culture entered the stationary phase. 
The subsequent productivity decreased because the 
final product inhibited it. Further research is required 
to explain the effect of the medium composition and 
cultivation physicochemical parameters on the lactic 
acid synthesis.

Fed-batch cultivation and continuous fermentation, 
e.g., membrane bioreactors, could remove the inhibitory 
effect of metabolites and maintain cells in the required 
physiological state [23]. This engineering and techno- 
logical approach is known to boost the efficiency of me- 
sophilic cultures in lactic acid production. Logically, iso- 
lated thermophilic cultures should also demonstrate high 
process performance, especially because strain T7.1 pro- 
duced exclusively lactic acid under the conditions of 
batch fermentation. In addition, T7.1 was thermophilic 

and had much lower requirements for the growth factor 
content in the medium, compared to Lactobacilli.

Lactic acid optical purity analysis. Lactic acid 
intended for the food industry or polylactide synthe- 
sis requires excellent optical purity. As a result, the next 
step was to determine the content of L- and D-isomers 
formed during fermentation.

We used the method of gas chromatography of vo- 
latile acid derivatives using an optically active column 
to identify and analyze the optical isomers of lactic acid 
in the fermentation products. We tested the method on 
standard samples of L-lactic acid and a racemic mix 
of D,L-lactic acid obtained by mesolactide hydrolysis. 
Table 3 and Fig. 7 illustrate the separation of optical iso- 
mers of lactic acid. The chromatogram shows separate 
yields of D-lactic acid (peak 1 at 57.393 min) and L- 
lactic acid (peak 2 at 57.640 min).

Table 4 and Fig. 8 represent the chromatographic da- 
ta for the sample of the culture broth obtained during 
the fermentation of the thermophilic strain T7.1. The 
D-lactate peak was hardly visible.

NR 102783.2 Bacillus subtilis subsp. subtilis strain 168
NR 075005.2 Bacillus velezensis strain FZB42

NR 113994.1 Bacillus vallismortis strain NBRC 101236
NR 112723.1 Bacillus atrophaeus strain NBRC 15539
NR 116023.1 Bacillus licheniformis strain BCRC 11702
NR 104749.1 Mesobacillus subterraneus strain СООI38

NR 114094.1 Neobacillus novalis strain NBRC 102450
NR 157731.1 Bacillus mobilis strain MCCC 1АО5942
NR 115526.1 Bacillus cereus strain IАМ 12605

NR 041378.1 Weizmannia ginsengilшmi strain Gsoil 114
NR 041942.1 Bacillus acidicola strain 105-2

NR 116000.1 Weizmannia acidiproducens strain SL213
NR 118954. 1 Weizmannia coagulans strain NCDO 1761
NR 041523.1 Weizmannia coagulans strain NBR-C 12583

Strain T7. 1
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Figure 4 Phylogenetic tree constructed by the neighbor-joining method: nucleotide sequences of 16S rRNA for thermophilic strain 
T7.1 and reference Bacillaceae

Figure 5 Growth curve, glucose consumption, and lactic acid 
synthesis by thermophilic strain T7.1 during cultivation in the 
Minifors bioreactor
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The optical purity of lactate produced by strain T7.1 
during fermentation at a high content of glucose in 
the medium correlated with other studies of B. coagu- 
lans. For example, Zhou et al. fermented B. coagulans 
WCP10-4 with glucose (source of carbon) and yeast 
extract (source of nitrogen) [24]. The optical purity of  
the obtained lactic acid was 99.8%, and the total con- 
centration of by-product organic acids was below 1 g/L.  
Other publications [25, 26] explained the high optical 
purity of the obtained L-lactate by the absence of the 
lactate racemase gene in B. coagulans and related spe- 
cies. Further research on the development of a new 
technology for high optical purity lactic acid production 
will test various carbon sources, including plant hyd- 
rolysates, and analyze their effect on the optical purity.

CONCLUSION
The research resulted in a highly effective ther- 

mophilic acid-forming strain. Strain T7.1, which pos- 
sesses the bacillary L-lactate dehydrogenase gene, pro- 

ved able to ferment homofermentative lactic acid. The  
molecular genetic analysis identified this strain as 
Weizmannia coagulans (Bacillus coagulans). The pro- 
cess of batch fermentation provided L-lactate of high 
optical purity (≥ 99.9%) with a yield of 94% glucose. 
Therefore, strain T7.1 is a promising thermophilic pro- 
ducer of lactic acid. It could be part of a highly efficient 
process for obtaining optically pure L-lactic acid in a 
membrane bioreactor. Lactic acid is intended for the 
food and chemical industries, namely for polylactide 
synthesis, biodegradable materials  and green packaging 
prodicing, etc.
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Table 3 Chromatographic separation of mesolactide hydrolysis 
products

Time, min Component Area Area, %
57.393 D-lactic acid_diTMS 33.771 42.729
57.640 L-lactic acid_diTMS 45.264 57.271

Table 4 Optical purity of L-lactate produced by  
strain T7.1

Time, min Component Area Area, %
57.340 L-lactic acid_diTMS 0.039 0.028
57.659 D-lactic acid_diTMS 139.586 99.972
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