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Production of high-concentration
n-caproic acid from lactate
through fermentation using a newly isolated
Ruminococcaceae bacterium CPB6
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Abstract

Background: n-Caproic acid (CA), as a medium-chain carboxylic acid, is a valuable chemical feedstock for various
industrial applications. The fermentative production of CA from renewable carbon sources has attracted a lot of atten-
tions. Lactate is a significant intermediate waste in the anaerobic breakdown of carbohydrates that comprise 18-70%
of the chemical oxygen demand (COD) in municipal and some industrial wastewaters. Recently, researchers (includ-
ing our own group) reported the CA production using lactate as electron donor with newly identified microbiome
systems. However, within such processes, it was hard to determine whether the CA production was completed by a
single strain or by the co-metabolism of different microorganisms.

Results: Here, we report the CA production using lactate as electron donor using the strain CPB6, which we isolated
from a microbiome for CA production as described previously. Strain CPB6 is affiliated with Clostridium cluster IV of
the family of Ruminococcaceae based on 16S rRNA gene sequence analysis. The strain prefers acidic initial pH condi-
tion (pH 5.0-6.5), and the temperature ranging from 30 to 40 °C for CA production. In a fed-batch fermentation with
non-sterilized lactate-containing organic wastewater as feedstock, strain CPB6 produced 16.6 g/L CA (from 45.1 g/L
lactate) with a maximum productivity of 5.29 g/L/day. Enzyme assays with crude cell extract showed that CPB6 can
metabolize acetate and butyryl-CoA to produce n-butyric acid, and acetate/n-butyrate and caproyl-CoA to produce
CA, respectively.

Conclusion: This study demonstrated that high concentration of CA production can be obtained by a newly isolated
pure culture CPB6. This strain can be employed as a powerful workhorse for high-efficient CA recovery from lactate-
containing waste streams. Our preliminary investigation suggested that the CA production from lactate in strain CPB6
might be via the chain elongation pathway of the reverse (3-oxidation; the detailed mechanism, however, warrants
further investigation using various molecular microbiology techniques.
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Background applications, including as a chemical precursor for pro-
Medium-chain carboxylic acid, n-caproic acid (CA), ducing flavor compounds and aviation fuels [1, 2]. In
is a valuable platform chemical for various industrial addition, CA has the potential to be used as a natural
antimicrobial agent [3]. Up to now, the primary mecha-
nism for CA formation in the fermentation is through
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in sequence [4, 5]. Due to the low solubility and thus easy
separation, the recovery of CA from organic wastes has
been emerged as a popular strategy for organic waste
treatment, where macromolecules are firstly decomposed
into short-chain carboxylates, e.g., acetate and butyrate,
which are then converted into CA with ethanol supple-
mented as electron donor [6-10].

Lactate is an important intermediate in the anaerobic
breakdown of carbohydrates that comprise ~18% of the
chemical oxygen demand (COD) in municipal waste-
waters and up to ~70% of the COD in some food pro-
cessing wastewaters [11-14]. The conversion of lactate
to CA had been described in pure culture studies using
Megasphaera elsdenii [15] and reactor systems [16, 17];
however, the CA production from lactate was not suit-
able to be considered as an effective and worthwhile
approach for organic waste treatment, because the CA
produced was only the negligible byproduct with low
titer (<1.0 g/L) beside propionate or butyrate as the main
product. Recently, we reported a unique microbiome that
is predominated by Clostridium cluster IV, which can
efficiently convert lactate into high level of CA as the pri-
mary product [18]. In batch fermentation with sufficient
lactate addition, the maximum CA titer reached up to
23.4 g/L, with a CA productivity of 2.94 g/L/day. Soon
afterwards, Kucek et al. [14] developed a continuous
process to produce CA from lactate using a microbiome
dominated by Acinetobacter spp. At a hydraulic retention
time (HRT) of 1.5 days, a CA productivity of 3.03 g/L/day
was reached. These results together demonstrated that
besides ethanol, lactate, which is often present in various
organic wastes, can also be used as an electron donor and
carbon source for high production of CA.

