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Abstract

Caproic acid is the precursor material of ethyl hexanoate, a repre-
sentative flavor substance in strong flavor baijiu (SFB). Increasing
the content of caproic acid in SFB helps to improve its quality. In the
present study, caproic acid-producing bacteria from the pit mud of
an SFB ecosystem were isolated, purified, and characterized. Strain
BE-1 with the highest caproic acid yield (0.88 g/1) was selected. The
morphological and molecular identification analysis showed that
strain BF-1 was Enterococcus casseliflavus. The genome of E. cas-
seliflavus BF-1 was sequenced and was found to be 2,968,377 bp in
length with 3,270 open reading frames (ORFs). The caproic acid
biosynthesis pathway in E. casseliflavus BF-1 was predicted based
on the KAAS annotation. The virulence factors in the genome of
strain BF-1 were annotated, which showed that E. casseliflavus BF-1
is safe at the genetic level. After adding essential nutrients based on
the KAAS annotation, the optimum medium conditions for acid
production by strain BF-1 were obtained by performing orthogonal
experiments. The caproic acid yield of strain BF-1 reached 3.03 g/1,
which was 3.44-fold higher than the initial yield. The optimized fer-
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Introduction

Strong flavor baijiu (SFB), a traditional Chinese dis-
tilled liquor, contains more than 1,300 different flavor
compounds (Ji etal. 2017; Zou etal. 2018). Among these
compounds, ethyl hexanoate is the primary flavoring
substance of SFB, and its content can directly affect the
quality of SFB (Hong etal. 2020). Caproic acid, also
known as hexanoic acid, is a common carboxylic acid
that can be used as a precursor for producing liquid
fuels and synthetic chemicals such as food and animal
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feed additives (Van Immerseel etal. 2004; Nabi etal.
2006; Serhan et al. 2016). Caproic acid-producing bac-
teria (CPB) are generally considered the most critical
functional microorganisms in an SFB ecosystem (Liu
and Sun 2018). The isolation, screening, identification,
and culture of CPB are important to improve the quan-
tity and quality of CPB in pit mud (Wang etal. 2019;
Zhao etal. 2019; Tian et al. 2020). In addition to the SFB
ecosystem, CPB have been isolated from different eco-
logical niches such as anaerobic digestion sludge (Kim
etal. 2015), the rumen of cattle and sheep (Weimer
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and Stevenson 2012), and silt (Gildemyn etal. 2017).
The oxygen demands of different strains of CPB during
the production of caproic acid are not consistent. Most
of the reported CPBs are anaerobic species, including
members of Clostridium (Weimer and Stevenson 2012),
Bacillus (Zhao et al. 2012), Ruminococcaceae (Zhu et al.
2015), and Megasphaera (Kim etal. 2018). They can
accumulate caproic acid by using ethanol, lactic acid,
glucose, and D-galactitol as the main carbon source
(Wang etal. 2020).

In the present study, a new strain of Enterococcus
casseliflavus (strain BF-1) with high caproic acid yield
was isolated from the pit mud of an SFB ecosystem.
E. casseliflavus has potential probiotic effects on growth
performance, immunity, and disease resistance (Akbari
etal. 2021). In this study, the whole genome of E. cas-
seliflavus BF-1 was sequenced and annotated. The safety
of the strain at the genetic level and the caproic acid
biosynthesis pathway were analyzed. We verified the
essential nutrients of E. casseliflavus BF-1 synthesis
defect through single-omission growth experiments
and added essential nutrients to the fermentation
medium to improve the yield of caproic acid. The
results showed that this strain could be further used as
a reinforced inoculum in the SFB production process.

Experimental
Materials and Methods

Isolation and screening of caproic acid-producing
bacteria. A five-point sampling method was used to
collect pit mud samples from an SFB factory in Anhui,
China. Next, 5 g of pit mud was put into a 150 ml tri-
angular flask containing 45 ml of sterile water. After
adequate mud dispersion, the pit mud extract was
shaken well, and 10% of the extract was inoculated
into an enrichment medium (EM). The composition
of the EM was as follows (per 1,000 ml): sodium acetate
15 g, yeast extract 10 g, MgSO,-7H,0 0.2 g, KH,PO, 7 g,
K HPO, 7 g, (NH,),SO, 0.5 g, L-cysteine 0.5 g, ethanol
20 ml, pH 7.0. The extract was cultured at 35°C for four
days. Then, 200 pl of the pit mud culture solution was
pipetted and spread on a solid agar plate. The plates
were incubated under anaerobic conditions at 35°C
until the colonies grew. A single colony on the agar
plate was selected and subcultured three times on the
solid medium.

The single colony was inoculated into 100 ml EM,
incubated anaerobically at 35°C for 12 h, and cultured
for two generations to obtain a seed liquid. The seed
liquid was inoculated into the fermentation medium
with 5% inoculation volume, and the fermentation
was performed under an anaerobic static culture con-
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dition at 35°C for 10 days. The caproic acid yield of
each experimental batch was estimated by the CuSO,
staining method. The yield was higher when the color
was darker (Zhong and Xie 2004). The strain with the
highest caproic acid yield was used for further analysis.

