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Abstract
A novel thermotolerant caproic acid-producing bacterial strain, Clostridium M1NH, was successfully isolated from sew-
age sludge. Ethanol and acetic acid at a molar ratio of 4:1 proved to be the optimal substrates, yielding a maximum caproic 
acid production of 3.5 g/L. Clostridium M1NH exhibited remarkable tolerance to high concentrations of ethanol (up to 5% 
v/v), acetic acid (up to 5% w/v), and caproic acid (up to 2% w/v). The strain also demonstrated a wide pH tolerance range 
(pH 5.5–7.5) and an elevated temperature optimum between 35 and 40 °C. Phylogenetic analysis based on 16S rRNA gene 
sequences revealed that Clostridium M1NH shares a 98% similarity with Clostridium luticellarii DSM 29923 T. The robust-
ness of strain M1NH and its efficient caproic acid production from low-cost substrates highlight its potential for sustainable 
bio-based chemical production. The maximum caproic acid yield achieved by Clostridium M1NH was 1.6-fold higher than 
that reported for C. kluyveri under similar fermentation conditions. This study opens new avenues for valorizing waste streams 
and advancing a circular economy model in the chemical industry.

Introduction

Caproic acid is a six-carbon saturated fatty acid that is color-
less, odorless, and tasteless while soluble in water (9.7 g/L at 
20 °C) and organic solvents. Caproic acid has broad poten-
tial applications. Its broad potential applications include 
direct use as feed additives at concentrations of 5–10 g/kg 
[1], antimicrobials at minimum inhibitory concentrations 
(MICs) ranging from 0.87 to 10.00 mg/mL [2], and plant 
growth promoters at concentrations of 20 mM [3]. Caproic 
acid can also serve as a precursor to various commodities, 
such as fragrances, lubricants, paint additives, and phar-
maceuticals [4–6]. With a higher energy density (27.5 MJ/
kg) and stronger hydrophobicity (log P 2.05) than its short-
chain fatty acid precursors [7], caproic acid has traditionally 
been sourced from animal fats, plant oils, and petroleum. 

However, the shift toward bio-based production methods 
presents an eco-friendly alternative, reducing reliance on 
fossil resources and associated environmental impacts.

Bio-based caproic acid production is an attractive alter-
native to the conventional petrochemical route, as it can 
reduce dependency on fossil resources, lower greenhouse 
gas emissions, and utilize renewable biomass feedstocks. 
Recent advancements in bio-based caproic acid production 
emphasize the role of anaerobic fermentation by chain-
elongating bacteria, such as Clostridium kluyveri, capable 
of producing caproic acid at concentrations up to 12.8 g/L 
[8, 9] and Megasphaera elsdenii, with reported yields of 
9.7–11.4 g/L [10, 11]. Other promising strains include Cap-
roiciproducens sp., achieving caproic acid concentrations of 
3.93 g/L [12, 13], and Ruminococcaceae bacterium CPB6, 
producing up to 16.6 g/L [14]. These processes leverage the 
reverse β-oxidation pathway from short-chain fatty acids, 
highlighting the biotechnological potential of microbial 
synthesis. However, conventional fermentation processes, 
predominantly conducted at moderate temperatures between 
25 and 35 °C, face limitations, including contamination risk 
and reduced efficiency.

Exploring thermotolerant microorganisms emerges as 
a promising frontier, potentially overcoming these chal-
lenges by facilitating fermentation at elevated tempera-
tures. Thermotolerant yeast strains, such as Saccharomyces 
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cerevisiae LBM-1, can improve ethanol fermentation effi-
ciency, allowing fermentation to occur at temperatures up 
to 45 °C [15]. Thermotolerant bacteria could have high 
metabolic rates (up to threefold higher than mesophilic 
strains), higher end-product yields (10–15% increase), and 
stable enzymes (half-lives up to 10 times longer at elevated 
temperatures) [16]. These bacteria resist high temperatures 
by producing specialized proteins known as chaperonins, 
which are thermostable and can maintain their structural 
integrity at temperatures up to 70 °C [16]. Such conditions 
promise a reduced risk of contamination, enhanced meta-
bolic rates (2–3 times higher), product yields (up to 20% 
increase), and process efficiencies (up to 30% improve-
ment). Thermotolerant conditions also decrease the vis-
cosity of the reaction medium by 20–50%, increase the 
bioavailability and solubility of organic compounds by 
10–30%, increase the diffusion coefficient of substrates 
by 30–50%, and reduce cooling costs in commercial-scale 
operations by 15–25% [17]. Despite the potential, applying 
thermotolerant bacteria to caproic acid production remains 
underexplored, particularly in utilizing sewage sludge as 
a biomass feedstock.