Up to now, M. elsdenii is the only pure culture known
to be capable of converting lactate into CA [15, 19]. How-
ever, in none of the above cases for CA production from
endogenous lactate [14, 18, 20], M. elsdenii was detected.
So, M. elsdenii was not likely the main strain that is
responsible for the lactate-to-CA conversion in these
processes. In order to gain a further insight into these
processes and achieve a further development of this new
technology, it is desirable to isolate and metabolically
characterize the key microorganism contributing to these
processes from these reactor microbiome systems.

In this study, we isolated a bacterial strain CPB6
(belongs to Clostridium cluster 1V of the family Rumi-
nococcaceae) from the reactor microbiome capable of
producing high concentration of CA from lactate [18].
We investigated the effects of various operational param-
eters on the CA production efficiency by CPB6. We fur-
ther demonstrated CA production using this strain from
real wastewater containing high concentration of lactate
under non-sterilized and sterilized conditions. Finally,
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the metabolic mechanism of this new process was also
explored preliminarily.

Results and discussion

Culture morphology and phylogeny

After a series of continuous purification, a lactate-uti-
lizing and CA-producing strain CPB6 was isolated from
the fed-batch reactor microbiome described previously
[18]. After a 3-day incubation on the agar plate at 30 °C,
the colonies of the anaerobic bacterium strain CPB6 dis-
played white circular smooth colonies with a diameter of
1-2 mm. In liquid culture, microscopic analysis revealed
that strain CPB6 was short, rod-shaped, spore-forming
bacteria of 1.5-3.0 pm length and approximately 0.5 um
width (Additional files 1, 2: Figure S1).

We sequenced the 16S rRNA gene of the strain (Gen-
Bank accession No. KM454167) (Additional file 1). Based
on the sequence analysis, the CPB6 strain was affiliated
with Clostridium cluster IV of the family of Ruminococ-
caceae (Fig. 1). The strain generally showed low sequence
similarity with the existing strains whose 16S rRNA
sequences are included in GenBank. When compared to
the type species in the GenBank, it was closest to Clostrid-
ium leptum and Clostridium sporosphaeroides with 92.6
and 91.7% similarity of 16S rRNA sequence, respectively.
While compared to the well-known CA-producing bac-
teria, it showed generally low similarity with Clostridium
kluyveri (82.4%) and Megasphaera elsdenii (75.7%), but
higher similarity with Clostridium sp. BS-1 (93.6%). The
phylogenetic analysis implicated that CPB6 might belong
to a new clade (genus) of the family Ruminococcaceae.

Strain CPB6 can utilize lactate to produce CA as the main
product

As shown in Fig. 2, the concentration of CA increased in
parallel with the continuous consumption of D, L-lactate.
Then CA concentration reached the plateau after the
exhaustion of lactate on the 6th day of the fermentation,
with 8.07 g/L of CA generated from 24.85 g/L of lactate.
From the 4th day of the fermentation, butyrate started to
accumulate and reached approximately 0.75 g/L by the
end of the fermentation. No propionate was detected
while only negligible acetate was generated during the
fermentation. These results indicated that the strain
CPB6 can utilize D, L-lactate to produce CA as the main
product.

Other lactate-utilizing bacteria reported in previous
studies generally fermented lactate to short-chain fatty
acids (SCFAs), e.g., butyrate and propionate [21, 22]; few
can synthesize medium-chain fatty acids (MCFAs), e.g.,
CA [15]. For example, Clostridium leptum is the type
strain of the closest relative species to strain CPB6. It is
also a lactate utilizer, but it only produces butyrate, rather
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Fig. 1 Neighbor-joining phylogenetic tree based on 16S rRNA gene sequences. The numbers at the nodes indicate the level of bootstrap values
(1000 replications, >50%). Bar 0.02 indicates substitutions per nucleotide position

than CA, from lactate [23]. Megasphaera elsdenii is the
only type strain that can produce CA from lactate, but
in this case, CA is only a byproduct alongside the main
metabolites including butyrate, propionate, and valer-
ate [15, 24, 25]. The final CA titers were usually very low
from the fermentation with either the pure culture of M.
elsdenii or with a microbiome part of which was com-
posed of M. elsdenii [17]. Here, the final CA concentra-
tion from the fermentation with strain CPB6 is >30 times
higher than that was reported with M. elsdenii (8.07 ver-
sus 0.23 g/L [15]). Therefore, strain CPB6 is concluded as
a novel key isolate that can efficiently convert lactate to
CA as dominated product.