Morphological identification and 16S rDNA
sequence analysis. The isolated strains with the high-
est caproic acid yield were selected. The physiological
and biochemical characteristics of the selected repre-
sentative strains were studied using Bergey’s Manual of
Determinative Bacteriology (Ceddia et al. 1980). First,
the bacterial morphological shape and staining pattern
was observed under a microscope (Motic MLC-150,
Motic China Group Co., Ltd., China). The genomic
DNA was extracted from the CPB strains using the bac-
terial genomic DNA rapid extraction kit (Tiangen Bio-
chemical Technology (Beijing) Co., Ltd., China). The
extracted DNA was used as a template for PCR ampli-
fication with universal primers 27F (5-AGAGTTT-
GATCCTGGCTCAG-3’) and 1492R (5-CTACGGC-
TACCTTGTTACGA-3). The amplified products were
sent to Nanjing Parsono Biology Company (China) for
sequencing. The sequences were spliced by the basic
local alignment search tool (BLAST) program avail-
able at the National Centre for Biotechnology Infor-
mation (NCBI) database and compared with the data
available in the NCBI 16S rDNA database to obtain the
homologous sequence showing the most remarkable
similarity with the sequence of the species to be tested.
The phylogenetic tree was constructed by MEGA 5.0
software by using the neighbor-joining (NJ) method
(Kumar et al. 2016).

Whole genome sequencing and annotation. The
genome of strain BF-1 was sequenced by Shanghai
Personal Biotechnology Co., Ltd. (China). A 400-bp
insert library was prepared using the TruSeq"™ DNA
Sample Prep Kit (Illumina Inc., USA). Sequencing was
performed on the HiSeq™ 2000 sequencing system
(Ilumina Inc., USA) with a 200-cycle paired-end con-
figuration at the National Laboratory of Genomics for
Biodiversity (LANGEBIO), Irapuato, Guanajuato, Mex-
ico. A5-miseq (Coil et al. 2014) and SPAdes (Bankevich
etal. 2012) were used to assemble the sequencing data
of the removed joint sequence from scratch to construct
the contig and scaffold. The assembly results were eval-
uated and compared, the SPAdes results were finally
selected, and Pilon software was used for base correc-
tion (Walker et al. 2014). Libraries with different indices
were multiplexed and loaded using an Illumina HiSeq
instrument according to the manufacturer’s instruc-
tions. GeneMarkS was used to predict the protein-
coding genes of the bacterial genome (Blake and Cohen
2001). tRNAscan-SE was used to predict tRNA genes in
the whole genome (Lowe and Eddy 1997), and Barrnap
was used to predict rRNA genes. The other noncoding
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RNAs were mainly predicted by comparing them with
the rfam database (Kalvari etal. 2018). Genes were
annotated by the NCBI Prokaryotic Genome Annota-
tion Pipeline (Tatusova et al. 2016). Metabolic pathways
were annotated using the KAAS (Moriya etal. 2007).
Clusters of Orthologous Groups of proteins (COG)
annotation was performed using eggNOG-mapper for
assigning the COG category to the genes (Szklarczyk
etal. 2019). Virulence factor prediction was performed
using VFanalyzer available in the virulence factor data-
base (VFDB) (Qin etal. 2012).

Culture medium optimization. Selection of car-
bon source. Sodium acetate, glucose, lactose, galactose,
fructose, mannose, and soluble starch were selected as
carbon sources, and 2% of each carbon source was
added to the fermentation medium. The yield of cap-
roic acid was detected after anaerobic culture at 35°C
for 10 days. Based on caproic acid yield, the best carbon
source was selected, and it was added at the concentra-
tion of 1.0%, 2.0%, 3.0%, 4.0%, and 5.0% to the fer-
mentation medium. The yield of caproic acid was then
determined after 10 days of anaerobic culture.

Screening for nitrogen source. Ammonium chloride,
sodium nitrate, urea, peptone, beef extract, and yeast
extract were selected as nitrogen sources in the fermen-
tation medium. The yield of caproic acid was analyzed
after the addition of each nitrogen source under anaero-
bic culture at 35°C for 10 days. The best nitrogen source
was determined and added to the fermentation medium
at the concentration of 0.5%, 1.0%, 1.5%, 2.0%, 3.0%,
and 4.0%. The yield of caproic acid was estimated after
anaerobic culture for 10 days.

Screening for inorganic salts and growth factors. In
single-omission experiments, the cell growth was moni-
tored when each vitamin or amino acid was separately
left out of the medium. The selected optimal carbon
source and nitrogen source were used in the culture
medium, and inorganic salts (MgSO,-7H,0, KH,PO,,
K HPO,, and (NH,),SO,) and nutrients (L-cysteine, bio-
tin, and ethanol) were added separately to the medium.
The yield of caproic acid was estimated after anaerobic
culture for 10 days, and the correlation between various
inorganic salts and growth factors for the acid produc-
tion of E. casseliflavus BF-1 was obtained. Their final
concentration was optimized based on the effect of vari-
ous inorganic salts and growth factors on the caproic
acid production of E. casseliflavus BE-1.

Orthogonal experiment. Four-level orthogonal
experiments (Table I) were conducted on four factors
(glucose, yeast extract, sodium acetate, and alcohol)
with a strong influence on caproic acid production by
single-factor optimization fermentation. The results of
some single-factor optimization trials showed little dif-
ference in the yield of caproic acid between the four lev-
els; hence, a 4-factor 4-level orthogonal experiment was
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Table I

Orthogonal experiment of four factors and four levels.