Sewage sludge, rich in organic matter (60–80% of dry 
weight), nutrients (nitrogen 2–5%, phosphorus 1–2%), 
and microbial diversity (up to 1012 cells/g), represents an 
untapped resource for bio-based compound production [12]. 
Sewage sludge contains diverse caproic acid-producing bac-
teria, including potentially novel strains with thermotoler-
ant capabilities that offer a sustainable bio-based production 
pathway. However, the functional capacity and diversity of 
caproic acid-producing thermotolerant bacteria within this 
matrix must be better understood. This study aims to screen, 
isolate, and characterize caproic acid-producing bacteria 
from the sewage sludge of the Ube Eastern Wastewater 
Treatment Plant in Japan, which processes 50,000 m3 of 
wastewater per day. The thermotolerance of isolated bacteria 
and their efficiency in caproic acid production were assessed 
to identify strains capable of producing caproic acid at con-
centrations exceeding 3 g/L at temperatures above 35 °C.

Materials and Methods

Microbial Source

The sewage sludge used in this study was collected from 
the Ube Eastern wastewater treatment plant in Japan, which 
treats municipal wastewater at a rate of 50,000 m3 per day. 
This sludge is a rich source of diverse microbial commu-
nities with potentially unique capabilities. The collected 
sludge samples were stored at 4 °C to preserve the microbial 
composition until further processing and experimentation.

Enrichment and Isolation of Caproic Acid‑Producing 
Bacteria

Ten different substrate combinations were used to enrich 
caproic acid-producing bacteria from sewage sludge, as 
detailed in Table S1. These substrates were prepared to 
maintain a defined carbon source-to-electron donor ratio of 
3:1 based on molarity. The composition of the basic anaero-
bic medium is modified based on Angelidaki et al. [18]. The 
medium was prepared per 1,000 mL with the following com-
ponents: 1 g/L NH4Cl, 0.1 g/L NaCl, 0.1 g/L MgCl2·6H2O, 
0.05  g/L CaCl2·2H2O, 0.3 K2HPO4·3H2O, 0.001  g/L 
C12H6NO4Na, 2.6 g/L NaHCO3, 1 mL trace-metal solution, 
10 μL vitamin mixture solution, and 1 g yeast extract. 50 mL 
of the basal medium was prepared in 100-mL glass serum 
bottles (autoclaved at 121 °C for 15 min). The respective 
substrates (details in Table S1) were added aseptically to 
each bottle. The pH was then adjusted to 6.5 using a sterile 
solution of HCL or NaOH. For each substrate combination, 
triplicate enrichment cultures were prepared by inoculat-
ing 10% (w/v) of the sludge into the medium. The bottles 
were purged with a nitrogen-carbon dioxide mixture (80:20 
v/v) to create an oxygen-free environment, sealed with rub-
ber stoppers and aluminum crimps, and incubated at 35 °C 
for 7 days. Samples for high-performance liquid chroma-
tography (HPLC) analysis were prepared by centrifugation 
at 10,000 rpm for 10 min using a Heraeus Multifuge X3R 
centrifuge (Thermo Fisher Scientific, USA) and filtration 
through a 0.45-μm pore-size nylon membrane filter (Mil-
liporeSigma, USA) to remove suspended solids.

Enriched cultures with the highest caproic acid concentra-
tion were selected for isolation. The isolation process was 
conducted within an anaerobic chamber (Coy Laboratory 
Products, USA) filled with an inert gas mixture (90% N2, 5% 
CO2, and 5% H2) to maintain anaerobic conditions. Serial 
dilutions (10–1 to 10–9) of the enriched culture were pre-
pared in an oxygen-free liquid medium containing ethanol 
and acetic acid (3:1 molar ratio). 0.5 mL of the enriched 
culture was transferred using a syringe into a serum bottle 
containing 4.5 mL of oxygen-free liquid medium containing 
ethanol and acetic acid. The culture was gently mixed for 
one minute to ensure a homogenous mixture. This process 
was repeated by serially transferring 0.5 mL aliquots of the 
diluted culture into new serum bottles containing fresh, oxy-
gen-free liquid medium containing ethanol and acetic acid. 
Aliquots (0.1 mL) of diluted culture samples (10–6 to 10–9) 
were spread onto pre-reduced agar plates containing etha-
nol and acetic acid (3:1 molar ratio) and incubated at 35 °C 
for 7 days in an anaerobic jar with gas-generating packets 
(AnaeroGen, Oxoid). Single colonies were picked, subcul-
tured three times on the same medium to ensure purity, and 
transferred to a liquid medium for further characterization.
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Characterization and Identification of Strain M1NH

Strain M1NH, selected for its high caproic acid production, 
was characterized morphologically and biochemically. Col-
ony morphology was observed using a stereomicroscope 
(Olympus SZX16, Japan). Gram staining was performed to 
determine the Gram reaction and cell morphology using a 
light microscope (Olympus BX51, Japan) at 1000 × magni-
fication. Biochemical tests, including catalase, oxidase, and 
sugar fermentation, were conducted according to Bergey's 
Manual of Determinative Bacteriology [19]. The genomic 
DNA of strain M1NH was extracted using the NucleoSpin 
Microbial DNA kit (Macherey-Nagel, Germany) follow-
ing the manufacturer's instructions. The 16S rRNA gene 
was amplified using universal primers 27F (5'-AGA​GTT​
TGA​TCC​TGG​CTC​AG-3') and 1492R (5'-GGT​TAC​CTT​
GTT​ACG​ACT​T-3'). PCR products were purified using the 
NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, 
Germany) and sequenced at the Center for Gene Research 
(Yamaguchi University, Japan). The obtained 16S rRNA 
gene sequence was compared with the NCBI 16S rRNA gene 
database using the BLAST tool. A phylogenetic tree was 
constructed using the neighbor-joining method with 1,000 
bootstrap replications in MEGA 7.0 software [20]. Refer-
ence sequences of related type strains were retrieved from 
the LPSN database [21].

