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A B S T R A C T

Syngas fermentation is a promising bioprocessing method that utilises autotrophic organisms to convert C1 gases, 
such as CO and CO2, into valuable chemicals, offering both environmental and economic benefits. Despite these 
advantages, the industrial application of gas fermentation remains limited owing to challenges in productivity 
associated with gas substrates. While previous studies have focused on optimizing reactor design, mass transfer, 
and growth medium as solutions to these specific challenges, the direct correlation between cell viability and 
productivity remains unexplored. To address this gap, this study investigates the viability of the acetogenic strain 
Eubacterium callanderi KIST612 and its impact on acetate production across various operational modes. Unlike 
conventional single-reactor systems, a dual-reactor strategy was implemented to enhance viable cell retention, 
leading to improved process efficiency. This approach significantly increased the total carbon conversion rate to 
9.30 mmol h⁻¹ and the specific productivity of viable cells to 0.13 g gcell⁻¹ h⁻¹ , ultimately achieving the highest 
acetate titer (34.4 g L⁻¹) with > 53 % cell viability. These findings represent a major advancement over previous 
studies, demonstrating that maintaining cell viability is critical for optimizing acetate productivity. By inte
grating viability control into process operations, this study presents a scalable and efficient strategy to enhance 
gas fermentation performance, improve substrate conversion efficiency, and expand biochemical production 
potential for industrial applications.

1. Introduction

Bioprocessing utilizes microbial metabolism to efficiently and sus
tainably convert raw materials into valuable products [1,2]. It aims to 
balance titer, rates, and yield (TRY metrics) while minimizing GHG 
emissions, ensuring industrial feasibility and environmental sustain
ability [3–5]. Syngas fermentation is a promising bioprocessing tech
nique. Autotrophic organisms serve as alternatives for heterotrophic 
organism that ferment carbohydrate fermentation, for example. In this 
approach, instead of breaking down C5 or C6 sugar units, microbes build 
up C2-C6 products from C1 units, such as carbon monoxide or carbon 
dioxide [6]. Syngas, which primarily consists of CO, CO2 and H2 can be 
found in waste gases from heavy industries, such as steel mills, waste 
incineration plants, and refineries, or in synthesis gas generated from 

any biomass resource, such as unsorted and non-recyclable municipal 
solid waste or organic industrial waste. The sources of these C1 gases 
suggest that gas fermentation, which upcycles C1 units in waste gases 
using microbes, can be a more environmentally friendly and valuable 
technology compared to conventional chemical processes for waste gas 
treatment [7–9].

Acetogens are representative gas-fermenting bacteria that upcycle 
carbon oxides through the Wood-Ljungdahl pathway (WLP). Carbon 
dioxide is utilised as the starting material and is reduced to methylte
trahydrofolate (consuming one ATP) and carbon monoxide in the 
methyl and carbonyl branches of the WLP, respectively [10,11]. Because 
carbon monoxide is an intermediate in the WLP, many acetogens can 
utilise carbon oxides as both carbon and energy sources [12–14]. The 
produced methyltetrahydrofolate and carbon monoxide are condensed 
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into acetyl-CoA, a precursor of various metabolites and products (by 
acetyl-CoA synthase) [10,15]. Acetate can be generated from acetyl-CoA 
by securing one equivalent of ATP via two enzymatic reactions (using 
phosphotransacetylase and acetate kinase). Because of this ATP gener
ation, most acetogens produce acetate as a single or major product 
during gas fermentation [16]. Although some acetogens can produce 
other chemicals (e.g. butyrate, ethanol, and butanol), the ATP yield per 
unit of syngas converted decreases as the metabolic pathways become 
more complex [17]. Acetate production is also industrially relevant, as 
acetate serves as a versatile platform chemical for producing various 
value-added products. The simplicity and efficiency of the acetate pro
duction pathway make it economically favourable for large-scale gas 
fermentation processes [18,19]. To date, several strains have been 
evaluated with the aim of enhancing the industrial capabilities in terms 
of metabolic efficiency and scalability, such as Acetobacterium woodii, 
Clostridium autoethanogenum, Eubacterium callanderi, Moorella thermoa
cetica, and Sporomusa ovata [20–23]. This study utilised E. callanderi 
KIST612, a methylotrophic acetogen known for its ability to effectively 
convert syngas into acetate via the Wood-Ljungdahl pathway [24]. 
Additionally, its metabolic versatility in converting C1 gas into various 
metabolites has been extensively studied, making it an ideal model 
strain for investigating the challenges of C1 gas utilisation and devel
oping process-level strategies to overcome these limitations [21,25].

