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A B S T R A C T   

In recent years, the possibility of merging technologies for waste recovery such as those based on syngas 
fermentation and chain elongation has been studied for the production of medium chain fatty acids (MCFAs) and 
bioalcohols, in an attempt to integrate the concept of circular economy in the industry. Nevertheless, one of the 
main issues of this approach is the pH mismatch between acetogens and chain elongating microorganisms. This 
work reports, for the first time, the suitability of a co-culture of C. aceticum and C. kluyveri metabolizing syngas at 
near neutral pH in stirred tank bioreactors. For this purpose, bioreactor studies were carried out with continuous 
syngas supply. In the first experiment, maximum concentrations of n-butyrate and n-caproate of 7.0 and 8.2 g/L, 
respectively, were obtained. In the second experiment, considerable amounts of n-butanol were produced as a 
result of the reduction, by C. aceticum, of the carboxylates already formed in the broth. In both experiments, 
ethanol was used as an exogenous electron agent at some point. Finally, batch bottle assays were performed with 
a pure culture of C. aceticum grown on CO in presence of n-butyrate to assess and confirm its ability to produce n- 
butanol, reaching concentrations up to 951 mg/L, with a n-butyrate conversion efficiency of 96%, which had 
never been reported before in this species. Therefore, this work contributes to the state of the art, presenting a 
novel system for the bioproduction of MCFAs by combining syngas fermentation and chain elongation at near 
neutral pH, as opposed to the acidic pH range used in all previously reported literature.   

1. Introduction 

Nowadays, society is facing two major environmental issues, namely 
the need for sustainable manufacturing of chemicals and fuels from non- 
food sources and the need to mitigate greenhouse gas emissions. For 
instance, as part of the European Green Deal, the European Commission 
proposed, in September 2020, to achieve a reduction target for these 
emissions by 2030 of at least 55% compared to 1990, with the goal of 
making Europe the first climate-neutral continent (European Commi-
sion, 2021). Hence, there is a special interest in the development of 
production processes based on the use of renewable raw materials or 
even waste (e.g, gas emissions). A promising alternative is syngas 
fermentation, since it employs acetogenic bacteria as autotrophic bio-
catalysts that utilize CO and CO2 through the Wood-Ljungdahl pathway 
for the efficient production of bioalcohols and biocommodities (e.g., 
acetate) (Bengelsdorf et al., 2013). Nevertheless, the distillation of these 
highly water soluble end products is rather expensive since it is an 
energy-intensive process (Grootscholten et al., 2013). An alternative is 

to convert the produced short chain acids from syngas into MCFAs, such 
as n-caproic acid (C6) or n-caprylic acid (C8), through a second 
fermentation step (Gildemyn et al., 2017). MCFAs are more hydropho-
bic, have a higher added-value and a higher energy density which makes 
them more suitable for the biofuels market (Steinbusch et al., 2011). 
Furthermore, the number of strains that can metabolize syngas to form 
n-caproic acid is very limited (i.e., C. carboxidivorans and E. limosum 
mainly), making it a rather unusual process (Lindley et al., 1987; Phillips 
et al., 2015). Likewise, this second bioconversion is performed through a 
biochemical process called chain elongation based on the reverse 
β-oxidation pathway. First, part of the ethanol is oxidized to acetate via 
substrate level phosphorylation to form adenosin triphosphate (ATP) 
and nicotinamide adenine dinucleotide (NADH). Secondly, the remain-
ing ethanol is converted into acetyl-CoA. One molecule of acetyl-CoA is 
then added to an acetate molecule triggering the formation of n-buty-
rate, thus elongating its chain length by two carbons in each cycle. 
Lastly, similar to the previous step, another molecule of acetyl-CoA is 
used to elongate n-butyrate to n-caproate (Cavalcante et al., 2017; 

* Corresponding author. 
E-mail address: Kennes@udc.es (C. Kennes).  

Contents lists available at ScienceDirect 

Journal of Environmental Management 

journal homepage: www.elsevier.com/locate/jenvman 

https://doi.org/10.1016/j.jenvman.2021.113992 
Received 6 July 2021; Received in revised form 30 September 2021; Accepted 21 October 2021   

mailto:Kennes@udc.es
www.sciencedirect.com/science/journal/03014797
https://www.elsevier.com/locate/jenvman
https://doi.org/10.1016/j.jenvman.2021.113992
https://doi.org/10.1016/j.jenvman.2021.113992
https://doi.org/10.1016/j.jenvman.2021.113992
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvman.2021.113992&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Environmental Management 302 (2022) 113992

2

Spirito et al., 2014). An overview of the Wood-Ljungdahl and chain 
elongation pathways can be found in Fig. 1. Among all the chain elon-
gating microorganisms, Clostridium kluyveri has been the most widely 
studied species. 