Effect of Substrates and Environmental Conditions 
on M1NH Growth

The effects of temperature, pH, and substrate concentra-
tions on the growth of strain M1NH were investigated using 
a factorial design. Fresh anaerobic medium (50 mL) was 
prepared in 100-mL glass serum bottles and autoclaved at 
121 °C for 15 min for all experiments. The medium was 
inoculated with a 5% (v/v) inoculum of strain M1NH and 
flushed with a nitrogen-carbon dioxide mixture (80:20 v/v) 
to maintain anaerobic conditions. All experiments were con-
ducted in triplicate. To evaluate the effect of temperature, 
bottles were incubated at 25 °C, 30 °C, 35 °C, 40 °C, 45 °C, 
50 °C, and 55 °C, with the pH adjusted to 6.5 using sterile 
HCl or NaOH. For the pH effect, the medium was adjusted 
to pH 3, 4, 5, 6, 7, 8, 9, and 10 and incubated at the opti-
mal temperature determined from the previous experiment. 
The impact of ethanol (1–7% v/v), acetic acid (1–7% w/v), 
and caproic acid (0.5–4% w/v) concentrations on M1NH 
growth was tested at the optimal pH and temperature. In all 
experiments, growth was monitored by measuring the opti-
cal density at 600 nm (OD600) every 6 h using a UV–Visible 
spectrophotometer (Genesys 20, Thermo Fisher Scientific 
Inc., USA). Growth data were fitted to the Gompertz model 
[22] to determine the maximum specific growth rate (μmax) 
and lag phase duration (λ).

Optimization Condition for Caproic Acid Production 
by Strain M1NH

The selected caproic acid-producing culture, strain M1NH, 
was subjected to adaptive one factor at a time. This method 
explored the impact of pH, temperature, and carbon source-
to-electron donor ratio on caproic acid production. pH opti-
mization involved testing levels of 5.5, 6.0, 6.5, 7.0, and 7.5 
with an ethanol-to-acetic acid ratio of 3:1 (120 mM:40 mM) 
and a temperature of 40 °C. Temperature variations of 30 °C, 
35 °C, 37 °C, and 40 °C were evaluated at the optimal pH 
with the same ethanol-to-acetic acid ratio. The ethanol-
to-acetic acid ratios tested were 4:1 (160 mM:40 mM), 
3:1 (120  mM:40  mM), 2:1 (80  mM:40  mM), and 1:1 
(40 mM:40 mM) under the optimal pH and temperature con-
ditions. Caproic acid concentrations were measured using 
HPLC. The optimized conditions were determined based on 
the highest caproic acid production.

Analytical Methods

Caproic acid and other metabolites were quantified by HPLC 
(Agilent Technologies 1200 series, USA) equipped with a 
refractive index detector and Aminex HPX-87H ion exclu-
sion column (300 mm × 7.8 mm; Bio-Rad, USA). The col-
umn and detector temperatures were maintained at 65 °C and 
50 °C, respectively. The mobile phase was 0.005 M H2SO4 
at a 0.6 mL/min flow rate. Samples were filtered through 
0.2 μm nylon membrane filters before analysis. Concentra-
tions were calculated based on calibration curves prepared 
with authentic standards (Sigma-Aldrich, USA). All enrich-
ment experiments were conducted in triplicate. The data 
were subjected to a one-way analysis of variance (ANOVA) 
followed by Tukey's honestly significant difference (HSD) 
post hoc test to determine significant differences among the 
substrate combinations for caproic acid production. The 
level of significance was set at P < 0.05. Statistical analyses 
were performed using R software (version 4.0.3).