Effect of initial pH on CA production from lactate
The pH of fermentation is a crucial factor influencing
the CA production by affecting the concentration of

the undissociated CA. It was reported that, at pH 5.5,
when the concentration of the undissociated CA exceeds
0.79 g/L (7 mM), it will significantly inhibit the activity
of microbial cells [10]. The effect of pH on CA produc-
tion by strain CPB6 was illustrated in Fig. 3 and Addi-
tional file 2: Figure S2, respectively. When the initial
pH of the fermentation ranged from 5.0 to 6.5, about
1.80 g/L CA was produced as the primary end product.
No obvious difference was observed in terms of the final
CA titer and production rate (Fig. 3b). In addition, the
range of initial pH from 5.0 to 6.5 was also very favora-
ble for CPB6 cell growth (Additional file 2: Figure S2A),
which was an important reason for high CA production
at this pH range. However, as the initial pH of fermen-
tation was adjusted to 7.0, 7.5, or 8.0, less lactate (0.80,
0.96, and 0.95 g/L, respectively) was consumed with lit-
tle amount of CA (0.32, 0.25, and 0.17 g/L, respectively)
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Fig. 2 Caproic acid (CA) formation from lactate by strain CPB6 in a
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being produced (Fig. 3c). It was observed that the strain
experienced a long lag phase about 2 days, and reached a
much lower maximum cell density (Additional file 2: Fig-
ure S2A). The CA production rate at initial pH conditions
of 5.0-6.5 was almost the same, but it decreased to much
lower levels when the initial pH was increased to 7.0-8.0
(Additional file 2: Figure S2C). In addition, the accumula-
tion of butyrate, an undesirable byproduct decreasing the
yield of CA, was decreased from 0.28 to 0.05 g/L with the
initial pH increased from 5.0 to 6.5, as shown in Fig. 3d.
Trace amounts of butyrate were produced when the ini-
tial pH was higher than 7.0.

In contrast to strain CPB6, other CA-producing bac-
teria exhibit higher CA titers under neutral conditions
[6, 26, 27]. A mixed culture dominated by C. kluyveri
produced much more CA at pH 7.0 than at pH 5.5 [6].
The lactate-utilizing CA-producing strain M. elsdenii
also prefers neutral conditions [15]. M. elsdenii pro-
duces more CA when pH is maintained at 7.0 than
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Fig. 3 Effect of pH on caproic acid (CA) production from lactate: lactate consumption (a), CA production (b), acetate consumption (c), and butyrate
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when pH is uncontrolled with glucose as the substrate
[27]. Choi et al. [28] demonstrated that M. elsdenii
prefers neutral conditions to acidic conditions with
sucrose as the substrate. Clostridium BS-1, a member of
Clostridium cluster 1V, also requires neutral pH to con-
vert D-galactitol to CA [29]. However, in organic waste
fermentation, some studies of CA production by reac-
tor microbiomes have chosen to control the pH at 5.5
or even lower to eliminate competition from acetoclas-
tic methanogens, which exhibit greater growth under
neutral conditions, or to regulate the metabolic pathway
toward chain elongation rather than the acrylate path-
way [10, 14]. The efficiency of CA production in mixed
culture is negatively affected by the lower pH control
strategy compared to that of a pure culture for two rea-
sons: (1) the decreased activity of CA producers; (2) the
increased concentration of toxic undissociated CA, par-
ticularly without in-line extraction [1, 10, 14]. However,
strain CPB6, the dominant bacterium in CA-producing
mixed cultures, might represent a smart solution to
eliminating these two problems due to its initial acid
preference and the significant increase in pH during CA
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production (Additional file 2: Figure S3), circumventing
competition from other bacteria, such as acetoclastic
methanogens and the toxicity of undissociated CA as
CA accumulates.