MCFAs are typically obtained from vegetable oils (e.g., palm kernel 
and coconut oils) (Sarria et al., 2017). However, n-caproate and n-cap-
rylate are found in these oils in percentages below 10% and this tradi-
tional method requires high pressures and temperatures, as well as the 
use of expensive metal oxides or mineral acids as catalysts (Gervajio 
et al., 2005). n-Caproate can also be produced in large quantities directly 
from synthetic substrates (e.g. ethanol, acetate) (Steinbusch et al., 
2011), although the high cost of those substrates hinders the commer-
cialization of this technology (Reddy et al., 2020). Bioelectrochemical 
systems are also an alternative to generate MCFAs from in situ generated 
H2 or electricity that can use cheap waste as feedstock. However, it has 
significant drawbacks such as the need of expensive materials for reactor 
fabrication (e.g., membranes) and the large electricity expenses (Reddy 
et al., 2018b). Anaerobic digestion is another suitable technology for 
this purpose (Iglesias-Iglesias et al., 2021) due to its several advantages: 
a high level of purification, low nutrient requirements, reduced excess 
sludge and accumulation of valuable biogas for energy production, thus 
minimizing operating costs (Siles et al., 2007). On the other hand, this 
process is often carried out with mixed cultures and competing processes 
are possible (i.e., methanogenesis), being necessary sometimes the 
presence of suppressive agents (Steinbusch et al., 2011). On the other 
hand, the combination of syngas fermentation and chain elongation 
technologies for obtaining bioproducts is an attractive approach 
considered by several researchers due to its benefits compared to other 
thermochemical processes (e.g., Fischer-Tropsch process) (Kennes et al., 
2016): low temperatures (30–37 ◦C) and near atmospheric pressures. 
Besides, the biocatalytic reactions are independent of the syngas (CO2: 
CO:H2) ratio, providing great flexibility regarding these proportions; 
and it withstands quite well the presence of impurities (e.g., sulfur 
compounds and chlorine) (Fernández-Naveira et al., 2017). Chain 
elongation can also take place in pure cultures or under non-sterile 
conditions with mixed cultures (Reddy et al., 2018a) and both readily 
biodegradable and non-biodegradable waste (e.g. plastic) can be used 
directly or indirectly as feedstock (Han et al., 2019). Besides, the use of 
syngas instead of dissolved sugars or liquid substrates is advantageous 
because the hydraulic retention time is uncoupled from the substrate 
supply in the bioreactor (Henstra et al., 2007). 

Co-cultures performing both fermentations are interesting because 
they can be designed to have the advantageous interactions that exist in 

mixed cultures, with the absence of other microorganisms that could 
exert a negative effect on the performance of the process (Diender et al., 
2021). However, to undertake this approach in a single reactor, one of 
the major challenges to be faced is the pH incompatibility between 
acetogens and chain elongating microorganisms. While acidic condi-
tions promote solventogenesis (i.e., ethanol production) in acetogens, 
this is harmful to the survival of C. kluyveri, especially below pH 4.5 
(Ganigué et al., 2016). Recently, various acetogens capable of yielding 
alcohols from gas fermentation, such as C. autoethanogenum at pH 6 and 
4.75 (Abubackar et al., 2015) and C. carboxidivorans at pH 5.75 
(Fernández-Naveira et al., 2016) have been reported in the literature. 

The case of C. aceticum is quite noteworthy and will be object of study 
in this work. The first ethanol production by C. aceticum (0.6 g/L) was 
reported using CO as the sole source of carbon and electrons in batch 
studies (Mayer et al., 2018). A few month later, it w was shown that, in 
this strain, the solventogenic phase starts at a pH close to neutrality, 
reaching ethanol concentrations of up to 5.6 g/L at pH 6.9 (Arslan et al., 
2019). It would therefore be interesting to combine this strain with 
C. kluyveri, taking advantage of the fact that ethanol production in 
C. aceticum takes place at a pH close to the optimum for C. kluyveri. So, 
the aim of the present work was to study the optimal operational con-
ditions and the MCFAs and alcohols resulting from a formerly 
non-reported co-culture of C. aceticum and C. kluyveri fed syngas in 
bioreactors. 

2. Material and methods 

2.1. Microbial strains and culture media 

C. aceticum DSM 1496 and C. kluyveri DSM 555 were obtained in 
freeze-dried pellet form from the Deutsche Sammlung von Mikroorga-
nismen und Zellkulturen MnbH (Braunschweig, Germany). After rehy-
dration, all incubations were carried out under shaking conditions at 
150 rpm and 33 ◦C. 

The basal medium in serum bottles used for C. aceticum growth 
contained (per liter distilled water): 0.20 g NH4Cl, 3 g yeast extract, 
1.76 g KH2PO4, 8.44 g K2HPO4, 0.33 g MgSO4⋅7H2O, 10 g NaHCO3, 1 mL 
rezasurin (0.1% w/v), 2 mL trace metals solution, 0.30 g L-cysteine-HCl 
and 0.92 g Na2S⋅9H2O.  

The composition of the trace metal solution was (per liter distilled water): 15 g 
nitrilotriacetic acid, 30 g MgSO4⋅7H2O, 5 g MnSO4⋅H2O, 10 g NaCl, 1 g 
FeSO4⋅7H2O, 1.8 g CoSO4⋅7H2O, 1 g CaCl2⋅2H2O, 1.8 g ZnSO4⋅7H2O, 0.1 g 
CuSO4⋅5H2O, 0.2 g KAl(SO4)2⋅12H2O, 0.1 g H3BO3, 0.1 g Na2MoO4⋅2H2O, 
0.25 g NiCl2⋅6H2O, 3 mg Na2SeO3⋅5H2O and 4 mg Na2WO4⋅2H2O               

The composition of the vitamin solution was (per liter distilled 
water): 25 mg D-biotin, 25 mg folic acid, 50 mg pyridoxine-HCl, 50 mg 
thiamine-HCl, 50 mg riboflavin, 50 mg nicotinic acid, 50 mg D-Ca- 
pantothenate, 25 mg vitamin B12, 50 mg p-aminobenzoic acid and 25 mg 
lipoic acid. 

After dissolving all the chemicals in 40 mL distilled water in serum 
bottles, the medium was purged with pure N2 for a few minutes and then 
with pure CO. The pH was adjusted to 7.5 either with HCl or NaOH 2 M, 
while flushing CO through the medium. The bottles were sealed with 
butyl rubber septa and aluminium crimps and then autoclaved at 121 ◦C 
for 20 min. 

The composition of the liquid medium for anaerobic cultures and 
growth of C. kluyveri in serum bottles, as well as the composition of the 
trace metal solution and the vitamins stock solution, were the same as 
reported in some of our previous studies (San-Valero et al., 2020). 

Once all the components had been dissolved in 40 mL distilled water, 
the serum bottles were flushed for a few minutes with pure N2, while 
adjusting the pH to 6.8 with either HCl or NaOH 2 M. Afterwards, 0.83 
mL ethanol (96%, v/v) was added just before sealing the bottles with 
butyl rubber septa and aluminium crimps, and then autoclaving at 

Fig. 1. Metabolic pathways occurring during the course of bioreactor experi-
ments: Wood-Ljungdahl pathway (upper part) used by acetogenic bacteria, and 
reverse β-oxidation cycle (bottom part) used by chain elongating organisms. 
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121 ◦C for 20 min. 