Results

Enrichment and Isolation of Caproic Acid‑Producing 
Bacteria

The enrichment of caproic acid-producing bacteria was 
performed using various substrate conditions, includ-
ing lactic acid, glucose, xylose, ethanol, and acetic acid, 
either alone or in combination. The combination of etha-
nol and acetic acid yielded significantly higher caproic 
acid concentration (2.7 ± 0.2 g/L) and conversion effi-
ciency (47 ± 3%) compared to the other substrate com-
binations (P < 0.05) (Fig.  1). Substrate combinations 
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such as ethanol-glucose (1.2 ± 0.1 g/L), ethanol-xylose 
(0.8 ± 0.1 g/L), lactic acid–glucose (0.6 ± 0.1 g/L), and 
lactic acid-xylose (0.3 ± 0.1 g/L) also showed potential 
for enriching caproic acid-producing bacteria, with cap-
roic acid concentrations significantly lower than the etha-
nol–acetic acid combination (P < 0.05). The ethanol–acetic 
acid combination also resulted in moderate valeric acid 
(2 ± 0.5%) and butyric acid (7 ± 1%) conversion efficien-
cies, as well as a high acetic acid conversion efficiency 
(12 ± 2%). The influence of different carbon sources was 
evident in the case of lactic acid. Combined with glu-
cose, it resulted in a caproic acid conversion efficiency of 
6 ± 1%, a butyric acid conversion efficiency of 28 ± 3%, 
and an acetic acid conversion efficiency of 7.37 ± 0.8%. 
In contrast, the lactic acid–xylose combination yielded 
a caproic acid conversion efficiency of 3 ± 0.5%, along 
with other volatile fatty acids (VFAs) such as butyric acid 
(17 ± 2%) and propionic acid (6.67 ± 0.9%). Standalone 
substrates, ethanol, and acetic acid did not yield caproic 
acid, emphasizing the importance of combining suitable 
carbon sources for productive fermentation. Among these, 

ethanol demonstrated a propensity for acetic acid conver-
sion efficiency (7.14 ± 0.8%), while acetic acid favored 
butyric acid (2 ± 0.5%). Glucose favored acetic acid con-
version efficiency (12.5 ± 1.5%), while xylose favored 
butyric acid (52 ± 4%) and displayed a higher proportion 
of acetic acid (7.59 ± 0.9%).

Enrichment cultures using ethanol and acetic acid 
yielded three distinct bacterial strains: M1NH, M2NH, 
and M3NH (Fig. 2). One-way ANOVA and Tukey’s HSD 
post hoc test revealed significant differences among the 
strains for caproic acid production (p < 0.001) and butyric 
acid production (P < 0.001). Strain M1NH emerged as the 
most promising candidate, achieving a caproic acid yield 
of 2.5 ± 0.2 g/L with a conversion efficiency of 44 ± 3%, 
significantly higher than those of M2NH (0.6 ± 0.1 g/L) 
and M3NH (0.2 ± 0.1 g/L) (P < 0.05). Conversely, strains 
M2NH (0.9 ± 0.1 g/L) and M3NH (0.8 ± 0.1 g/L) dis-
played significantly higher butyric acid levels compared 
to the minimal production by M1NH (0.1 ± 0.05  g/L) 
(P < 0.05). Therefore, strain M1NH was selected for fur-
ther investigation.

Fig. 1   Caproic acid production and conversion efficiency from different substrate combinations during the enrichment of caproic acid-producing 
bacteria. Bars represent mean values ± standard deviation (n = 3)

Fig. 2   Caproic acid and butyric 
acid production by isolated 
strains M1NH, M2NH, and 
M3NH using ethanol and 
acetate as substrates. Data are 
presented as mean ± standard 
deviation (n = 3)
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Characteristics and Phylogenetic Classification 
of Strain M1NH

Strain M1NH, a gram-positive, rod-shaped bacterium, 
exhibited anaerobic growth and spore-forming capability. 
The morphology of the strain reveals a large, smooth, and 
cream-colored appearance. Biochemical tests showed that 
strain M1NH was favorable for urease, catalase, and oxi-
dase activities but negative for hydrogen sulfide production. 
These findings suggest the strain’s adaptability to environ-
ments containing these compounds, which is essential for 
its potential application in caproic acid production. A phy-
logenetic analysis was conducted to determine the evolu-
tionary relationships between strain M1NH and related type 
strains within the genus Clostridium. The 16S rRNA gene 
sequence of strain M1NH (1,452 bp) was compared with 
those of reference strains retrieved from the LPSN database. 
The phylogenetic tree (Fig. 3) showed that strain M1NH 

(accession number PP374094) formed a distinct cluster 
with Clostridium luticellarii DSM 29923 T, supported by a 
high bootstrap value of 98%. The 16S rRNA gene sequence 
similarity between strain M1NH and C. luticellarii DSM 
29923 T was 98.2%, indicating a close phylogenetic rela-
tionship. The sequence similarities between strain M1NH 
and other related type strains ranged from 92.5 to 95.1%. 
Escherichia coli ATCC 11775 T was used as an outgroup and 
shared only 84.3% sequence similarity with strain M1NH. 
The pairwise distance matrix analysis and the correspond-
ing statistical test (one-way ANOVA with Tukey's HSD post 
hoc test) further strengthen the phylogenetic evidence for 
the taxonomic position of strain M1NH within the genus 
Clostridium. Based on the morphological, biochemical, 
and phylogenetic analyses, strain M1NH represents a novel 
member of the genus Clostridium, closely related to C. luti-
cellarii. The distinct clustering of strain M1NH with C. luti-
cellarii DSM 29923 T in the neighbor-joining tree, supported 

Clostridium luticellarii DSM29923T (KP342256)

ClostridiumM1NH (PP374094)

Clostridium kluyveri ATCC8527T (M59092)

Clostridium ljungdahlii ATCC 55383T (GU139552)

Clostridium tyrobutyricum ATCC25755T (M59113)