The utilisation of C1 gases to autotrophically produce C2-C6 com
pounds presents challenges compared to carbohydrate substrates, due to 
the need for synthesizing longer carbon chains. Despite the development 
of syngas fermentation leading to the operation of industrial plants, 
several areas still require improvement and further research, primarily 
due to the low carbon conversion rate, gas-liquid mass transfer and 
productivity associated with gas substrates [26]. To overcome these 
limitations, many studies have focused on increasing the biomass con
centration to enhance process productivity. Various operational strate
gies, such as cell retention using external membranes and cell bleeding 
techniques, have been tested to secure higher biomass concentrations, 
which can lead to improved overall productivity [27,28]. Additionally, 
studies have shown that optimizing growth medium, gas mass transfer 
and process conditions resulted in higher productivity [29,30]. One of 
the commonly cited success factors of these studies is the improved 
microbial environmental conditions achieved through operational 
strategies. These strategies may have resulted in the retention of more 
viable cells and ultimately led to increased productivity. In previous 
studies, the cultivation of aerobic strains has been monitored in real time 
to assess cell viability, a critical parameter in bioprocess development. 
For instance, in a 10–15 mL working volume bioreactor, where glucose 
served as the primary substrate, viability was maintained at a maximum 
of 90 %, leading to the highest reported productivity of 16.2 g 
cell⁻¹ d⁻¹ [31]. Additionally, in research employing non-thermal plasma 
treatment, cell viability was used as a key indicator to evaluate meta
bolic modifications and productivity improvements in adapted yeast 
strains. In such cases, viability has often been analysed as a secondary 
parameter to interpret bioprocess efficiency [32]. However, there re
mains a lack of comprehensive analysis on the extent to which the 
retained and expectedly increased number of viable cells is secured, and, 
more importantly, how these cells quantitatively contribute to the pro
duction of target compounds. Addressing this knowledge gap is essential 
for optimizing bioprocess strategies and enhancing fermentation per
formance in industrial applications. To address these knowledge gaps, 
we aimed to further investigate the impact of process operations on cell 
viability, product titer, and productivity. In this study, we analysed 
correlations between changes in process operations and cell viability in 
syngas fermentation to acetate. Modifying the process to maintain high 
viability of E. callandri should lead to improved TRY metrics.

2. Materials and methods

2.1. Cultivation of microbial strain and growth media

E. callanderi KIST612 was cultivated in a vial with a working volume 
of 60 mL, using a gas mixture of CO and CO2 (CO:CO2 = 80:20) at 1 atm 
and maintained at 37◦C [25]. The cells were cultured in 
carbonate-buffered basal medium (CBBM), which included yeast 
extract, L-cysteine, NaHCO3, basal medium, trace element solution, and 
0.1 % resazurin solution. Additionally, 1 % sodium phosphate (prepared 
from 1 mol L− 1 NaH2PO4 and 0.5 mol L− 1 Na2HPO4) and 1 % vitamin 
solution were added to the vial for cultivation as shown in Table S2 [33].