2.2. Bioreactor experiments with continuous syngas feeding 

The experiments were performed in 2 L Eppendorf BIOFLO 120 
bioreactors, with a working volume of 1.2 L, and at a constant tem-
perature of 30 ◦C (Eppendorf AG, Hamburg, Germany). Before inocu-
lation of C. kluyveri, the protocol followed was similar to that of Arslan 
et al. (2019) with slight modifications. In all the experiments, the pre-
viously described C. aceticum medium was introduced in the vessel, 
except for MgSO4⋅7H2O, L-cysteine-HCl, Na2S⋅9H2O and vitamins, and 
subsequently autoclaved for 20 min at 121 ◦C. After cooling down to 
room temperature (20 ◦C), the reactor medium was flushed with pure N2 
through a microsparger, for 1 h and a half, while stirring at 250 rpm. 
Thereafter, the N2 supply was stopped, and syngas feed was started using 
a constant flow rate of 10 mL/min, regulated by means of a mass flow 
controller (Aalborg GFC 17, Müllheim, Germany). The CO:CO2:H2:N2 
ratio in the syngas mixture was 30:5:15:50. Next, the pH was adjusted to 
7.5 and the autoclaved solutions of MgSO4⋅7H2O, L-cysteine-HCl and 
Na2S⋅9H2O were added through one of the reactor’s ports. A seed 
inoculum of C. aceticum (10% v/v, 120 mL) in early exponential growth 
phase and the corresponding vitamins were also introduced in the 
reactor. The pH was monitored on-line and adjusted, when needed, 
through the addition of HCl or NaOH 1 M solutions connected to peri-
staltic pumps. In order to avoid overpressure inside the system, a gas 
outlet port was used, from which the gaseous samples were also taken. 
The experimental set-up used is shown in Fig. 2. 

In all the experiments, once the desired ethanol concentration was 
reached after the solventogenic stage, 160 mL of C. kluyveri inoculum, 
with the corresponding vitamins, were added to the fermentation broth. 
On a daily basis, one or two liquid samples were withdrawn from the 
bioreactors with a sterile syringe for subsequent optical density mea-
surements at λ = 600 nm (OD600nm) and analysis of metabolites. Occa-
sionally, 1 mL gas samples were taken from the outlet of the bioreactors 
for H2, CO and CO2 determinations. These studies were carried out to 
study the behavior of C. aceticum and C. kluyveri co-cultures in a single 
bioreactor, combining syngas fermentation and chain elongation 
processes. 

2.3. Bottle batch experiments with C. aceticum 

In order to analyze the ability of C. aceticum to reduce n-butyrate to 
n-butanol, a batch bottle study was carried out with a pure culture of 
C. aceticum. To the previously described medium for this strain, 0.1 mL 
of n-butyric acid (99%) was added and the pH was subsequently 
adjusted to 7.5 with either HCl or NaOH 2 M. Next, the bottles were 
flushed first with N2 and then with CO in the liquid and headspace for 6 
min with each gas. Finally, the bottles were sealed with butyl rubber 
septa and aluminium crimps and autoclaved for 20 min at 121 ◦C. Once 
the bottles had cooled down to room temperature, 5 mL seed inoculum 
in the early exponential growth phase were transferred to each serum 
bottle (40 mL), and the corresponding vitamins were added. All bottles 
were incubated on an orbital shaker at 150 rpm and 33 ◦C. A daily liquid 
sample of 1 mL was withdrawn from each bottle for OD600nm measure-
ments and quantification of metabolites. 

2.4. Analytical methods 

OD600nm measurements, used to estimate growth, were done with a 
UV–visible spectrophotometer (Hitachi, Model U-200, Pacisa & Giralt, 
Madrid, Spain). The concentrations of acids and alcohols were deter-
mined by High Performance Liquid Chromatography (HPLC) (HP1100, 
Agilent Co., USA), with an Agilent Hi-Plex Column (300 × 7.7 mm) and 
both a diode array detector (DAD) and a refractive index detector (RID) 
maintained at 50 ◦C. A 0.005 M H2SO4 solution was used as mobile 
phase, with a flow rate of 0.80 mL/min and a column temperature of 
45 ◦C. All liquid samples were centrifuged at 7000 rpm during 5 min and 
filtered through 0.22 μm PTFE syringe filters. 

H2 and CO concentrations were analyzed by gas chromatography 
(GC, Agilent Technologies, Madrid, Spain). The GC consisted of a ther-
mal conductivity detector (TCD) and a 15-m HP-PLOT Molecular Sieve 5 
A column (0.53 mm ID, 50 μm film thickness). The temperature program 
was the same as reported in Arslan et al. (2019). 

Fig. 2. Experimental set-up used in studies with stirred tank bioreactors continuously fed syngas.  
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3. Results and discussion 

3.1. Bioreactor experiments with continuous syngas feed 

3.1.1. MCFAs production by the co-culture of C. aceticum and C. kluyveri 
Solvent-producing acetogenic bacteria, fermenting C1 gases, will 

generally first produce volatile fatty acids (VFAs), which will then 
further be converted into solvents (Fernández-Naveira et al., 2019). 
Besides, higher pH values, close to the optimal for growth, have been 
found to be beneficial both for growth and acid production in acetogens 
(Gildemyn et al., 2017). Therefore, the pH was set at 7.5 on starting the 
bioreactor experiment with C. aceticum and it was maintained constant 
during the lag phase (62 h). 