Factor A Factor B Factc?r c Factor D
Level (glucose g/1) (yeast (sodium (ethanol %)

& & extract g/l) | acetate g/1) ’

1 10 10 2 1

2 20 20 4 2

3 30 30 6 3

4 40 40 8 4

considered to estimate the optimal fermentation condi-
tions of the strain more efficiently. Under the optimum
conditions obtained from the single factor optimization
results, the strain was fermented and cultured, and the
optimal acid production conditions of the strain were
determined based on the yield of caproic acid as the
investigation index.

Qualitative and quantitative analysis of caproic
acid. The caproic acid content in the fermentation broth
was determined by gas chromatography-mass spec-
trometry (GC-MS). The fermented broth was centri-
fuged at 10,000 x g for 20 min, and the supernatant was
passed through a 0.22-pum organic phase filter mem-
brane and collected in an electropolished (EP) pipe.
One milliliter of the filtered supernatant was injected
into the bottle for testing. In online detection, the sam-
ple was first separated in G.C. The separated metabo-
lites were ionized into ion fragments of different sizes
through the ion source and then further separated by
MS. Finally, the separated ions reached the detector and
hit the surface of the detector. Different metabolites
formed electrical signals of different intensities. The GC
conditions were as follows: column, db-wax UT column
(30 m) x 0.25 mm, 0.25 pm; temperature, programmed
at 40°C with a holding time for 1 min and increased
to 150°C at 20°C/min and then increased to 250°C at
10°C for 2 min; split ratio, 30:1; carrier gas, helium;
flow rate, 1 ml/min; flow rate for H,, 40 ml/min; flow
rate for O,, 300 ml/min; and detector, flame ionization
detector (FID). The MS conditions were as follows:
electron ionization (EI) source, transmission line tem-
perature 250°C, electron energy 70 EV, photomultiplier
tube voltage 350 V, mass scanning range 30-350 amu.
For qualitative and quantitative analyses, the MS data
obtained by the GC-MS analysis were searched in the
17 standard libraries of the National Institute of Stand-
ards and Technology (NIST), and the content of caproic
acid in the fermentation broth was determined using
the standard external method. The standard external
method is a quantitative method that uses the pure
components to be measured as the reference mate-
rial. It compares the response signal of the reference
material to the response signal of the components to be
measured in the sample. The method is simple and does
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not require a correction factor. The components can be
quantified regardless of whether other components in
the sample are peaked or not.

Data processing. Origin was used to process the
experimental data and draw graphs. IBM SPSS Statis-
tics (version R24.0.0.0) was used to conduct variance
analysis between the experimental groups. A p-value
of <0.05 was considered to be statistically significant.

Results and Discussion

Screening of caproic acid-producing strains.
A total of 41 strains were screened from pit mud, and
among these strains, 19 strains showed the ability to
produce caproic acid (Fig. 1). Strain BF-1 showed the
highest yield of caproic acid (0.88 g/1). Therefore, strain
BEF-1 was selected for further studies.
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Fig. 1. The yield of caproic acid of different isolated strains.

Physiological characteristics and phylogenetic
classification of strain BF-1. Strain BF-1 grew well on
sodium acetate solid medium, with large, smooth, milky
white, protuberant, and round colonies; the cells were
non-spore-forming Gram-positive cocci (Fig.2a and
2b). The results for VP test, gelatin hydrolysis, glycerol
test, and nitrate reduction test were negative, while those
for MR test; starch hydrolysis; and tests of growth using
lactose, sucrose, raftinose, mannitol, fructose, stachyose,
cellobiose, xylose, galactose, glycerol, and mannose as
the sole carbon source were positive (Table II).

Based on the physiological, biochemical, and 16S
rDNA sequence analyses (Fig. 2¢), strain BF-1 was clas-
sified as E. casseliflavus. A physiological tree was then
constructed based on the alignment of the 16S rDNA
of strain BF-1 with other 16S rDNA sequences in the
GenBank database. The results revealed that strain
BF-1 was closest to E. casseliflavus FDAARGOS 1120

Luo H. etal. 4

Table IT
Results of physiological and biochemical experiments.

BF-1strain
Voges-Proskauer test - Mannitol +
MRtest + Fructose +
Gelatin hydrolysis - Stachyose +
Starch hydrolysis + Cellobiose +
Nitrate reduction - Xylose +
Lactose Galactose +
Sucrose Glycerin -
Raffinose Mannose +

and similarity is 100 %. Therefore, strain BF-1 was des-
ignated as E. casseliflavus BF-1. It is the first study to
report that E. casseliflavus is a caproic acid producer
(Yuan et al. 2022).

Genome properties of E. casseliflavus BF-1.
Genome assembly and annotation of E. casseliflavus
BF-1. To understand the physiological and metabolic
characteristics of E. casseliflavus BF-1, we sequenced
and annotated its genome (Table III). The contig total
sequence length was 3,383,020 bp, and the contig N50
was 372,495 bp. The scaffold N50 was 570,209 bp. The
E. casseliflavus genome is 2,968,377 bp in length, has
a GC content of 43.52%, and contains 3,270 coding
sequences, three rRNA genes, and 53 tRNA genes. The
nucleotide sequence of E. casseliflavus BF-1 is depos-
ited in the NCBI database under the accession number
PRJNA759370.

Table III
Basic characteristics of the genome of strain BF-1.