Effect of temperature on CA production from lactate

The effect of temperature on lactate fermentation by
strain CPB6 was investigated under 20, 30, 40, and
50 °C. Strain CPB6 could grow at 20 °C, but very lit-
tle CA (0.14 g/L) was produced. By contrast, 1.84 and
1.86 g/L of CA were obtained at 30 and 40 °C, respec-
tively (Fig. 4b), which was well in accordance with the
good cell growth under these conditions (Additional
file 2: Figure S2B). Correspondingly, the CA production
rate was found to be pretty similar for 40 °C and 30 °C
(Additional file 2: Figure S2D). Meanwhile, butyrate pro-
duction at 30 °C was slightly higher than that at 40 °C
(Fig. 4d). Only slight cell growth was observed when the
temperature was increased to 50 °C, resulting in negli-
gible CA and butyrate production (Fig. 4; Additional
file 2: Figure S2B). The tested temperature response
of the strain CPB6 clearly indicated that it prefers the
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Fig. 4 Effect of temperature on caproic acid (CA) production from lactate: lactate consumption (a), CA production (b), acetate consumption (c),
and butyrate accumulation (d)
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temperature ranging from 30 to 40 °C for growth and
CA production. Similarly, most other CA producers are
mesophilic, e.g., C. kluyveri [30] and M. elsdenii [15], as
reported previously.

High level of CA production from lactate-containing
wastewater

Further experiment was conducted to investigate whether
the strain CPB6 can be employed to recover CA from real
wastewater. As shown in Fig. 5, with an initial fermenta-
tion cycle and a further wastewater replenishment, a final
CA concentration of 16.6 g/L was obtained with rapid
consumption of lactate in the wastewater. The maximum
CA productivity was 5.29 g/L/day, which was nearly two
times higher than the results from our previous report
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Fig. 5 Caproic acid (CA) recovery from lactate-containing waste-
water by strain CPB6 under non-sterilized conditions. The fermenta-
tion was started using the mixed wastewater as described in the
“Methods” section. When the wastewater was depleted, additional
wastewater was added to support the further CA production
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when mixed culture was used [18]. The control reactor
with sterile wastewater showed a production of CA of
15.9 g/L with a maximum productivity of 5.63 g/L/day
(Additional file 2: Figure S4). These results indicated that
CA can be recovered from waste streams with the pure
culture of strain CPB6 under non-sterilized conditions.
Furthermore, no significant propionate or butyrate accu-
mulation was observed (Fig. 5), which is different from
other well-known CA producers. This also explains why
a high CA yield from lactate can be obtained with strain
CPBe6.

Effects of acetate and butyrate supplementation on CA
production from lactate

In the production of CA via chain elongation (reverse
oxidation) in many microorganisms as discussed above,
acetate can serve as the starting substrate, while butyrate
can be either the starting substrate or as an intermediate
product (Table 1). In strain CPB6, butyrate production
was also detected when lactate was used as the electron
donor for CA production. So, here we tested the effects
of acetate and butyrate supplementation on CA produc-
tion in strain CPB6.

As shown in Fig. 6, when either acetate or butyrate
(besides lactate) was supplemented to the fermentation,
strain CPB6 simultaneously used lactate and acetate or
lactate and butyrate from the very beginning. Compared
with the control reaction (only lactate is provided), the
lag phase for the fermentation with acetate or butyrate
supplementation was shortened from 24 to 12 h, indicat-
ing that acetate and butyrate can accelerate CA produc-
tion significantly. Based on a carbon balance calculation
for the fermentation, it was found that in the presence
of acetate or butyrate, the lactate requirement for one
mol of CA production reduced from 4.29 mol to 3.83
or 2.68 mol, respectively (Table 2). Meanwhile, the pro-
duction of hydrogen decreased from 2.75 mol to 2.36 or