Then, once exponential growth and acetate production were 
observed, pH regulation was stopped in order to allow acidification and 
stimulate solventogenesis. The OD600nm and acetate concentration 
reached then 0.87 and 1 g/L, respectively (Figs. 3 and 4). Thereafter, 
OD600nm increased exponentially up to a maximum value of 2.1 at pH 
7.14 (t = 91 h). In the following days, the pH dropped to 6.58 (t = 134 
h), with an acetate concentration of 4.6 g/L at that pH. In order to avoid 
any possible inhibitory effect, and since the lowest pH supported by 
C. aceticum is not reported in the literature, the pH was adjusted to 6.9 at 
this point. This new pH value was maintained for 4 days, during which 
OD600nm slowly declined from 1.97 to 1.70, and the acetate concentra-
tion continued to increase steadily up to 9 g/L after 230 h. Since no 
ethanol production was observed, the pH was decreased to 6.8 and an 
increase in ethanol concentration was noticed, up to 329 mg/L, at t =
305 h (Figs. 3 and 4). The pH was then further lowered by 0.05 unit 
intervals in search of a value at which higher ethanol productivity could 
occur without compromising the biomass concentration. The ethanol 
concentration reached 3.2 g/L at t = 542 h and pH 6.5; however, the 
OD600nm dropped significantly from 1.6 to 1.3, so the pH was slightly 
increased again, to 6.6, to circumvent further biomass decay. Though 
OD600nm had been gradually increasing again, reaching a maximum of 
2.6, at t = 407 h; from this point onwards, it followed a declining trend, a 
behavior previously reported with this strain at low pH (Arslan et al., 
2019). On the other hand, acetate, which had reached a maximum 
concentration of 15.9 g/L, decreased for the first time to 15.4 g/L, at t =
496 h, while an increase of 0.9 g/L in ethanol concentration was 
observed at the same time. This indicated that acetate was being con-
verted to ethanol at a faster rate than its de-novo synthesis. 

Next, at t = 593 h, 160 mL of a C. kluyveri culture in early exponential 
phase was inoculated in the reactor, when the acetate and ethanol 

concentrations were 14.7 and 3.2 g/L, respectively. It has been shown 
that C. kluyveri is not inhibited at acetate concentrations below 15 g/L 
(Candry et al., 2018). However, the chain elongation process requires an 
excess of ethanol over carboxylates and a high ethanol:acetate ratio can 
promote the production of longer chain fatty acids, such as n-caprylate 
versus n-caproate (Kucek et al., 2016). As a consequence of the inocu-
lation of C. kluyveri, the ethanol concentration rose to 3.7 g/L, due to its 
presence in that inoculum, and OD600nm decreased from 1.2 to 1, 
because of the dilution effect, but then increased to 1.3, at t = 695 h, 
proving that C. kluyveri was efficiently growing. The initial n-caproate 
concentration of 490 mg/L, carried over from the inoculum, rapidly 
increased to 1.7 g/L, between t = 594 h and 695 h. Simultaneously, the 
concentration of n-butyrate, another product of C. kluyveri, increased 
from 220 mg/L to 4.3 g/L. These bioconversions result from various 
reactions. On the one hand, acetogens convert C1 gases from syngas into 
acetate and ethanol according to Reactions 1–7 (Diender et al., 2016; 
Fernández-Naveira et al., 2017). 

4CO+ 2H2O→CH3COO− + H+ + 2CO2 (1)  

4H2 + 2CO2→CH3COO− + H+ + 2H2O (2)  

2CO+ 2H2→CH3COO− + H+ (3)  

6CO+ 3H2O→C2H5OH + 4CO2 (4)  

6H2 + 2CO2→C2H5OH + 3H2O (5)  

2CO+ 4H2→C2H5OH + H2O (6)  

3CO+ 3H2→C2H5OH + CO2 (7) 

On the other hand, C. kluyveri uses ethanol as the electron donor and 
acetate as the electron acceptor to produce n-butyrate, which can further 
be elongated to n-caproate. The overall reactions, whose stoichiometry 
depend on the available substrate concentrations, are shown in Re-
actions 8 and 9 (Diender et al., 2016). 

6C2H5OH+ 4CH3COO− →5C3H7COO− + H+ + 3H2O + 2H2 (8)  

6C2H5OH+ 5C3H7COO− →5C5H11COO− + CH3COO− + H+ + 3H2O

+ 2H2 (9) 

It is therefore difficult to estimate exactly how much ethanol and 

Fig. 3. Metabolites concentrations in the culture broth with the co-culture 
(C. aceticum + C. kluyveri) (left axis) and the working pH (right axis) versus 
time (h) during the 1st bioreactor experiment. 

Fig. 4. Optical density profile (λ = 600 nm) versus time (h) in the 1st biore-
actor experiment. 
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acetate are produced by C. aceticum. Nevertheless, it can be deduced that 
the consumption rates of acetate and ethanol by C. kluyveri are higher 
than their production rates by C. aceticum. It was even necessary, at t =
695 h, to supply exogenous ethanol (9 mL) upon its depletion. This 
addition increased the ethanol concentration up to 4 g/L. Owing to the 
renewed availability of the electron donor, n-butyrate and n-caproate 
continued to accumulate via chain elongation, reaching 5.9 and 3 g/L, 
respectively, at t = 719 h, before adding 12 mL ethanol again. This 
resulted in an ethanol concentration of 6.7 g/L, which was basically 
consumed in the following 100 h; and the n-caproate concentration (7.5 
g/L) was for the first time higher than for n-butyrate (6.9 g/L). This 
means that, for a large part of the experiment, Reaction 8 was favored 
over Reaction 9, leading to n-butyrate accumulation. According to the 
stoichiometry presented in Reactions 8 and 9, the Gibbs free energies 
(ΔG0) for these reactions were calculated using the Gibbs free energies 
of formation of products and reactants (Chase, 1998; Thauer et al., 
1977). The ΔG0 for Reaction 8 is 51.87 kJ/mol, while the ΔG0 for 
Reaction 9 is − 345 kJ/mol, so thermodynamically, Reaction 9 would 
be favored. Therefore, the accumulation of n-butyrate over n-caproate, 
before t = 760 h, could be explained by kinetic rather than thermody-
namic aspects. Also, it is known that increasing the ethanol:acetate 
molar ratio improves the accumulation of longer chain fatty acids, i.e. 
n-caproate over n-butyrate (Kucek et al., 2016), so the lack of an 
adequate ethanol:acetate ratio could be another reason that explains this 
fact. Even so, it sounds reasonable to believe that a certain amount of 
n-butyrate has to be formed first, since it is the precursor for the for-
mation of n-caproate. Fig. 3 shows that n-butyrate accumulation started 
to slow down when the acetate concentration was around 8 g/L. Above 
this value, Reaction 9 was hindered somehow. Finally, 12 mL ethanol 
(5.8 g/L) was supplied again, though it was not completely exhausted as 
OD600nm started to drop dramatically to 0.4 in a few hours. The final 
n-caproate, n-butyrate, acetate and ethanol concentrations were 8.2, 
7.0, 6.4 and 5.7 g/L, respectively. It is worth mentioning that, with the 
inoculation of C. kluyveri, H2 production was continuously detected, at 
trace levels, until the end of the experiment. Part of the hydrogen pro-
vided by C. kluyveri can be used by C. aceticum. Also, CO was never 
detected in any of the gas samples taken from the bioreactor outlet, 
suggesting that CO was fully utilized by C. aceticum. 