Clostridium algifaecis DSM28783T (KJ001788)

Clostridium aciditolerans DSM 17425T (DQ114945)

Clostridium thailandense DSM 111812T (MW330006)

Clostridium acetobutylicum JCM 1419T (AB595131)

Clostridium sporogenes ATCC 3584T (KY322712)

Clostridium beijerinckii DSM 791T (X68179)

Clostridium saccharobutylicum DSM 13864T (U16147)

Clostridium saccharoperbutylacetonicum DSM14923T (U16122)

Clostridium aceticum DSM 1496T (Y18183)

Clostridium ruminantium LA1T (EU089964)

Clostridioides difficile JCM 1296T (AB548672)

Lacrimispora saccharolytica DSM 2544T (Y18185)

Thermoclostridium stercorarium DSM8532T (AJ310082)

Escherichia coli NBRC102203T (AB681728)
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Fig. 3   Phylogenetic tree based on 16S rRNA gene sequences showing 
the relationship between Clostridium strain M1NH and related type 
strains within the genus Clostridium. The tree was constructed using 
the neighbor-joining method with 1000 bootstrap replications. Boot-

strap values greater than 50% are shown at the branch nodes. Escheri-
chia coli ATCC 11775 T served as the outgroup. GenBank accession 
numbers for the 16S rRNA sequences are provided in parentheses. 
The scale bar represents 5% sequence divergence
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by high bootstrap values and low evolutionary distances, 
provides strong evidence for its taxonomic position within 
the genus Clostridium.

The Growth and Inhibition of Clostridium M1NH

The growth of Clostridium M1NH significantly increased 
between 12 and 36 h, indicating exponential growth. Fol-
lowing rapid growth, the cell culture entered the stationary 
phase at 36 h, as evidenced by a stable growth rate. The 
growth of Clostridium M1NH was significantly influenced 
by pH. The optimal pH range for growth was 6.0–6.5, with 
the highest OD600 value (1.85 ± 0.10) observed at pH 6.5 
after 36 h of incubation (Fig. 4a). The growth rate at pH 6.5 
was 0.14 ± 0.01 h−1, and the doubling time was 5.3 ± 0.4 h, 
both significantly different from those at other pH levels 
(P < 0.05). Growth was severely inhibited at acidic pH lev-
els (3–5) and alkaline pH levels (8–10), with minimal or no 
growth observed (OD600 < 0.5). Temperature significantly 
affected the growth of Clostridium M1NH. The optimal 
temperature range for growth was 35–40 °C, with a growth 
rate of 0.11 ± 0.01 h−1 and a doubling time of 6.5 ± 0.5 h 
(Fig. 4b). The strain could tolerate and grow within a tem-
perature range of 30–41 °C. Still, the growth was signifi-
cantly lower than the optimal range (P < 0.05). At tempera-
tures below 30 °C and above 41 °C, the OD600 decreased 
significantly, and growth ceased entirely at 55 °C.

Ethanol concentration had a significant impact on the 
growth of Clostridium M1NH. High ethanol concentra-
tions (> 1% v/v) inhibited the growth rate and increased 
the doubling time (Fig. 4c). At 0% ethanol, the OD600 was 
the highest (1.92 ± 0.12), indicating robust growth. As the 
ethanol concentration increased from 1 to 5%, the OD600 
significantly decreased (P < 0.05), indicating reduced cell 
growth. At 6% ethanol, the OD600 dropped to 0, suggest-
ing complete growth inhibition. The growth of Clostridium 
M1NH was significantly affected by acetic acid concentra-
tion. High acetic acid concentrations (> 1% w/v) inhibited 
the growth rate and increased the doubling time (Fig. 4d). 
At 0% acetic acid, the culture had the highest exponential 
growth rate (0.10 ± 0.01 h−1). As the acetic acid concentra-
tion increased from 1 to 5%, the growth rate significantly 
decreased from 0.08 ± 0.01 h−1 to 0.03 ± 0.01 h−1 (P < 0.05), 
suggesting nearly complete growth inhibition at 5% acetic 
acid. The doubling time increased from 7.38 ± 0.63 h at 
0% acetic acid to 27.13 ± 2.31 h at 5% acetic acid. Caproic 
acid concentration significantly influenced the growth of 
Clostridium M1NH. At 0% caproic acid, the OD600 had the 
highest growth rate (0.10 ± 0.01 h−1 (Fig. 4e). As the cap-
roic acid concentration increased from 0.5 to 2%, the OD600 
progressively decreased, indicating reduced cell growth. The 
growth rate remained stable between 1.5 and 2% caproic 

acid concentrations. At concentrations higher than 2.5%, the 
OD600 dropped to 0, indicating complete growth inhibition.