Table 1 Possible pathways from literature and the calculation of the Gibbs free energy changes for caproic acid forma-

tion

No. Pathways References
Equation (1) 3Ethanol + 4H, + 2H"— Caproate + 4H,0 AGY = —96.71 ki/mol [31]
Equation (2) Butyrate + Ethanol + 2H, 4+ H*— Caproate + 2H,0 AGY = — 4841 kJ/mol

Equation (3) Butyrate + 2CO, + 6H, — Caproate + 4H,0 AGY = — 14329 ki/mol

Equation (4) Ethanol 4+ H,0 — Acetate + 2H, + HT AGY =965 kJ/mol (5]
Equation (5) 4Ethanol + 4Acetate — 4Butyrate + 4H,0 AGY = — 3865 kJ/mol

Equation (6) Ethanol + Butyrate — Caproate + H,0 AGY = — 3876 kJ/mol

Equation (7) Lactate 4+ H,0O — Acetate + 2H, + CO, AGY = — 69 kJ/mol (18]
Equation (8) Lactate + Acetate + H* — Butyrate + H,0 + CO, AGY = —97.5kJ/mol

Equation (9) Lactate + Butyrate + H™ — Caproate + H,0 + CO, AG?’ = — 80.9 kJ/mol
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Fig. 6 Caproic acid (CA) production in strain CPB6 using different
substrates: a lactate; b lactate and acetate; ¢ lactate and butyrate

1.85 mol, respectively. These results demonstrated that
the supplemented acetate and butyrate might have been
directly involved in the CA synthesis. In addition, it has
been described that lactate can be converted to butyrate
via chain elongation [2]. Therefore, here we prelimi-
narily deduced that the CA production from lactate in
strain CPB6 might be also via chain elongation pathway.
In addition, we also conducted experiments with only
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Table 2 Stoichiometric balances for the fermentation
using strain CPB6 grown on different substrates

1 mol caproate produced from

Lactate Lactate, acetate Lactate, butyrate
Lactate —429° —3.83° —2.68°
Acetate 0.02 —043° 0.26
Butyrate 0.03 017 —0.82°
Caproate 1.00 1.00 1.00
Hydrogen 2.75 2.36 1.85
Unit is moles

@ “—"Means consumption

acetate or butyrate as substrate without lactate added.
The results demonstrated that no caproate was pro-
duced (Additional file 2: Figure S5). This indicated that
acetate or butyrate can be supplemented to lactate for
CA production in the strain CPB6, but itself (acetate or
butyrate) cannot serve as the sole carbon source for this
microorganism.

Key reactions and enzymes for CA production

There is no previous reference demonstrating that lactate
can be converted into CA through the chain elongation
pathway. In the chain elongation pathway in C. kiuyveri,
acetoacetyl-CoA, 3-hydroxybutyryl-CoA, crotonyl-CoA,
and butyryl-CoA are intermediates for butyrate for-
mation [5], while 3-keto-caproyl-CoA, 3-hydroxyhex-
anoyl-CoA, hex-2-enoyl-CoA, and caproyl-CoA are
intermediates for CA production [2, 32]. According to
the literature [2, 33], there are two possible reactions for
CA production (which were actually inferred from reac-
tions for butyrate production): (1) caproyl-CoA + acetate
— caproate + acetyl-CoA; (2) caproyl-CoA + butyrate
— caproate + butyryl-CoA. Here, we thus further car-
ried out enzyme assays to investigate whether the last
key reactions for CA production exist in strain CPB6
(Table 3). Our results demonstrated that, in the pres-
ence of excessive caproyl-CoA, 1.15 mM acetate led
to 1.14 mM of CA production, and the utilization of
0.77 mM butyrate resulted in 0.76 mM of CA formation.
While in the control test, the concentration of acetate
(3.89 mM) or butyrate (4.02 mM) remained constant all
the time and no CA production was detected. This exper-
iment provided the evidence that both key reactions as
described above exist in strain CPB6, implying that both
acetate and butyrate are involved in the last step of CA
formation. However, the activity of the enzyme (caproyl-
CoA: acetate CoA transferase) responsible for Reaction
(1) was higher than that of the enzyme (caproyl-CoA:
butyrate CoA transferase) for Reaction (2) (Table 4).
Likewise, with the presence of excessive butyryl-CoA,
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Table 3 Key possible reactions for caproic acid (CA) formation and stoichiometric fermentation balances using the crude