The behavior of C. aceticum, prior to the inoculation of C. kluyveri, 
differs somewhat from other works. For example, Arslan et al. (2019) 
achieved a maximum ethanol concentration of 5.7 g/L by applying a 
cyclic pH shifting approach. In that study, the initial growth pH was 8 
instead of 7.5 and the highest production of alcohols occurred at pH 
6.8–6.9, after natural acidification (Arslan et al., 2019). In contrast, in 
the present work, although the first appearance of ethanol occurred at 
pH 6.8, its production rate was slow, while reducing the pH to 6.6 
increased this rate. In any case, biomass decline is expectedat these pH 
levels, when ethanol is produced with basically no ATP generation nor 
energy conservation (Schuchmann and Müller, 2014). 

3.1.2. n-Butanol production by the co-culture of C. aceticum and 
C. kluyveri 

The previously described bioreactor experiment demonstrates that a 
co-culture of C. aceticum and C. kluyveri is able to produce n-caproate 
from syngas, at near neutral pH. Furthermore, it shows that solvento-
genesis in C. aceticum took place at high rate at pH close to 6.6. Based on 
this, a second bioreactor was started up in which the pH was maintained 
at 6.6 immediately after natural acidification. This was expected to favor 
earlier ethanol production and avoid excessive accumulation of acetate 
observed in the previous assay. Therefore, the goal of the present 
experiment was to study MCFAs accumulation and the behavior of the 
co-culture adopting this new pH strategy. 

Initially, as in the previous experiment, the pH was adjusted to 7.5, 
before inoculation of C. aceticum. After a lag phase of about 2 days, and 
once OD600nm reached 0.5, pH regulation was stopped allowing natural 
acidification and accumulation of 563 mg/L acetic acid at that time 

(Figs. 5 and 6). Consequently, the pH gradually decreased and OD600nm 
reached its maximum value of 2.6 after 118 h, when the pH was 6.93. 
The pH continued to drop naturally to 6.62 and then it was maintained 
at 6.6 after t = 136 h, when the acetate and ethanol concentrations were 
3.8 g/L and 242 mg/L, respectively. However, in the previous experi-
ment the pH was adjusted to 6.6 when the acetate and ethanol con-
centrations had already increased up to 15.7 and 1.3 g/L, respectively. 
The pH value of 6.6 was first maintained, for the next 89 h, but was then 
increased again to 6.7 because of the observed biomass decay and 
OD600nm dropping to 1.3. Furthermore, at this stage, the acetate con-
centration started to decrease, and ethanol concentration increased. Just 
before inoculating 160 mL of C. kluyveri seed culture into the bioreactor, 
the concentrations of acetate and ethanol, at t = 310 h, were 3.9 g/L and 
1.5 g/L, respectively, corresponding to an ethanol:acetate molar ratio of 
0.5, which was indeed higher than the ratio of 0.28 of the previous 
described experiment, as successfully planned with this new pH- 
strategy. Nonetheless, at the same time, this led to lower net total con-
centrations of the electron donor and the electron acceptor than in the 
previous experiment, due to the earlier pH drop. The inoculation of 
C. kluyveri led to a dilution effect of previously accumulated metabolites 
and the presence of n-butyrate and n-caproate, whose concentrations 
were respectively 235 mg/L and 719 mg/L. At this point, OD600nm 
started dropping dramatically, attributed to the decay of C. aceticum. 
Several attempts were made in order to try to reactivate the strain by 
raising the pH again. Although the optimum pH for solventogenesis in 
C. aceticum is slightly below neutral; optimal growth conditions require 
a more alkaline pH. Conversely, C. kluyveri′s optimal activity and growth 
pH is closer to neutrality. Therefore, at t = 520 h, and only two days after 
raising the pH from 6.7 to 7.5, the biomass exhibited a sudden growth, 
with OD600nm increasing from 0.4 to 1.5. At that pH, it was hypothesized 
that mainly C. aceticum had grown, since increases of OD600nm values do 
not allow to distinguish which organism is growing most. On the other 
hand, according to the consumption and production profiles, the activity 
of C. kluyveri started 7 days after its inoculation (at t = 480 h), with an 
increase in n-butyrate concentration and ethanol consumption. From 
this point onwards, the concentration of n-butyrate remained higher 
than n-caproate, reaching maximum values of 1.96 g/L and 1.14 g/L, 
respectively. This behavior was also observed in the previous experi-
ment, especially in the first days after inoculation of C. kluyveri, when 
the ethanol:acetate ratio was lower, though, finally, more n-caproate 
than n-butyrate did accumulate, but only at the end of the study, when 
the ethanol:acetate ratio was higher. 