Features BF-1
Read-Num 8,697,842 bp
HQ reads 8,663,546 bp
Genome size 2,968,377 bp
G +C content 43.52%
ORF number 3270
OREF density 0.967 genes per kb
OREF average length 907,76 bp
Intergenetic region length 414,643 bp
Coding percentage 87.74%
rRNA 3
tRNA 53
ncRNA 113
Q value 40
Q20-rate 98.84
Q30-rate 95.83
Contig N50 372,495 bp
Scaffold N50 570,209 bp
Contig total sequence length 3,383,020 bp
Scaffold total sequence length 3,383,020 bp
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Fig. 2. Morphological and phylogenetic characteristics of the F6 strain.

a) Colony morphology of strain BF-1, b) Gram staining and SEM image showing the coccoid shape of the BE-1 strain,
¢) phylogenetic analysis of strain BF-1 based on BLAST results.

For the COG annotation (Fig. 3a), a total of 2,819
genes were assigned with COG terms, which account for
85.8% of the total genes in E. casseliflavus BF-1. Function
unknown (S) was the largest category (24.76%). Apart
from S, carbohydrate transport and metabolism (G)
and transcription (K) were the most prominent groups,
accounting for 13.4% and 9.5%, respectively. Accord-
ing to the KAAS annotation, a total of 3,155 genes were
assigned with KO terms. The largest three metabolic

pathway categories in the genome of strain BF-1 were
carbohydrate metabolism (428), amino acid metabolism
(187), and energy metabolism (124) (Fig. 3b).

Caproic acid biosynthesis pathway analysis. Accor-
ding to the KAAS annotation, we constructed the metab-
olic pathway of caproic acid in E. casseliflavus BF-1 accor-
ding to the KAAS annotation. The process of synthe-
sizing caproic acid from glucose by E. casseliflavus BF-1
is divided into three steps (Fig.4): (1) E. casseliflavus
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Fig. 3. Genome annotation of strain BF-1.
A) COG functional gene classification, B) KEGG functional gene classification.

BF-1 produces acetyl CoA through pyruvic acid by ~NADH, FADH,, and CoA, and butyl CoA was con-
pyruvate ferredoxin oxidoreductase (porA); (2) Acetyl  verted to butyric acid and acetyl CoA under the action
CoA is converted to butyl CoA under the action of of acetic acid and CoA transferase; and (3) Hexanoyl
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Fig. 4. Caproic acid production pathway of strain BF-1. Substrates are shown in purple, products are shown in red,
annotated genes are shown in green, and non-annotated genes are shown in blue.

CoA and butyric acid are converted into caproic acid
and butyryl CoA through CoA transferase. Because
acyl CoA transferase has a wide range of catalytic
activities, it has been speculated that hexanoyl CoA
may also directly react with acetic acid to synthesize
caproic acid. The main enzymes involved in (1) and
(3) are completely annotated. In contrast enoyl-CoA
hydratase (paaF) and crotonyl-CoA(ccrA) reductase
involved in (2) are not annotated, which indicates the
inability of this strain to synthesize crotonyl-CoA and
butanoyl-CoA. It contradicts the experimental result
that caproic acid was produced by strain BF-1. There
are two explanations for this contradiction: (i) the exist-
ence of other non-annotated functional enzymes and
(ii) the substitution of other spectral enzymes. It is also
possible that 3-hydroxybutyryl-CoA dehydrogenase

may replace enoyl-CoA hydratase and glutaconyl-CoA
decarboxylase subunit alpha may replace crotonyl-CoA
due to their wide use of substrates.

Biosynthesis and transport of amino acids and vita-
mins. According to the KAAS annotation, E. casselifla-
vus BF-1 cannot synthesize four amino acids (cysteine,
methionine, tyrosine, and phenylalanine) and four
vitamins (niacin, pantothenate, biotin and folic acid)
(Supplementary materials). However, E. casseliflavus
BF-1 cells can transport these amino acids and vitamins
into their cell membrane through ATP-binding cassette
(ABC) transporters (Supplementary materials).

Prediction of virulence factors. The virulence factors
in the genome of strain BF-1 were annotated by VFana-
lyzer in VFDB (Table IV). Among all the potential viru-
lence factors of Enterococcus, experimental results have
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Table IV
The occurrence of virulence factor encoding genes in the strain
BF-1 genome.

Related genes VEclass
ebpA, ebpC, srtC, efaA, slrA Adherence
cpsA, cpsB, cps] Antiphagocytosis
bopD Biofilm formation
- Toxin
- Exoenzyme
ctpV Copper up take
capD, cps4l, cpsY Immune evasion
htrA/degP Protease
cheY Regulation

shown that toxins, exoenzymes, and antiphagocytosis
proteins are pathogenic factors (Zischka etal. 2012).
The genome of strain BF-1 does not contain the genes
virulent toxins and exoenzymes, although it contains the
genes (cpsA, cpsB, and cps]) antiphagocytic proteins. The
latter operon, however, needs a complete gene cluster
(cpsA, cpsB, cpsC, cpsD, cpsE, cpsF, cpsG, cpsH, cpsl, cps],
and ¢psK), or else it cannot form a capsule (Thurlow et
al. 2009). Therefore, E. casseliflavus BF-1 is safe at the
genetic level and could be further used in regulating
baijiu microbial ecosystem.