cell extract of strain CPB6 grown on different substrates

Acetate® Butyrate? Caproate?
Caproate formation
Rec. (1) Caproyl-CoA + Acetate — Caproate + Acetyl-CoA —1.15P nd® 1.14
Rec. (2) Caproyl-CoA + Butyrate — Caproate + Butyryl-CoA nd® —0.77¢ 0.76
Butyrate formation
Rec. (3) Butyryl-CoA + Acetate — Butyrate + Acetyl-CoA —045¢ 0.44¢ nd®

Supplement of substrates (acetate, butyrate, butyryl-CoA, and caproyl-CoA) were sufficient

Control measurements (without crude enzyme solution) were not shown for no butyrate or caproate was produced

2 The unitis mM
b “_"Sybstrate consumption
¢ Not detected

045 mM acetate was consumed leading to about
almost equal amount of butyrate (0.42 mM) production
(Table 3), while the control test showed no butyrate pro-
duction. It further indicated the existence of the enzyme
butyryl-CoA: acetate CoA transferase in strain CPB6. In
addition, our experiments illustrated that the CA pro-
duction rates were 3.5 and 2.3 times higher than that of
the butyrate production (Table 4), respectively, which
could well explain why CA was always the predominant
product in the fermentation with strain CPB6.

Based on these results, we propose that the pathway for
CA production from lactate in strain CPB6 might be sim-
ilar to the reverse p-oxidation pathway used for the con-
version of ethanol to CA. That is, lactate is converted to
acetyl-CoA and this process provides energy to promote
the chain elongation (Fig. 7). Although this looks highly
logical based on our results from this study, it warrants
further investigation through more systematic transcrip-
tomic analysis, isotope-labeled flux analysis, or genetic
engineering manipulation. Such attempts are currently
underway in our laboratory.

Conclusion

We reported a newly isolated Ruminococcaceae bacterium
CPB6, which can use lactate as the feedstock to produce
CA as the main product. The CA production capabil-
ity (final titer, selectivity, and productivity) is much higher

Table 4 Comparison of the specific production rates of the
three key reactions for chain elongation in strain CPB6

R1? R2? R3? R1/R3 R2/R3

Strain CPB6 0.162 0.108 0.046 3.522 2.348

R1: Caproyl-CoA + Acetate — Caproate + Acetyl-CoA; R2:
Caproyl-CoA + Butyrate — Caproate + Butyryl-CoA; R3: Butyryl-
CoA + Acetate — Butyrate + Acetyl-CoA

2 The unit of rates is mg product/g biomass/min

than the other reported CA-producing pure cultures.
Strain CPB6 prefers acidic initial condition (pH 5.0-6.5) for
CA production, and has the optimum growth at the tem-
perature ranging from 30 to 40 °C. High concentration of
CA (16.6 g/L) was attained from lactate-containing waste-
water by strain CPB6 in fed-batch fermentation under non-
sterilized condition, with a maximum CA productivity of
5.29 g/L/day. Both acetate and butyrate are likely involved
in the formation of CA from caproyl-CoA, but the activ-
ity of caproyl-CoA:acetate CoA transferase is higher than
that of caproyl-CoA:butyrate CoA transferase. Lactate is
an important intermediate in the anaerobic digestion of
wastewaters containing high COD loading from various
municipal or industrial processes. Moreover, lactate is also
a ubiquitous liquid product easily obtained from lignocellu-
losic resource and other low-cost feedstock such as corncob
molasses. Given the excellent CA production capability of
strain CPB6 from non-sterilized lactate-containing waste-
water, it can be considered as a promising workhorse for
recovering value-added bioproducts from waste streams.