Optimization for Caproic Acid Production 
from Clostridium M1NH

The initial pH significantly influenced caproic acid produc-
tion by Clostridium M1NH. Caproic acid production was ini-
tiated at all pH levels on day 2 of fermentation, with pH 6.5 
showing slightly higher initial production (0.82 ± 0.09 g/L) 
than acidic or alkaline conditions (Fig. 5a). On day 4, pro-
duction reached a significant level at pH 6.0–7.5, with no 
significant differences among these pH levels (P > 0.05). 
However, pH 5.0 showed significantly lower production 
(1.25 ± 0.12 g/L) compared to the other pH levels (P < 0.05). 
On day 6, caproic acid concentration peaked at pH 6.0 
(2.95 ± 0.18 g/L) and 7.0 (2.70 ± 0.15 g/L), which were sig-
nificantly higher than those at other pH levels (P < 0.05). 
From day 8 to day 12, caproic acid production declined at 
pH 7.0 and 7.5, while it remained relatively stable at pH 
6.0. Temperature had a significant effect on caproic acid 
production by Clostridium M1NH. At the early stage of fer-
mentation (day 2), caproic acid production was generally 
low across all temperatures, with 35 °C showing slightly 
higher initial production (0.70 ± 0.08 g/L) (Fig. 5b). On day 
4, caproic acid production began to increase noticeably, with 
40 °C showing the highest concentration (2.70 ± 0.16 g/L), 
followed by 37 °C (2.35 ± 0.14 g/L). However, by day 10, the 
caproic acid concentration peaked at 30–35 °C, reaching the 
highest production of 3.10 ± 0.19 g/L and 3.20 ± 0.21 g/L, 
respectively. These values were significantly higher than 
those at 37 °C and 40 °C (P < 0.05). Caproic acid concen-
trations decreased at 37 °C and 40 °C after day 8. The eth-
anol-to-acetic acid ratio significantly affected caproic acid 
production by Clostridium M1NH. On day 2, caproic acid 
production was low across all ratios, with higher ethanol 
content ratios (4:1 and 3:1) showing slightly higher initial 
production (Fig. 5c). On day 6, production reached signifi-
cant levels at 3:1 (2.85 ± 0.17 g/L) and 4:1 (3.10 ± 0.19 g/L) 
ratios, which were significantly higher than those at 2:1 and 
1:1 ratio (P < 0.05). On day 10, caproic acid concentration 
peaked at the 4:1 ratio (3.49 ± 0.23 g/L), followed by the 
3:1 ratio (3.21 ± 0.20 g/L). The 2:1 ratio showed a steady 
increase but at a slower rate, while the 1:1 ratio resulted 
in minimal further production after day 6. The 4:1 and 3:1 
ratios maintained significantly higher caproic acid concen-
trations than the 2:1 and 1:1 ratios throughout the fermenta-
tion period (P < 0.05).

Comparison with Other Strains

The comparison of caproic acid production by Clostridium 
M1NH with previously reported strains is shown in Table 1. 
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Fig. 4   Growth curves of 
Clostridium M1NH under dif-
ferent a pH, b temperature, c 
ethanol, d acetate, and e caproic 
acid concentrations. Growth 
was monitored by measur-
ing optical density at 600 nm 
(OD600) every 6 h. Data points 
represent mean values ± stand-
ard deviation (n = 3)
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The table includes information on the substrate used, cap-
roic acid production, fermentation time, temperature, and 
the corresponding references. Clostridium M1NH efficiently 
produces caproic acid utilizing a combination of ethanol and 
acetic acid as substrates. In contrast, other strains utilize var-
ious substrates, including lactate (Ruminococcaceae CPB6), 
fructose (Megasphaera sp. MH), glucose (Megasphaera els-
denii ATCC 25940), ethanol (C. kluyveri 3231B), and galac-
titol (Clostridium sp. BS-1). Clostridium M1NH achieves a 
caproic acid production of 3.5 g/L, comparable to the yield 
of C. kluyveri (2.5 g/L) when using ethanol and acetic acid 
as substrates. However, some strains, such as Ruminococ-
caceae CPB6 (16.6 g/L), Megasphaera sp. MH (9.7 g/L), 
M. elsdenii ATCC 25940 (11.4 g/L), and C. kluyveri 3231B 
(12.8 g/L), exhibit higher caproic acid production using dif-
ferent substrates. Clostridium M1NH requires a relatively 
long fermentation time of 12 days to achieve its maximum 
caproic acid production. In comparison, some strains, like 
Megasphaera sp. MH and C. kluyveri 3231B, achieve high 
caproic acid yields within a shorter fermentation period of 
1 and 3 days, respectively. Clostridium M1NH demonstrates 

a unique thermotolerance, with an optimal temperature 
range of 35–40 °C for caproic acid production. Most other 
strains operate at 37 °C, while Ruminococcaceae CPB6 has 
a broader temperature range of 30–40 °C. Some studies such 
as those involving M. elsdenii ATCC 25940 and Clostrid-
ium sp. BS-1 employ fed-batch fermentation and product 
removal strategies to reduce product inhibition and enhance 
caproic acid production. Clostridium M1NH may not exhibit 
the highest caproic acid production among the compared 
strains, but its thermotolerance and ability to efficiently uti-
lize ethanol and acetic acid as substrates highlight its poten-
tial for application in bioprocesses where elevated tempera-
tures and specific substrate availability are advantageous.