Finally, unexpectedly, considerable amounts of n-butanol were first 

Fig. 5. Metabolites concentrations in the culture broth with the co-culture 
(C. aceticum + C. kluyveri) (left axis) and the working pH (right axis) versus 
time (h) during the 2nd bioreactor experiment. 
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found at t = 900 h, reaching a maximum concentration of 719 mg/L. In 
the first bioreactor experiment, n-butanol production had also been 
observed after inoculation of C. kluyveri, but at concentrations below 
200 mg/L. No n-hexanol production was found during any of the ex-
periments. To date, C. aceticum has never been reported to produce n- 
butanol in pure culture. A slight decrease in the concentration of n- 
butyrate could be observed, concomitant with the appearance of n- 
butanol, indicating that this should be a reduction process from acid 
towards alcohol using syngas as a source of energy and electrons 
(reductive power). 

This bioconversion of acids to the corresponding alcohols, not only 
for n-butanol, but also for n-hexanol and n-octanol, has occasionally 
been reported with other co-cultures as well as with mixed cultures 
(Diender et al., 2016; Ganigué et al., 2016; Richter et al., 2016). Nor-
mally, this process would be favored at lower pH, since the percentage of 
undissociated n-butyric acid, which is the substrate for the reduction, is 
higher. However, at pH < 7, C. aceticum loses part of its activity. 
Furthermore, the pKa of the VFAs and MCFAs is in the range of 4.7–4.8 
(Lonkar et al., 2016), which means that at pH close to 7, most of the acid 
will be in the carboxylate form, and n-butanol production is not ex-
pected to be high under these conditions. 

Richter et al. (2016) found considerable amounts of long chain bio-
alcohols in the condensate of their system using a C. ljungdahlii +
C. kluyeri co-culture. It occurred presumably as a consequence of the 
reduction, by C. ljungdahlii, of carboxylates already formed. Concen-
trations of n-butanol and n-hexanol of, respectively, 4.21 g/L (56.8 mM) 
and 4.73 g/L (46.3 mM), were obtained. Non negligible amounts of 
n-octanol were also found, reaching 0.78 g/L (6 mM). However, the 
authors state that even if a co-culture in which the strains are compatible 
in terms of pH is used, and an extraction system is set up to keep the 
concentration of alcohols low, thus avoiding inhibition, the specificities 
of long chain bioalcohols would never be high anyway. This is owing to 
the two competitive processes, i.e., chain elongation and carboxylate 
reduction. 

3.1.3. Strengths and limitations of the system and comparison with other 
co-cultures 

It was deduced, from both experiments, that the two critical pa-
rameters for achieving a better stability of the co-culture of C. aceticum 
and C. kluyveri and high production of longer chain metabolites are: (a) 
achieving an adequate ethanol:acetate ratio without the need to add 
exogenous ethanol; and (b) identifying the best pH that does not 

compromise the activity of any of the strains. 
The challenging task of improving the rate of ethanol production by 

acetogenic bacteria was recently investigated by Benito-Vaquerizo et al. 
(2020). In their work, a metabolic model was developed to optimize the 
production of MCFAs in a syngas-fermenting co-culture of 
C. autoethanogenum and C. kluyveri. They found that ethanol production 
in C. autoethanogenum could be increased by blocking acetaldehyde 
dehydrogenase, formate dehydrogenase (ferredoxin) or the formate 
transport reaction via proton symport. This would allow an increase in 
ethanol production of up to 150% when H2 is used as a second electron 
source compared to wild-type C. autoethanogenum without any genetic 
modification. Also, it was found that the presence of C. kluyveri in 
co-culture with C. autoethanogenum triggers solventogenesis in the ace-
togen, presumably due to continuous ethanol elimination by C. kluyveri 
(Diender et al., 2019). Seemingly, C. kluyveri is considered to produce a 
stress response in C. autoethanogenum and the result is a promotion of the 
flow of electrons from CO to ethanol, a shift that is apparently controlled 
by thermodynamics and not by gene expression. In that co-culture, an 
excess of H2 supply (120 mmol⋅L-1⋅d− 1) led to an abrupt shift towards 
solventogenic activity of C. autoethanogenum, finding 45% of the total 
electrons in the products in the formation of ethanol, in contrast with 
20–30% when solely CO is used as substrate. 

On the other hand, the pH issue has been previously reported by 
Ganigué et al. (2016), who concluded that pH was a critical parameter 
for successfully combining syngas fermentation and chain elongation 
processes. In this case, the authors suggested a minimum pH range of 
4.7–4.8 to allow solventogenesis and growth of C. kluyveri at the same 
time in the mixed culture studied. A similar problem was faced by 
Diender et al. (2016), who studied a synthetic co-culture consisting of 
C. autoethanogenum and C. kluyveri in a single vessel capable of metab-
olizing CO and syngas. The authors chose an initial fermentation pH of 6, 
although the functional pH range of such co-culture was 5.5–6.5. Since 
their system had no pH control, the fact that the pH reached values 
above 6.5 during the experiment, as a result of solventogenic reactions, 
led to inhibition of C. autoethanogenum. Similarly, Richter et al. (2016) 
also employed a co-culture of C. ljungdahlii and C. kluyveri in a contin-
uous syngas fermentation system with in-line product extraction. In this 
case, the co-culture operated in a rather narrow pH range of 5.7–6.4, 
obtaining the highest average concentrations of n-butyrate and n-cap-
roate at pH 6.0. In the system presented in the present study, a similar 
issue needs to be dealt with. On the one hand, the applied pH range 
(6.6–7.5) corresponds to the operational pH of C. kluyveri (6.0–7.5), 
however, the limitation is imposed by the minimum pH supported by 
C. aceticum without abruptly losing its activity. A possible alternative to 
deal with this challenge would be the implementation of a cell recycling 
unit to maintain the OD600nm at values above 1 (Abubackar et al., 2018). 
Even so, one of the major benefits of the system presented in this study is 
precisely the more alkaline pH range used, since the concentration of 
undissociated acids is lower and therefore the toxicity exerted on the 
bacteria is also lower. Although the inhibitory effect of n-caproate has 
not been studied in detail in this work, Fig. 3 shows how from approx-
imately 4 g/L (34.4 mM), at t = 740 h, the chain elongation activity 
starts to cease. Candry et al. (2018) stated that n-caproate linearly in-
hibits the activity of C. kluyveri, with an upper limit of 91.3 ± 10.8 mM 
for a pH range of 7.4–8.2, whereas the toxicity limit observed by Diender 
et al. (2016) for a C. kluyveri + C. autoethanogenum co-culture is 12 mM 
at pH 6. So, this seems reasonable since the pH, when the activity of 
C. kluyveri started to decline, was 6.6 in the first bioreactor experiment. 