Verification of E. casseliflavus BF-1 defection.
In order to verify the results of KAAS annotation, we
carried out the single-omission growth experiments
experiment of E. casseliflavus. The results are shown in
Fig. 5. L-cysteine, L-methionine, L-tyrosine, L-phenyla-
lanine, niacin, pantothenate, biotin, and folic acid were
subtracted from the CDM. The OD_ of E. casselifla-
vus BF-1 decreased to 24%, 18%, 30%, 21%, 20%, 88%,
24%, and 42%, respectively. It is confirmed that E. cas-
seliflavus BE-1 has defects in synthesizing the above

120

CDM Cys Met Tyr Phe Biotin VB3 VB5 VB9
Nutrients subt racted from CDM

Fig. 5. Single-omission growth experiments based on CDM.
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eight nutrients. In this case, the synthesis of biofilm,
nucleic acid, and protein of BF-1 would be affected,
which could further influence the energy metabolism,
oxygen stress resistance, and the growth of bacteria.
However, E. casseliflavus BF-1 cells can transport these
nutrients into the cell through ATP-binding cassette
(ABC) transporters (Additional File 1). BF-1 can assim-
ilate these nutrients for growth by adding the missing
nutrients to the medium.

Optimization of medium for caproic acid produc-
tion based on KAAS annotation. In different carbon
sources conditions, the best carbon source for caproic
acid production in strain BF-1 was glucose, followed
by sodium acetate and mannose (Fig. 6a). Strain BF-1
did not use starch to produce caproic acid. As shown
in Fig. 6¢, the optimum concentration of glucose added
was 2%. Yeast extract as a nitrogen source was found to
significantly promote the production of caproic acid by
E. casseliflavus BF-1. Yeast extract was therefore selected
as a nitrogen source for the growth of E. casseliflavus
BF-1 (Christ and Blank 2019). As shown in Fig. 6d, the
optimal concentration of yeast extract added was 2.0%.
E. casseliflavus BF-1 showed weak caproic acid produc-
tion when using an inorganic nitrogen source (Fig. 6b).

Based on a single-omission growth experiment,
we confirmed that E. casseliflavus BF-1 has defects in
synthesizing eight nutrients. Because organic nitrogen
source contains many complex nutritional components
and rich bioactive substances, we added essential nutri-
ents to the fermentation medium to explore its effects on
the growth and acid production of E. casseliflavus BF-1.

We added L-cysteine, L-methionine, L-tyrosine,
L-phenylalanine, niacin, pantothenate, biotin, and folic
acid to the fermentation medium (L-cysteine was
removed from the control). In the medium supple-
mented with L-cysteine and biotin, the oD, and
yield of caproic acid of E. casseliflavus BF-1 increased
significantly compared with the control. The OD_
of E. casseliflavus BF-1 increased by 10.1% and 10.5%,
respectively, after 10 days of fermentation (Fig.7a).
The yield of caproic acid increased by 6.1% and 13.1%,
respectively (Fig.7b). The nutrients in yeast extract
were complex. For the sake of cost, only L-cysteine and
biotin were added in the subsequent optimization exper-
iment. Based on Fig. 8a-8h, we determined the value
of each factor when the yield of caproic acid reached
the maximum: sodium acetate 6g/l, MgSO,-7H,O
0.25g/1, KH,PO, 6 g/I, K HPO, 8 g/, (NH,),SO, 1g/l,
L-cysteine 0.6 g/1, biotin 0.002 g/1, and ethanol at a con-
centration of 2%.

Orthogonal experiment. Based on the results
of single factor optimization experiment, an L, (4*)
orthogonal experiment was designed to study further
the interaction between four factors, namely A: glucose
addition, B: yeast extract addition, C: sodium acetate
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addition, and D: ethanol addition, and four factors and  results (Table V), the Kn value and R-value were cal-
four levels. The results of the orthogonal experiment  culated. The best fermentation scheme was as follows:

are shown in Table ITI. According to the experimental A B C,D,1i.., glucose 20 g/l, yeast extract 20 g/l, sodium
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Table V
Results of L (4*) orthogonal experiment.
Glucose | e | acemte | 27 | rodction i)

1 1 1 1 1.76
1 2 2 2 1.99
1 3 3 3 1.81
1 4 4 4 1.63
2 1 2 3 2.33
2 2 1 4 2.22
2 3 4 1 2.79
2 4 3 2 1.96
3 1 3 4 1.87
3 2 4 3 243
3 3 1 2 2.12
3 4 2 1 1.96
4 1 4 2 2.44
4 2 3 1 2.56
4 3 2 4 2.08
4 4 1 3 1.56