2.2. Reactor setup and operating conditions

Custom-designed bubble column reactors (BCRs) with capacities of 
4 L (Reactor 1; working volume of 3 L) and 500 mL (Reactor 2; working 
volume of 0.35 L) were employed for gas fermentation [34,35]. Reactor 
1 was used for producing viable cells, while the Reactor 2 was for 
accumulating these cells. The set-up and operating conditions are shown 
in Fig. 1 and operation modes are described in Table 1. In all modes 
(single-stage and two-stage), the gas substrates were continuously sup
plied. The CO and CO₂ gas mixtures (CO:CO₂ = 80:20 and CO:CO₂ =
90:10) were supplied by Daedeok Gas (Republic of Korea) and intro
duced into the gas recirculation line (10 mL min⁻¹) through a flow meter 
(Kofloc, Japan). The CO to CO₂ ratio was selected based on prior studies 
to minimize limiting conditions [21,33,34]. Since CO is the primary 
carbon source for Eubacterium callanderi, a low CO ratio could lead to 
rapid depletion of dissolved CO, affecting microbial activity. Given the 
fixed reactor design, CO-rich conditions were initially used, and in the 
final mode, the CO ratio was increased to 90 % to assess its impact. The 
mixed gas in the recirculation line was introduced in the reactor through 
a sintered gas filter with a pore size of 10–16 μm (Daihan Science, Re
public of Korea). This gas inflow ranging from 0.06 to 0.86 vvm (volume 
of mixed gas per volume of liquid per minute). The pH was controlled at 
7.0, which is known to be the optimal condition for acetate production 
by E. callanderi KIST612, by adding 2 mol L⁻¹ NaOH through a control 
unit (R3610, Consort, Belgium). Different operational modes were 
applied using as growth medium SFM (sludge filtrate medium), CBBM or 
8XCBBM (Table S2). The fresh growth medium was replaced using 
dilution rates (D; h− 1) ranging from 0.012 to 0.018 h− 1. The dilution rate 
was determined based on our previous studies [21,29,33], where growth 
limitations under the current medium recipe were identified. Accord
ingly, the medium concentration was increased while the dilution rate 
was gradually reduced across operational modes. To obtain samples for 
product analysis, outflowing fermentation broth was filtered using a 
hollow-fibre membrane cartridge (CFP-2-E-3MA, GE Healthcare, USA) 
connected to Reactor 2. Except for the outflowing fermentation broth, 
the cells and broth continuously circulated (30 mL min− 1) between the 
reactor and the hollow fiber membrane [21]. During the S1 operation, 
the medium broth containing microorganisms was transferred from 
Reactor 1 to Reactor 2 (Fig. 1) once the cell concentration in Reactor 1 
reached 0.1–0.2 g L⁻¹ (S1). Following cell accumulation, the operation 
switched to S2 mode in Reactor 2, employing an 8X concentrated CBBM 
with a dilution rate of 0.018 h⁻¹ and a gas flow rate of 0.69 vvm. The 
growth medium was prepared in a 5-L glass vessel, autoclaved at 121◦C 
for 20 minutes, and purged with the same gas composition used in the 
gas fermentation process. The vessel was connected with a 10-L gas bag 
filled with the same gas (CO:CO2 = 80:20 and CO:CO2= 90:10) while 
continuously supplying growth medium into the reactor.

2.3. Analytical methods

Biomass and liquid samples were collected at 1 mL per sampling time 
from the liquid sampling point. The dry cell concentration Cx was 
determined by measuring absorbance at 600 nm using a UV–vis 
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spectrophotometer (V-730, JASCO, MD, USA). The total biomass con
centration was calculated by multiplying the measured OD value by a 
conversion factor of 0.27 gX,total OD− 1 [25]. The gas was sampled using a 
100 µl sample lock syringe (Hamilton, Schweiz). Gas composition was 
analysed with a gas chromatograph (GC; ACME 6100, Young Lin In
strument Co., Korea) equipped with a thermal conductivity detector 
(TCD). To separate the gas components, a carbon molecular sieve col
umn (Carboxen 1000, 60/80 mesh, Supelco, Park, Bellefonte, PA, USA) 
was used in the oven. Liquid metabolites were analysed using a gas 
chromatograph (GC; ACME 6000, Young Lin Instrument Co.) fitted with 
a flame ionization detector (FID). A capillary column (AquaWax, All
tech, Deerfield, IL, USA) was used to separate chemical species in the 
oven. The injector temperature was maintained at 250◦C with a flow 
rate of 2.0 mL min⁻¹ .