Table 1 shows the maximum concentrations of MCFAs and bio-
alcohols reached by co-cultures formed by some acetogen and 
C. kluyveri, reported in the literature. It can be seen that the concen-
trations of n-butyrate and n-caproate reported in the present work are 
the highest. This was also possible thanks to the external, additional, 
supply of ethanol whenever ethanol produced by C. aceticum got 
exhausted. The data reported by Diender et al. (2016) are concentrations 
estimated from the Gompertz equation and not the observed ones, since 

Fig. 6. Optical density profile (λ = 600 nm) versus time (h) in the 2nd biore-
actor experiment. 
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both n-butyrate and n-caproate are involved in other reactions (i.e. 
formation of n-caproate from n-butyrate and conversion to bioalcohols). 

3.2. Evidence of n-butyrate reduction to n-butanol in C. aceticum 

Although only few studies have reported on the fermentation of CO 
and syngas to MCFAs by co-cultures of acetogenic and chain elongating 
organisms, it is not unusual to end-up detecting higher alcohols besides 
MCFAs in such assays, as described before. The potential of some car-
boxydotrophic bacteria to convert different fatty acids into their corre-
sponding alcohols in presence of syngas has been demonstrated (Perez 
et al., 2013), so it is reasonable to consider that in these co-cultures the 
acetogenic strain is responsible for such bioconversion. A recent study 
reported that genes responsible for the production of n-butanol from 
acetyl-CoA were detected in C. aceticum, though the production of 
n-butanol in pure cultures of that species has never been reported so far 
(Song et al., 2015). These experiments provide clear experimental evi-
dence that the acetogen C. aceticum can produce n-butanol from 
n-butyrate in pure culture. The data are summarized and plotted, 
respectively, in Table 2 and Fig. 7. After inoculation of the strain, no 
biomass growth was observed for almost two weeks, resulting in a lag 
phase of 332 h (data not shown). This suggests that perhaps n-butyrate 
contained in the medium may have had some inhibitory effect on the 
strain. Nevertheless, the acetate concentration had been slowly 
increasing from its original concentration of 187 mg/L to 405 mg/L, 
within the first 6 days. Then, once significant bacterial growth started, a 
sudden increase in acetate concentration was observed, reaching its 
maximal concentration of 1.41 g/L, after 403 h, and with a concomitant 
fast pH decrease. The maximum n-butanol concentration reached was 
951 mg/L. According to a mass balance calculation, the amount 
n-butyrate metabolized by C. aceticum and reduced to n-butanol was 
96%, clearly demonstrating that all that n-butyrate must have been 
transformed and reduced to the corresponding alcohol. On the other 
hand, the highest n-butanol production rate occurred when the pH was 
close to 7; however, since it was not possible to control the pH inside the 
bottles, the effect of pH on n-butanol production could not be thoroughly 
investigated in this study. Furthermore, a final ethanol concentration of 
234 mg/L (t = 403 h) was also detected, which resulted from sol-
ventogenesis and conversion of CO to ethanol, as such reaction was 
recently proven to be possible in C. aceticum at a pH close to 7 (Arslan 
et al., 2019). 

Therefore, in the above-described co-culture fermentation, it can be 
ascertained that C. kluyveri is in charge of elongating acetic acid, pro-
duced by C. aceticum, into n-butyric acid, which is later converted to n- 
butanol by the acetogenic strain. In the co-culture of this work, the 
biological reduction of n-butyrate by C. aceticum did not exceed 49%, 
which was possibly due to the lower concentration of undissociated n- 
butyric acid at the working pH range (6.99–7.77) in comparison with 
more acidic conditions, as explained by Richter et al. (2016) for 
C. ljungdahlii. Thus, although those bacteria seem not to have the 
enzymatic machinery to convert C1 gases to n-butyrate, they are able to 
convert that acid into n-butanol. 

4. Conclusions 

This research demonstrated the suitability to combine syngas 
fermentation and chain elongation technologies in one single bioreactor 
to produce MCFAs and bioalcohols. For this purpose, a co-culture con-
sisting of C. aceticum (acetogen) and C. kluyveri (chain elongating 
microorganism) was successfully used in a pH range of 6.6–7.5. This 
work used C. aceticum for the first time as a new acetogenic bacterium 
able to co-exist with C. kluyveri at pH values close to neutrality, which 
had never been tested before, thus contributing to progress beyond the 
state of the art. All previous co-cultures of this type, with other ace-
togens, reported in the literature, operated at lower pH ranges. The 
present system is more advantageous in that respect, as the proportion of Ta
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carboxylates is higher, while they are more soluble and exert a lower 
inhibitory effect on the microorganisms, thus improving the produc-
tivity of MCFAs. However, two main limitations exist, i.e., the ethanol: 
acetate ratio achieved before inoculation of C. kluyveri, which was lower 
than 1; and the drop in C. aceticum activity at pH levels close to the 
optimum growth pH of C. kluyveri. Therefore, these would be the key 
factors to be optimized in future research. The implementation of a cell 
recycling unit to help maintain stable OD600nm values, changing the pH 
strategy or genetic engineering are some aspects that could be consid-
ered as well. Besides, other aspects that would be worth being further 
studied are the implementation of an n-caproate removal system, which 
avoids inhibition and stimulates the production of MCFAs; the elucida-
tion of the optimal conditions for n-butanol production; and testing 
additional experimental configurations that improve mass transfer. 