Discussion

The results of this study provide valuable insights into the 
conditions that favor caproic acid production by enriched 
caproic acid-producing bacteria and the specific strain 
Clostridium M1NH. Different substrate combinations 

Fig. 5   Optimization of a initial pH, b temperature, and c ethanol-to-
acetate ratio for caproic acid production by Clostridium M1NH. Cap-
roic acid concentrations were measured every 2 days during a 12-days 

fermentation period. Data points represent mean values ± standard 
deviation (n = 3)

Table 1   Comparison of caproic acid production by Clostridium M1NH with previously reported strains

a Fed-batch with product removal during fermentation to reduce product inhibition

Strain Substrate Caproic acid pro-
duction (g/L)

Fermentation 
time (d)

Temperature References

Clostridium sp. M1NH Ethanol and acetic acid 3.5 12 35–40 °C This study
C. kluyveri Ethanol and acetic acid 2.5 33 37 °C [9]
Ruminococcaceae CPB6 Lactate 16.6 11 30–40 °C [14]
Megasphaera sp. MH Fructose 9.7 1 37 °C [27]
Megasphaera elsdenii ATCC 25940 Glucose 11.4 5–8.3a 37 °C [28]
C. kluyveri 3231B Ethanol 12.8 3 39 °C [29]
Clostridium. sp. BS-1 Galactitol 0.98 3–16a 37 °C [30]
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significantly influenced the enrichment and production of 
caproic acid. The combination of ethanol and acetic acid 
yielded the highest caproic acid concentration and conver-
sion efficiency, highlighting the importance of selecting 
suitable carbon sources for optimizing production. This 
finding aligns with previous studies, such as those by Liu 
et al. [23], Bao et al. [24], and Steinbusch et al. [25], which 
reported varying degrees of success with similar substrates. 
The high conversion efficiency observed in this study (47%) 
suggests that ethanol–acetic acid is particularly effective 
for caproic acid production. Other combinations, such as 
lactic acid–glucose and lactic acid–xylose, also showed 
promise, indicating potential alternative substrates for cap-
roic acid enrichment. The isolation of Clostridium M1NH 
from enrichment cultures and its subsequent characteriza-
tion revealed essential aspects of its physiology and pos-
sible application. The strain's ability to produce significant 
amounts of caproic acid (3.5 g/L) and its high conversion 
efficiency (44%) position it as a strong candidate for indus-
trial caproic acid production. The phylogenetic analysis 
indicated that Clostridium M1NH is closely related to 
Clostridium luticellarii DSM 29923 T, suggesting it may 
share metabolic pathways conducive to caproic acid synthe-
sis. The strain's growth characteristics, including its optimal 
pH (6.5) and temperature (35–40 °C), provide critical infor-
mation for designing fermentation processes. Understanding 
the factors that inhibit the growth of Clostridium M1NH is 
crucial for optimizing caproic acid production. High etha-
nol and acetic acid concentrations inhibited growth, with 
significant reductions in OD600 at concentrations above 1%. 
This finding emphasizes the need to maintain substrate con-
centrations within optimal ranges to avoid inhibitory effects. 
A study on Escherichia coli showed that ethanol at 30 g/L 
decreased the growth yield and experimentally enhanced the 
specific death rate [26]. Ethanol inhibition can be caused by 
end-product inhibition or chaotropic-induced stress, result-
ing in increased membrane fluidization and disruption of 
macromolecules [31]. A similar observation discussed the 
fermentation kinetics of Clostridium tyrobutyricum cultures 
after being classically adapted for growth at 26.3 g/L acetic 
acid. It showed a lag time of 25 h and log phase growth of 
0.07 h−1 [32]. The mechanism of action of high concentra-
tions of acetic acid as an inhibitor of bacterial growth is due 
to the acidification of the cytoplasm, which can lead to the 
disruption of cellular processes. Acetic acid can also inhibit 
the activity of enzymes involved in energy metabolism, such 
as ATP synthase and succinate dehydrogenase [33].

The inhibition observed with increasing caproic acid con-
centrations (> 2.5%) suggests that caproic acid toxicity could 
limit production yields. Strategies to mitigate these effects, 
such as in situ product removal, could enhance the strain's 
tolerance and productivity. A dose of 4 mM caproic acid 
is sufficient to decrease the growth rate of Saccharomyces 

cerevisiae by 85% [34], while a dose of 40 mM caproic acid 
completely inhibits the growth of Escherichia coli [35]. 1% 
caproic acid completely inhibits the growth of Staphylo-
coccus aureus and Escherichia coli [36]. Furthermore, the 
inhibitory concentration of caproate is much lower than the 
inhibitory concentration of butyrate at neutral pH, as demon-
strated with C. kluyveri [37]. The exact mechanism of action 
is not fully understood. However, it is suggested that the 
fatty acid derivatives might interact with the microbial cell 
membrane, leading to increased permeability and leakage of 
cell contents [35, 38]. These effects can lead to cell death or 
reduced growth. A caproic acid-producing strain increased 
membrane leakage as the product titer increased, but there 
was no change in membrane fluidity [35]. However, more 
research is needed to understand the underlying molecular 
mechanisms fully.