2.4. Definition of viable cells and dye staining for cell viability

In this study, ’viable cells’ are not defined as a strict distinction be
tween fully live and dead cells, but as microorganisms exhibiting high 
levels of activity. The analysis of viability was conducted based on the 
proportion of highly viable cells by using PI (propidium iodide) and 
CFDA (carboxyfluorescein diacetate) staining, where CFDA indicates 
viable cells by emitting green fluorescence, and PI stains non-viable cells 
by emitting red fluorescence. A PI solution was prepared by dissolving it 
in distilled water to achieve a final concentration of 0.5 mg mL− 1. A 
CFDA solution was prepared by dissolving 9 mg in a mixture of 1 mL 
DMSO (dimethyl sulfoxide) and 9 mL distilled water, resulting in a final 
concentration of 0.9 mg mL− 1. Both solutions were stored in a refrig
erator [36–38]. To ensure the accuracy of the viability measurements for 
E. callanderi KIST612, all processes were conducted in a glove box under 
N2 condition to avoid damage by oxygen. The OD of the samples was 
measured at 600 nm, and the samples were diluted based on an OD of 

Fig. 1. Schematic diagram of cell accumulated gas fermentation reactor operation. Reactor 1 for viable cell growth, Reactor 2 for cell accumulation.

M. Lee et al.                                                                                                                                                                                                                                      Journal of Environmental Chemical Engineering 13 (2025) 116531 

3 



0.83 for flow cytometry (CyFlow, Partec, Japan). The samples and dyes 
were mixed in a 2:1:1 vol ratio (sample:PI:CFDA) and incubated in the 
dark at 37 ◦C for 15 min for staining (Fig. S1).

2.5. Calculation of specific productivity

The volume-specific productivity rp (g L− 1h− 1) was calculated using 
the following equations: 

VL
dCP

dt
= QinCP,in − QoutCP − rPVL (1) 

Where CP,in represents the initial concentration of the product, VL 
represents the working volume, and Qin represents medium flow rate (L 
h− 1).

Volumetric productivity can be derived by integrating Eq. (1) as 
follows (Equation S1- S10): 

rP =
D(Ct1 − eDΔt × Ct2)

1 − eDΔt (2) 

where Ct represents the product concentration (g L− 1) at time t, and 
Δt is the difference between sampling time that measure the product 
concentration.

The total biomass-specific productivity qP,total(gP gX,total
− 1 h− 1) was 

calculated using Eq. (3). 

qP,total =
rP

CX,total
(3) 

The viable biomass concentration (CX,viable), specific growth rate (μ, 
h− 1) and viable biomass-specific productivity of viable cells (qP,active, gp 
gX,viable
− 1 h− 1) was calculated according to Eq. (4), Eq. (5) and Eq. (6), 

where v represents cell viability (%) Since a membrane is used in the 
system, no cell outflow occurs.

. 

CX,viable =
CX,total

v
(4) 

μ =
1
CX

dCX

dt
(5) 

qP,viable =
rP

CX,viable
(6) 

2.6. Statistical Analysis

The correlation coefficient was calculated using the Pearson’s cor
relation coefficient equation: 

rXY =

∑n
i (Xi − X)(Yi − Y)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i (Xi − X)2
√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑n
i (Yi − Y)2

√ (7) 

where rXY represents correlation coefficient, Xi represents values of 
the variable X, and X represents average of variables.