Methods

Medium and strain isolation

Strain CPB6 was isolated by using culture plates (15 g/L
agar was supplemented besides the fermentation
medium, see below) from 1073 to 107> dilutions of the
unique microbiome_ENREF 11 that can produce CA
from lactate as we reported [18]. The formation of CA
was examined in an anaerobic fermentation medium con-
taining D, L-lactate as the sole energy source at 30 °C. The
ingredients in the fermentation medium included (per L):
D, L-sodium lactate 4.8 g, KH,PO, 1.4 g, (NH,),SO, 0.6 g,
KCl 1.5 g, MgCl, 0.32 g, CaCl, 0.15 g, selenite—tungstate
solution 1.0 mL, yeast extract 1.0 g, L-cysteine 0.25 g,
Na,S-9H,0 0.25 g, and resazurin 0.5 mg. In addition,
1.0 mL of trace element stock solution was also supple-
mented into the 1 L medium [18]. The pH of the medium
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was adjusted to 5.5 before sterilization. The fermenta-
tion medium was flushed with nitrogen gas for 20 min
to remove trace amount of oxygen and then sterilized
at 121 °C and 0.1-0.15 MPa for 20 min. After autoclav-
ing, 1.0 mL of vitamin stock solution from an anoxic and
filter-sterilized stock solution was added [18]. The same
procedure was employed for all following fermentation
experiments for oxygen removal and sterilization before
inoculation.

Effects of initial pH and temperature on CA formation

from lactate

Batch experiments were performed in 150-mL serum
bottles containing 50 mL of fermentation medium. To
study the effects of pH on CA production, the pH value
of the fermentation medium was adjusted before inocu-
lation to 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0, respectively,
by adding 2 M sterile HCI or NaOH. The preculture of
CPB6 was first cultivated for 3 days in a seed medium
containing the following reagents (per L): peptone
1.25 g, yeast extract 1.25 g, dextrose 3.0 g, NaCl 0.08 g,

L-cysteine-HCl x H,0 0.25 g, KCI 1.5 g, MgSO,-7H,0O
0.008 g, CaCl, 0.008 g, K,HPO, 0.08 g, NaHCO, 0.4 g,
vitamin K; 0.005 g, and Hemin 0.0125 g (adjusted to
pH 5.5 before inoculation). Then, 2.5 mL of the precul-
ture was inoculated into the main fermentation medium
with approximately 1.5 g/L of acetate supplemented as
electron acceptor, the headspace of which was filled with
100% N,. The fermentation culture was incubated at
30 °C in a rotating shaker with a shaking rate of 180 rpm.
To investigate the effects of temperature on CA produc-
tion, the fermentation culture was prepared similarly as
described above (but all started with pH 5.5) and incu-
bated at 20, 30, 40, or 50 °C, respectively. Both experi-
ments were performed in triplicate.

Using real wastewater as carbon source for CA production

The food wastewater used in this study was collected
from the fermentation pit of a liquor brewing factory
located in Sichuan, China. The main characteristics of this
wastewater were pH 3.8 £+ 0.2, lactate 116.8 £+ 4.2 g/L,
acetate 1.5 £ 0.08 g/L, butyrate 1.0 £ 0.02 g/L, glucose
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15.6 £+ 2.2 g/L, and ethanol 20.5 + 2.9 g/L. The municipal
wastewater used in this study was collected from the influ-
ent of a wastewater treatment plant located in Sichuan,
China. The main characteristics of this wastewater were
TCOD (total chemical oxygen demand) 270-310 mg
COD/L, SCOD (soluble chemical oxygen demand) 170—
215 mg COD/L, acetate 50—80 mg COD/L, TN (total nitro-
gen) 26—37 mg/L, and TP (total phosphorus) 3.0-5.5 mg/L,
pH 7.4-7.6. The food wastewater and municipal waste-
water were mixed at a 1:3 volume ratio. The final pH was
adjusted to 5.5 with 2 M HCl and 2 M NaOH. Without oxy-
gen removal and sterilization, the preculture strain CPB6
was inoculated into the mixed wastewater at an inoculum
volume ratio of 5%. Meanwhile, as a control, the same fer-
mentation was also conducted using autoclave-sterilized
wastewater. The experiment was performed in a 150-mL
serum bottle with 50 mL fermentation medium at 30 °C
with an agitation rate of 180 rpm. The experiment was per-
formed in triplicate. When the lactate in the fermentation
broth was used up (after about three days), fresh mixed
wastewater (the autoclaved wastewater was used for the
control) was supplemented into the fermentation, mak-
ing lactate concentration up to approximately 15 g/L. Then
the fermentation was kept running for about another three
days until the end. The operational conditions (including
inoculum ratio, fermentation volume, temperature, agita-
tion rate, triplicate) were all kept the same for the following
experiments unless otherwise indicated.