The optimization studies provided detailed insights into 
the conditions that maximize caproic acid production. The 
optimal initial pH (6.5) and temperature (30–35 °C) for cap-
roic acid production align with the growth characteristics of 
Clostridium M1NH. The highest caproic acid yield (3.5 g/L) 
was achieved with 7.73 g/L (160 mM) ethanol and 2.36 g/L 
(40 mM) acetic acid, indicating that precise control of sub-
strate concentrations is key to maximizing production. Yan 
et al. [39] found that the optimum initial pH for caproic acid 
production by C. kluyveri was determined to be 6.41. San-
Valero et al. [40] found that C. kluyveri produced maximum 
caproic acid when the pH was maintained at 6.8. In addition, 
pH affected the dissolution state of CO2 in the fermenta-
tion system, and CO2 was a very important inorganic car-
bon source in the synthesis and metabolism of C. kluyveri. 
The influence of pH on metabolic pathways, enzyme activi-
ties, and microbial growth dynamics likely contributes to 
the observed differences in caproic acid production [41]. A 
strain of Ruminococcaceae bacterium CPB6, affiliated with 
Clostridium cluster IV, prefers a temperature range of 30 to 
40 °C for caproic acid production [14].

The comparison of caproic acid production by Clostrid-
ium M1NH with other known strains highlights its unique 
characteristics and potential advantages. Although some 
strains, such as Ruminococcaceae bacterium CPB6 and C. 
kluyveri 3231B, achieved higher caproic acid concentra-
tions, they required specific substrates (lactate and ethanol, 
respectively) and shorter fermentation times. In contrast, 
Clostridium M1NH demonstrated the ability to efficiently 
utilize a combination of ethanol and acetic acid, which are 
more readily available and cost-effective substrates. Addi-
tionally, the thermotolerance of Clostridium M1NH, with 
an optimal growth temperature range of 35–40 °C, is par-
ticularly advantageous for industrial-scale fermentations, 
where maintaining strict temperature control can be chal-
lenging and expensive. The strain's tolerance to higher con-
centrations of caproic acid (up to 2% w/v) compared to other 
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strains is another desirable trait, as it could lead to more effi-
cient downstream processing and reduced production costs.

The successful isolation and characterization of a novel 
caproic acid-producing strain from sewage sludge was 
Clostridium M1NH. The strain's ability to efficiently pro-
duce caproic acid using ethanol and acetic acid as substrates 
and its thermotolerance and resistance to high product con-
centrations make it a promising candidate for industrial 
applications. The optimization of fermentation conditions, 
including pH, temperature, and substrate ratios, provided 
valuable insights into maximizing caproic acid production. 
Further research should focus on scaling up the fermenta-
tion process, investigating the strain's performance in con-
tinuous or fed-batch systems, and exploring strategies for 
in situ product removal to minimize the inhibitory effects 
of caproic acid accumulation. Additionally, metabolic engi-
neering approaches could enhance the strain's caproic acid 
production capacity and substrate utilization efficiency. The 
findings of this study contribute to the growing body of 
knowledge on microbial caproic acid production and offer 
new opportunities for the sustainable production of this valu-
able chemical from renewable resources.

Conclusion

This study uses a novel thermotolerant caproic acid-produc-
ing bacterial strain, Clostridium sp. M1NH was successfully 
isolated from sewage sludge. Substrate optimization revealed 
that ethanol and acetic acid, at a molar ratio of 4:1, were 
the most effective carbon sources for caproic acid produc-
tion, resulting in a maximum yield of 3.49 ± 0.23 g/L after 
10 days of fermentation. Clostridium sp. M1NH exhibited 
remarkable tolerance to high concentrations of ethanol (up 
to 5% v/v), acetate (up to 5% w/v), and caproic acid (up to 
2% w/v). The strain also demonstrated a wide pH tolerance 
range (pH 5.5–7.5) and an elevated temperature optimum 
between 30 and − 35 °C, with a maximum specific growth 
rate of 0.14 ± 0.01 h−1 at pH 6.5 and 35 °C. Phylogenetic 
analysis based on 16S rRNA gene sequences revealed that 
Clostridium sp. M1NH shares a 98.2% similarity with the 
type strain Clostridium luticellarii DSM 29923 T, indicating 
a close evolutionary relationship. Optimization of fermenta-
tion conditions further enhanced caproic acid production, 
with the highest yield achieved at an initial pH of 6.0–6.5, a 
temperature of 30–35 °C, and an ethanol-to-acetate ratio of 
4:1. The maximum caproic acid yield obtained by Clostrid-
ium sp. M1NH (3.49 ± 0.23 g/L) was 1.6-fold higher than 
that reported for C. kluyveri (2.5 g/L) under similar fermen-
tation conditions, highlighting the superior performance 
of the newly isolated strain. Furthermore, the thermotoler-
ance and wide substrate utilization range of Clostridium sp. 

M1NH make it an attractive candidate for industrial-scale 
caproic acid production from diverse low-cost feedstocks.
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