3. Results and discussion

3.1. Cell viability in different operation modes in gas fermentation

Cell viability and total biomass concentration were assessed during 
gas fermentation in a single bioreactor (Reactor 2) to elucidate the dif
ferences between various operational modes, as shown in Fig. 2. For the 
initial three days, the bioreactor was operated in batch mode with a 
continuous gas supply. During this period, the total biomass concen
tration increased linearly to 0.78 g L⁻¹ , while cell viability declined to 
40 %, possibly due to nutrient limitations associated with early stage 
batch-mode operation. A similar rapid decline has been observed in 
other strains under batch and fed-batch conditions, suggesting that one 
or more operational factors act as limiting constraints, reducing cell 
viability [39,40]. Upon transitioning to continuous medium supply, the 
total biomass concentration increased gradually to 0.95 g L− 1 and the 
cell viability increased to 73 %. This increase in viability appears to be a 
result of the accelerated viable cell growth and cell performance due to 
the additional nutrients provided by the continuous mode. As the 
biomass concentration gradually increased to 1.21 g L⁻¹ (0.85 g L⁻¹ of 
viable biomass concentration), the higher cell density let to an increased 
demand for nutrients and gases. Consequently, the viability did not 
improve further and gradually decreased. At day 8, although no steady 
state had been achieved considering the cell concentration, it was 
confirmed that viability remained stable. To observe changes under 
these conditions, the operation mode was shifted from continuous mode 
to titer production mode (Table 1). This change involved reducing the 
dilution rate to 0.012 h− 1 and increasing the concentration of the 
growth medium (8X CBBM). The total biomass concentration increased 
to 3 g L− 1 but the viable biomass concentration remained in the range of 
0.85 ± 0.13 g L− 1 as cell viability declined to 24 %. Although tran
sitioning to continuous medium supply initially boosted viability and 
biomass concentration, the increasing demand for nutrients and gases as 

Table 1 
Operation condition of E. callanderi KIST612.

Name of Operation Reactor Growth medium Gas substrate

Mode Type CO:CO2 vvm mL min¡1

Batch R2 Batch CBBM 80:20 0.06–0.69 21–240
Continuous R2 Continuous 

D = 0.018 h− 1 

Cell circulation 
27 mL min− 1

CBBM 80:20 0.69 240

Titer production mode 
(Table S3)

R2 Continuous 
D = 0.012 h− 1 

Cell circulation 
27 mL min− 1

8X CBBM 80:20 0.69 240

S1 R1 Batch 
(Transfer the fermentation broth to R2)

CBBM 80:20 - 240

R2 Continuous 
(Accumulating fermentation broth from R1)

CBBM 80:20 0.69 240

S2 R2 Continuous 
D = 0.018 h− 1

8X CBBM 80:20 0.69 240

S3 R2 Continuous 
D = 0.018 h− 1

SFM 80:20 0.69–0.86 240–300

S4 R2 Continuous 
D = 0.018 h− 1

SFM 90:10 0.86 300
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biomass grew led to a gradual decline in cell viability. This decline can 
be attributed to the accumulation and coexistence of both high- and 
low-viability cells throughout the process. This suggests that additional 
operational strategies are needed to sustain high cell viability over 
extended fermentation periods.

3.2. Evaluating acetate and butyrate production

As shown in Fig. 2(B) and (C), the concentration of acetate changed 
at different operation modes, and the productivity temporarily increased 
right after each change. However, volume-specific productivity even
tually stabilised, maintaining an average of 0.048 ± 0.018 g L− 1 h− 1 

between days 5 and 7 and 0.086 ± 0.005 g L− 1 h− 1 between days 11 and 
15. During this period, the total biomass concentration continued to 
increase, while the concentration of viable biomass remained relatively 
constant (Fig. 2(A)). This is also evident in the specific growth rate for 
each operation mode, where the total cell concentration steadily 
increased, but increase in viable biomass concentration was only 
observed at the start of the operation (μX,total: 0.106 h− 1 and μX,viable: 
0.105 h− 1) and when switching to continuous mode (μX,total: 0.021 h− 1 