In the co-culture bioreactor experiments, the maximum concentra-
tion of n-caproate and n-butyrate were, respectively, 8.2 and 7.0 g/L, 
using exogenous ethanol as an additional source of electrons at some 
point, besides the naturally produced alcohol. Also, n-butanol was 
detected in the culture broth, at concentrations up to 719 mg/L. On the 
other hand, the potential of C. aceticum to reduce n-butyrate to n- 
butanol, in pure culture, using CO was demonstrated on an experimental 
basis for the first time, producing up to 951 mg/L n-butanol in a batch 
bottle assay. These facts suggest that in this type of co-culture, the 
acetogen takes care of the metabolic reduction of the carboxylates, 
previously formed by C. kluyveri, to the corresponding alcohols. 

To sum up, this approach is a sustainable alternative for the bio-
production of commercially interesting chemicals and biofuels from 
gaseous emissions from diverse industries (e.g., steel industries) at 
ambient temperature and atmospheric pressure, and with flexible ratios 
of the gaseous compounds. 
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Table 2 
Experimental conditions of the bottle assay with a pure culture of C. aceticum 
grown on CO and in the presence of n-butyrate.  
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Fig. 7. Metabolites production by C. aceticum grown on CO and in presence of 
n-butyrate. 
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Siles, J.Á., Martín, M.D.L.Á., Martín, A., Raposo, F., Borja, R., 2007. Anaerobic digestion 
of wastewater derived from the pressing of orange peel generated in orange juice 
production. J. Agric. Food Chem. 55, 1905–1914. https://doi.org/10.1021/ 
jf0630623. 

Song, Y., Hwang, S., Cho, B.-K., 2015. Draft genome sequence of Clostridium aceticum 
DSM 1496, a potential butanol producer through syngas fermentation. Genome 
Announc. 3, e00258. https://doi.org/10.1128/genomeA.00258-15. 

Spirito, C.M., Richter, H., Rabaey, K., Stams, A.J.M., Angenent, L.T., 2014. Chain 
elongation in anaerobic reactor microbiomes to recover resources from waste. Curr. 
Opin. Biotechnol. 27, 115–122. https://doi.org/10.1016/j.copbio.2014.01.003. 

Steinbusch, K.J.J., Hamelers, H.V.M., Plugge, C.M., Buisman, C.J.N., 2011. Biological 
formation of caproate and caprylate from acetate: fuel and chemical production from 
low grade biomass. Energy Environ. Sci. 4, 216–224. https://doi.org/10.1039/ 
c0ee00282h. 

Thauer, R.K., Jungermann, K., Decker, K., 1977. Energy conservation in chemotrophic 
anaerobic bacteria. Bacteriol. Rev. 41, 100–180. 

C. Fernández-Blanco et al.                                                                                                                                                                                                                    

https://doi.org/10.1186/s13068-017-0764-6
https://doi.org/10.1186/s13068-017-0764-6
https://doi.org/10.1016/j.biortech.2012.10.165
https://doi.org/10.1016/j.biortech.2012.10.165
https://doi.org/10.1016/j.jes.2019.05.018
https://doi.org/10.1016/j.copbio.2007.03.008
https://doi.org/10.1016/j.copbio.2007.03.008
https://doi.org/10.1016/j.biortech.2021.125388
https://doi.org/10.1002/jctb.4842
https://doi.org/10.1039/c6ee01487a
https://doi.org/10.1099/00221287-133-12-3557
https://doi.org/10.1002/bit.26024
https://doi.org/10.1002/bit.26808
https://doi.org/10.1002/bit.26808
https://doi.org/10.1002/bit.24786
https://doi.org/10.1002/bit.24786
https://doi.org/10.1016/j.biortech.2015.04.043
https://doi.org/10.1016/j.biortech.2020.123400
https://doi.org/10.1016/j.biortech.2020.123400
https://doi.org/10.1002/bbb.1924
https://doi.org/10.1002/bbb.1924
https://doi.org/10.1016/j.jclepro.2017.12.166
https://doi.org/10.1016/j.jclepro.2017.12.166
https://doi.org/10.3389/fmicb.2016.01773
https://doi.org/10.3389/fmicb.2016.01773
https://doi.org/10.1016/j.biortech.2019.122659
https://doi.org/10.1038/nbt.4022
https://doi.org/10.1038/nbt.4022
https://doi.org/10.1038/nrmicro3365
https://doi.org/10.1021/jf0630623
https://doi.org/10.1021/jf0630623
https://doi.org/10.1128/genomeA.00258-15
https://doi.org/10.1016/j.copbio.2014.01.003
https://doi.org/10.1039/c0ee00282h
https://doi.org/10.1039/c0ee00282h
http://refhub.elsevier.com/S0301-4797(21)02054-5/sref41
http://refhub.elsevier.com/S0301-4797(21)02054-5/sref41

	Efficient production of n-caproate from syngas by a co-culture of Clostridium aceticum and Clostridium kluyveri
	1 Introduction
	2 Material and methods
	2.1 Microbial strains and culture media
	2.2 Bioreactor experiments with continuous syngas feeding
	2.3 Bottle batch experiments with C. aceticum
	2.4 Analytical methods

	3 Results and discussion
	3.1 Bioreactor experiments with continuous syngas feed
	3.1.1 MCFAs production by the co-culture of C. aceticum and C. kluyveri
	3.1.2 n-Butanol production by the co-culture of C. aceticum and C. kluyveri
	3.1.3 Strengths and limitations of the system and comparison with other co-cultures

	3.2 Evidence of n-butyrate reduction to n-butanol in C. aceticum

	4 Conclusions
	Credit author statement
	Declaration of competing interest
	Acknowledgements
	References