K 1.798 2.1 1.915 2.268

K, 2.325 2.3 2.09 2.127

K, 2.095 2.22 2.05 2.033

K, 2.16 1.777 2.322 1.95

R 0.527 0.523 0.407 0.318

acetate 8 g/l, and ethanol added at a concentration of
1%; A was found to be the most significant factor. The
results of the variance analysis of the orthogonal experi-
ment are shown in Table VI. From these results, it can
be concluded that glucose, yeast extract, and sodium
acetate significantly impacted on the test results, and
glucose had the most significant impact on caproic acid
production of E. casseliflavus BE-1 strain (p=0.013).
The following optimum medium conditions for
acid production by strain BF-1 were obtained by the
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orthogonal experiment: glucose 20 g/, yeast extract
20 g/1, sodium acetate 8 g/1, ethanol 1%, MgSO,-7H,O
0.25g/1, KH,PO, 6 g/l, K HPO, 8 g/l, (NH,),SO, 1g/l,
L-cysteine 0.6 g/l, and biotin 0.002 g/l. The yield of
caproic acid was 3.03 g/ after fermentation for 10 days
at initial pH 7 and 35°C, which was 3.44-fold of that
before optimization. The caproic acid yield of BF-1 was
higher than those of most caproic acid bacteria (Zhao
etal. 2012; Hu etal. 2015; Dobritsa etal. 2017; Gou
etal. 2020). E. casseliflavus BE-1 could be further used
as an enhanced inoculum during the SFB production
to increase the yield of ethyl hexanoate. In addition,
E. casseliflavus BF-1 could be applied in pit mud main-
tenance, artificial pit mud preparation, and esterifica-
tion liquid production.

Conclusion

CPB is a crucial functional group in an SFB ecosys-
tem, as they affect the content of caproic acid and ethyl
hexanoate in SFB. The present study is the first to report
caproic acid production of E. casseliflavus BF-1. The
genomic analysis confirmed that this strain is not path-
ogenic. After adding the predicted essential nutrients
based on the KAAS annotation, the optimum medium
conditions for the acid production of strain BF-1 were
glucose 20g/l, yeast extract 20g/l, sodium acetate
8 g/1, ethanol 1%, MgSO, - 7H,0 0.25 g/l, KH_ PO, 6 g/1,
K HPO, 8¢g/l, (NH,),SO, 1g/l, L-cysteine 0.6 g/1, and
biotin 0.002 g/1 by orthogonal experiment, and the yield
of caproic acid reached 3.03 g/1. Strain BF-1 screened in
this study can be used for the daily maintenance of pit
mud and the rapid culture of artificial pit mud, which
can improve the maintenance effect of pit mud, shorten
the aging cycle of artificial pit mud, and reduce produc-
tion cost. This strain can also be used in future animal

feed and other fields.

Variance analysis of the strain BF-1 orthogonal experiment.

Table VI

Variance source | Sum of squares | Freedom Mean square F-value p-value Significance
Correction model 1.766* 12 0.147 14.537 0.025
Intercept 70.183 1 70.183 6,933.032 0.000
Factor A 0.583 3 0.194 19.182 0.018 *
Factor B 0.616 3 0.205 20.268 0.017 *
Factor C 0.345 3 0.115 11.354 0.038 *
Factor D 0.223 3 0.074 7.342 0.068 -
Error 0.030 3 0.010
Total 71.979 16
Corrected total 1.796 15

* - R square=0.983 (adjusted R square=0.915)

* — significance



574

ORCID
Wei Zou https://orcid.org/0000-0002-6335-8785

Acknowledgments
We thank International Science Editing (http://www.interna-
tionalscienceediting.com) for editing this manuscript.

Author contributions

Conceptualization: Wei Zou; methodology: Hao Luo and Tao
Li; formal analysis: Hao Luo, Tao Li, Jia Zheng, Kaizheng Zhang,
and Zongwei Qiao; writing, review, and editing: Hao Luo, Tao Li,
Huibo Luo, and Wei Zou; supervision: Huibo Luo and Wei Zou.
All authors read and approved the final manuscript.

Funding

This work was supported by grants from the Cooperation Pro-
ject of Wuliangye Group Co., Ltd. and Sichuan University of Science
& Engineering, China (CXY2019ZR011), Sichuan University of Sci-
ence & Engineering (Item No. 2020RC36), and Sichuan Academi-
cian (Expert) Workstation of Solid-State Brewing (2017YSGZZ03).

Conflict of interest

The authors do not report any financial or personal connections
with other persons or organizations, which might negatively affect
the contents of this publication and/or claim authorship rights to
this publication.

Literature

Akbari H, Shekrabi SPH, Soltani M, Mehrgan MS. Effects of
potential probiotic Enterococcus casseliflavus (EC-001) on growth
performance, immunity, and resistance to Aeromonas hydrophila
infection in common carp (Cyprinus carpio). Probiotics Antimicrob
Proteins. 2021 Oct;13(5):1316-1325.
https://doi.org/10.1007/s12602-021-09771-x

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M,
Kulikov AS, Lesin VM, Nikolenko SI, Pham S, Prjibelski AD, et al.
SPAdes: A new genome assembly algorithm and its applications to
single-cell sequencing. ] Comput Biol. 2012 May;19(5):455-477.
https://doi.org/10.1089/cmb.2012.0021

Blake JD, Cohen FE. Pairwise sequence alignment below the twi-
light zone. ] Mol Biol. 2001 Mar 23;307(2):721-735.
https://doi.org/10.1006/jmbi.2001.4495

Ceddia T, Mancini A, Marinucci MC. [A new ICSB classification
of Staphylococci stocks previously classified according to Bergey’s
Manual of Determinative Bacteriology] (in Italian). Boll Soc Ital
Biol Sper. 1980 Jul 15;56(13):1409-1413.