and μX,viable: 0.032 h− 1) (Fig. 2(D)). These results can be explained using 
either one of two hypotheses. The first suggests that total biomass 
concentration is correlated with acetate productivity, where prolonged 
process times and increased cell density result in lower productivity per 
cell. The second hypothesis posits that acetate productivity aligns more 
closely with viable cell density than with total cell density. In this case, 
the actual productivity per cell would remain relatively unchanged from 
day 5–15, leading to stable overall productivity.

To evaluate which of these hypotheses is more plausible, specific 

productivity was assessed in relation to both total cell concentration (qp, 

total; Fig. 3(A)) and viable biomass concentration (qp,viable; Fig. 3(B)) 
under different operational modes (batch, continuous, and titer pro
duction). At high cell concentrations, a lower qp,total of acetate was 
observed. Each operation mode exhibits qp,total higher than 0.1 gp gx,total

− 1 

h− 1 at a single point (Fig. 3(A)). However, this increase was temporary, 
resulting from transient variations in inflow gas velocity or medium 
composition. Notably, the qp,total at a total cell concentration of 3 g L− 1 

(0.03 gX,total
− 1 h− 1) in the titer production mode was lower than that 

observed in the batch mode operation (0.04 gX,total
− 1 h− 1) at cell concen

trations lower than 0.5 gX,total L− 1. The observed reduction in qp,total at 
higher biomass concentrations was not solely due to a decrease in the 
efficiency of individual cells caused by limited conditions. In addition to 
the decrease in productivity per cell, the concentration of viable cells 
remained within a similar range (0.82 ± 0.11 g L− 1, as indicated by the 
dashed line in Fig. 3(B)) compared to the total cell concentration (2.03 
± 0.90 g L− 1). This suggests that the changes in overall acetate pro
duction are not primarily caused by a decrease in cell productivity when 
the total cell concentration increases. Thus, maintaining a high viable 
cell concentration is as crucial as ensuring sufficient per-cell 
productivity.

In contrast, butyrate production commenced when low viability (<
45 %) was observed (Fig. 2(B)). The main product produced by the cells 
remains acetate but, the butyrate production starts under conditions of 
reduced cell viability. This observation confirms that (Fig. 3(C)), at 
higher cell concentrations, acetate productivity decreases, and butyrate 
formation either begins or results from excess acetate through chain 
elongation [41]. However, when normalized by the viable cell concen
tration, the specific productivity of acetate increased, even though 

Fig. 2. The performance of cell viability [A], product concentration [B], volume-specific productivity [C] and specific growth rate [D] at time series for R2 as a 
single-reactor operation.
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butyrate production increased. (Fig. 3(B) and (D)).
It is known that each microbe has a specific maximum productivity 

per cell, but the exact maximum values for various target products and 
conditions have not yet been clearly measured. Consequently, previous 
strategies have involved increasing the total biomass concentration via 
the use of biomass accumulation or other strategy to enhance the overall 
process productivity [27,34,42]. However, the results of our study 
suggest that rather than merely increasing cell density, it is crucial to 
provide conditions that enhance biomass specific productivity while 
maintaining a high concentration of viable cells. This approach maxi
mises acetate productivity in our study.

3.3. Enhancing product titer by maintaining high cell viability

Given these findings, it becomes clear that maintaining highly viable 
E. callanderi KIST612 is thus critical for producing high concentrations of 
acetate. Furthermore, viability rapidly declines under limited culture 
conditions, highlighting the importance of optimising the nutrient sup
ply and gas flow for sustained microbial activity and product yield [43, 
44].