Effects of acetate and butyrate on CA formation

from lactate

In order to investigate the effects of acetate and butyrate
on CA production, experiments were carried out with
following three different compositions as the main
organic carbon sources: 5 g/L lactate (Group 1), 5 g/L lac-
tate + 5 g/L acetate (Group 2), and 5 g/L lactate 4+ 5 g/L
butyrate (Group 3).

Enzymatic assays with crude cell extract

Enzymatic assays with crude cell extract were performed
to verify the existence of several key reactions and rela-
tive enzymes in the chain elongation pathways in strain
CPB6. For each assay, cells of 1.5 mL preculture with
an ODg, of 0.8 were washed with 1x PBS solution (pH
5.5) for three times, and crude cell extract was prepared
from the cells using CelLytic B reagent (Sigma—Aldrich
Corporation, St Louis, MO, USA) following the manu-
facturer’s instruction. The assays were conducted at 35 °C
in 1.5-mL sealed centrifuge tubes containing substrates
as listed below: caproyl-CoA (Sigma-Aldrich) + acetate,
caproyl-CoA + butyrate, and butyryl-CoA (Sigma-
Aldrich) + acetate. The final concentration of each sub-
strate was 4.0 mM. Then ATP (Sigma-Aldrich) was added
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into the reaction with a final concentration of 0.2 mM.
Control tests were also conducted at the same time fol-
lowing the same procedure but crude cell extract was
replaced with the same amount of 1x PBS solution. All
these tests were performed in triplicate in an anaero-
bic chamber (BactronEZ, Shellab, USA) which was kept
under anaerobic condition all the time with mixed gases
(COy Hy: N, = 5:5:90). Reaction rates for the tests were
calculated based on the amount of CA/butyrate gener-
ated or the amount of butyrate/acetate consumed within
12 h.

Analytical methods

Liquid samples were collected regularly from each exper-
iment and centrifuged for 5 min at 10,000 rpm. The
supernatants were then diluted fivefold with distilled
water and filtrated through 0.22-pm filter (Millipore
Corp., Bedford, MA). Carboxylates (C1-C6), lactate, glu-
cose, and ethanol concentrations were determined using
an HPLC (Agilent 1260 Infinity, USA) equipped with a
differential refraction detector (RID) and a Hi-Plex H col-
umn (300 x 6.5 mm) [18] _ENREF_11. Hydrogen, carbon
dioxide, and methane were measured using an Agilent
6890 gas chromatography (GC) system (Agilent Technol-
ogies, USA) with a thermal conductivity detector (TCD)
and a 2-m stainless steel column packed with Porapak Q
(50/80 mesh)_ENREF 11 [18].
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Additional file 2: Figure S1. SEM image of Ruminococcaceae bacterium
CPB6. Figure S2. Effects of pH and temperature on strain CPB6 growth
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B (temperature); caproate production rate: C (pH) and D (temperature).
Figure S3. pH values before and after the reaction. Figure S4. Caproic
acid (CA) recovery from lactate-containing wastewater by strain CPB6
under sterilized conditions. The fermentation was started using the mixed
wastewater as described in the Materials and Methods section. When the
wastewater was depleted, additional wastewater was added to support
the further CA production. Figure S5. Fermentation profiles of strain
CPB6 when acetate (A) and butyrate (B) was used as the sole carbon
source (without lactate provided).
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