Christ JJ, Blank LM. Saccharomyces cerevisiae containing 28%
polyphosphate and production of a polyphosphate-rich yeast extract
thereof. FEMS Yeast Res. 2019 May 1;19(3):foz011.
https://doi.org/10.1093/femsyr/foz011

Coil D, Jospin G, Darling AE. A5-miseq: an updated pipeline to
assemble microbial genomes from Illumina MiSeq data. Bioinfor-
matics. 2015 Feb 15;31(4):587-589.
https://doi.org/10.1093/bioinformatics/btu661

Dobritsa AP, Kutumbaka KK, Werner K, Wiedmann M, Asmus A,
Samadpour M. Clostridium tepidum sp. nov., a close relative of Clo-
stridium sporogenes and Clostridium botulinum Group L. Int J Syst
Evol Microbiol. 2017 Jul;67(7):2317-2322.
https://doi.org/10.1099/ijsem.0.001948

Gildemyn S, Molitor B, Usack JG, Nguyen M, Rabaey K,
Angenent LT. Upgrading syngas fermentation effluent using Clo-
stridium kluyveri in a continuous fermentation. Biotechnol Biofuels.
2017 Mar 29;10:83. https://doi.org/10.1186/s13068-017-0764-6

Luo H. etal. 4

Gou WJ, Tian Y, Kong XY, Wu FFE, Fang F. [Bacterial composition
in pit mud of Yanghe liquor and identification of acid producing
bacteria] (in Chinese). Microbiol. China. 2020 Jun:47(6):1651-1661.
https://doi.org/10.13344/j.microbiol.china.190839

HongJ, Tian W, Zhao D. Research progress of trace components in
sesame-aroma type of baijiu. Food Res Int. 2020 Nov;137:109695.
https://doi.org/10.1016/j.foodres.2020.109695

Hu XL, Du H, Xu Y. Identification and quantification of the caproic
acid-producing bacterium Clostridium kluyveri in the fermentation
of pit mud used for Chinese strong-aroma type liquor production.
Int ] Food Microbiol. 2015 Dec 2;214:116-122.
https://doi.org/10.1016/j.ijfoodmicro.2015.07.032

Ji X, Xu Y, Mu XQ, Ge XY. [Improvement of caproic acid pro-
duction in the mixed culture of Clostridium kluyveri and Saccha-
romyces cerevisiae] (in Chinese). ] Food Sci Biotechnol. 2017 Sep;
36(09): 922-926.

Kalvari I, Argasinska J, Quinones-Olvera N, Nawrocki EP,
Rivas E, Eddy SR, Bateman A, Finn RD, Petrov AL Rfam 13.0:
shifting to a genome-centric resource for non-coding RNA families.
Nucleic Acids Res. 2018 Jan 4;46(D1):D335-D342.
https://doi.org/10.1093/nar/gkx1038

Kim BC, Seung Jeon B, Kim S, Kim H, Um Y, Sang BI. Capro-
iciproducens galactitolivorans gen. nov., sp. nov., a bacterium capable
of producing caproic acid from galactitol, isolated from a wastewa-
ter treatment plant. Int J Syst Evol Microbiol. 2015 Dec; 65(Pt_12):
4902-4908. https://doi.org/10.1099/ijsem.0.000665

Kim H, Jeon BS, Pandey A, Sang BI. New coculture system of
Clostridium spp. and Megasphaera hexanoica using submerged
hollow-fiber membrane bioreactors for caproic acid production.
Bioresour Technol. 2018 Dec;270:498-503.
https://doi.org/10.1016/j.biortech.2018.09.033

Kumar S, Stecher G, Tamura K. MEGA7: Molecular Evolutionary
Genetics Analysis Version 7.0 for bigger datasets. Mol Biol Evol.
2016 Jul;33(7):1870-1874. https://doi.org/10.1093/molbev/msw054
Liu H, Sun B. Effect of fermentation processing on the flavor of
baijiu. ] Agric Food Chem. 2018 Jun 6;66(22):5425-5432.
https://doi.org/10.1021/acs.jafc.8b00692

Lowe TM, Eddy SR. tRNAscan-SE: A program for improved detec-
tion of transfer RNA genes in genomic sequence. Nucleic Acids Res.
1997 Mar 1;25(5):955-964.

https://doi.org/10.1093/nar/25.5.955

Moriya Y, Itoh M, Okuda S, Yoshizawa AC, Kanehisa M. KAAS: an
automatic genome annotation and pathway reconstruction server.
Nucleic Acids Res. 2007 Jul;35(Suppl_2):W182-W185.
https://doi.org/10.1093/nar/gkm321

Nabi MN, Akhter MS, Zaglul Shahadat MM. Improvement of
engine emissions with conventional diesel fuel and diesel-biodiesel
blends. Bioresour Technol. 2006 Feb;97(3):372-378.
https://doi.org/10.1016/j.biortech.2005.03.013

Qin X, Galloway-Peiia JR, Sillanpaa J, Roh JH, Nallapareddy SR,
Chowdhury S, Bourgogne A, Choudhury T, Muzny DM,
Buhay CJ, etal. Complete genome sequence of Enterococcus fae-
cium strain TX16 and comparative genomic analysis of Enterococcus
faecium genomes. BMC Microbiol. 2012 Jul 7;12:135.
https://doi.org/10.1186/1471-2180-12-135

Serhan M, Mattar J, Debs L. Concentrated yogurt (Labneh) made of
a mixture of goats’ and cows” milk: physicochemical, microbiologi-
cal and sensory analysis. Small Rumin Res. 2016 May;138:46-52.
https://doi.org/10.1016/j.smallrumres.2016.04.003

Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-CepasJ,
Simonovic M, Doncheva NT, Morris JH, Bork P, etal. STRING
v11: protein-protein association networks with increased coverage,
supporting functional discovery in genome-wide experimental data-
sets. Nucleic Acids Res. 2019 Jan 8;47(D1):D607-D613.
https://doi.org/10.1093/nar/gky1131



4 Caproic acid-producing Enterococcus casseliflavus

Tatusova T, DiCuccio M, Badretdin A, Chetvernin V, Nawrocki EP,
Zaslavsky L, Lomsadze A, Pruitt KD, Borodovsky M, Ostell J.
NCBI prokaryotic genome annotation pipeline. Nucleic Acids Res.
2016 Aug 19;44(14):6614-6624.
https://doi.org/10.1093/nar/gkw569

Thurlow LR, Thomas VC, Fleming SD, Hancock LE. Enterococ-
cus faecalis capsular polysaccharide serotypes C and D and their
contributions to host innate immune evasion. Infect Immun. 2009
Dec; 77(12):5551-5557.

https://doi.org/10.1128/IA1.00576-09

Tian N, Guo X, Wang M, Chen C, Cui H, Zhang L, Tang H. Bacte-
rial community diversity of shilixiang baijiu Daqu based on meta-
genomics. ] Food Biochem. 2020 Jul 29:e13410.
https://doi.org/10.1111/jfbc.13410

Van Immerseel F, De Buck J, Boyen F, Bohez L, Pasmans F, Volf]J,
Sevcik M, Rychlik I, Haesebrouck F, Ducatelle R. Medium-chain
fatty acids decrease colonization and invasion through hilA suppres-
sion shortly after infection of chickens with Salmonella enterica sero-
var Enteritidis. Appl Environ Microbiol. 2004 Jun;70(6):3582-3587.
https://doi.org/10.1128/ AEM.70.6.3582-3587.2004

Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, Sakthiku-
mar S, Cuomo CA, Zeng Q, Wortman J, Young SK, et al. Pilon:
An integrated tool for comprehensive microbial variant detection
and genome assembly improvement. PLoS One. 2014 Nov 19;9(11):
€112963. https://doi.org/10.1371/journal.pone.0112963

Wang MY, Yang JG, Zhao QS, Zhang KZ, Su C. Research progress
on flavor compounds and microorganisms of Maotai flavor baijiu.
J Food Sci. 2019 Jan;84(1):6-18.
https://doi.org/10.1111/1750-3841.14409

Wang Q, Zhang P, Bao S, Liang J, Wu Y, Chen N, Wang S, Cai Y.
Chain elongation performances with anaerobic fermentation liquid
from sewage sludge with high total solid as electron acceptor. Bio-
resour Technol. 2020 Mar 14;306:123188.
https://doi.org/10.1016/j.biortech.2020.123188

575

Weimer PJ, Stevenson DM. Isolation, characterization, and quanti-
fication of Clostridium kluyveri from the bovine rumen. Appl Micro-
biol Biotechnol. 2012 Apr;94(2):461-466.
https://doi.org/10.1007/500253-011-3751-z

Yuan S, Jin Z, Ali A, Wang C, Liu J. Caproic acid-producing bacteria
in Chinese Baijiu Brewing. Front Microbiol. 2022 May 4; 13:883142.
https://doi.org/10.3389/fmicb.2022.883142

Zhao H, Chang Y, Wang W, Ling HZ, Ping WX, Zhao ZC,
Yang ZH. [Isolation and identification of facultative anaerobic
strains with high yield of hexanoic acid from Luzhou-flavor liquor
pit mud] (in Chinese). Food Sci. 2012 Sep;33(05):177-182.

Zhao T, Ni D, Hu G, Wang L, Chen S, Xu Y. 6-(2-Formyl-5-me-
thyl-1H-pyrrol-1-yl)hexanoic acid as a novel retronasal burnt aroma
compound in soy sauce aroma-type Chinese Baijiu. ] Agric Food
Chem. 2019 Jul 17;67(28):7916-7925.
https://doi.org/10.1021/acs.jafc.9b02095

Zhong Y, Xie YH. [Method for determination of caproic acid con-
tent in caproic acid bacteria culture solution] (in Chinese). Liquor
Mak Sci Technol. 2004 Apr;04:91-92.

Zhu X, Tao Y, Liang C, Li X, Wei N, Zhang W, Zhou Y, Yang Y,
Bo T. The synthesis of n-caproate from lactate: a new efficient pro-
cess for medium-chain carboxylates production. Sci Rep. 2015 Sep
25; 5:14360. https://doi.org/10.1038/srep14360

Zischka M, Kuenne C, Blom J, Dabrowski PW, Linke B, Hain T,
Nitsche A, Goesmann A, Larsen J, Jensen LB, etal. Complete
genome sequence of the porcine isolate Enterococcus faecalis D32.
] Bacteriol. 2012 Oct;194(19):5490-5491.
https://doi.org/10.1128/]JB.01298-12

Zou W, Zhao C, Luo H. Diversity and function of microbial com-
munity in Chinese strong-flavor baijiu ecosystem: A Review. Front
Microbiol. 2018 Apr 9;9:671.
https://doi.org/10.3389/fmicb.2018.00671

Supplementary materials are available on the journal’s website.