As shown in Fig. 4(A), the cell concentration in S1 increased from 
4.76 to 8.19 g L− 1 over 3 days, with an average viability of 69.6 ± 1.4 % 
and 23 % CO utilisation. When accumulation ceased in S2 (with R1 
turned off), the process stabilised, maintaining a viability of 63.3 
± 1.6 % and 25 % CO utilisation. Cells continued to consume CO to 
sustain ATP production, resulting in a stable transition to the stationary 
phase. In S3, to increase the acetate concentration and maintain 
viability, the system was switched to an SFM (sludge filtrate medium) 
that had previously achieved maximum acetate production with the 
same strain and system [33]. Additionally, on day 12, the gas flow rate 
was increased to 0.86 vvm to enhance CO substrate supply. During the 
S2-S3 period, the cell concentration remained constant at 8.73 

± 0.16 g L⁻¹ , while viability decreased to 56.3 %. Despite this reduction 
in viability, when compared to a single-reactor operation using the same 
gas concentration and flow (Fig. 2), the total cell concentration was 2.9 
times higher, and viability was 2.3 times greater, resulting in a 6.9-fold 
increase in the number of viable cells. This high retention of viable cells 
enabled us to achieve an acetate concentration of 27.3 g L⁻¹ with 34 % 
CO utilisation in S3 (Fig. 4(B)), which is 1.79 times higher than the 
process operation using the same medium in S3 reported in a previous 
paper (cell concentration of 7.2 g L⁻¹ and maximum acetate production 
of 15.2 g L⁻¹) [33]. The significant impact of retaining viable cells was 
evident, as evidenced by the enhanced system productivity (Table 2). In 
the S4 stage, the CO ratio in the input gas composition was increased 
from 80 % to 90 % to enhance the supply of carbon monoxide. This 
resulted in a final cell concentration of 8.64 g L⁻¹ (with a viable cell 
concentration of 4.59 g L⁻¹ at 53 % viability), achieving a maximum 
acetate concentration of 34.4 g L⁻¹ and an acetate productivity of 
0.72 g L⁻¹ h⁻¹ , with 40 % CO utilisation.

Implementation of strategies at each stage effectively minimised the 
reduction in cell viability after securing a high cell concentration. 
Consequently, there was no significant difference in specific produc
tivity between the total and viable cell concentrations during the S2 and 
S3 stages. However, as the operating time and CO concentration 
increased in S4, although the cell concentration remained relatively 
constant, the specific productivity increased, leading to a noticeable 
difference (Fig. 4(C)). In summary, from S2 to S4, following the con
centration process, the total cell concentration remained at 8.68 g L⁻¹ , 
while the conversion rate of CO to product increased by 85 % for acetate 
(from 3.79 mmol h− 1 to 7.03 mmol h− 1) and 61 % for butyrate (from 
1.41 mmol h− 1 to 2.27 mmol h− 1). Moreover, the specific CO conver
sion rate, based on cell viability, increased by 126 % for acetate 
(1.53 mmol h− 1) and 97 % for butyrate (0.50 mmol h− 1) as shown in 
Fig. 4(D). This outcome underscores the effectiveness of a process 

Fig. 3. Specific productivity of acetate [A, B] and butyrate [C, D] across cell and viable cell concentrations in different operational modes at R2 as a single reactor 
operation. The dashed line indicates the range of cell concentration variation during the continuous and titer production stages.
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operation strategy that considers cell viability, necessitating a more 
detailed analysis of productivity in relation to viable cell concentration.

3.4. Biomass specific productivity of E. callanderi KIST612

Comparing the productivity between this study and previous studies, 
it appears that the overall system productivity increased as the total cell 
concentration increased (Fig. 5(A)). Specifically, in this study, an 89 % 
increase of the total cell concentration from 4.7 g L⁻¹ to 
8.9 g L⁻¹ resulted in a volume-specific productivity increase of 75 %. 
Additionally, while it may seem that productivity increased as the total 
cell concentration is maintained between S2 and S4, a detailed analysis 
of cell viability (Fig. 5(B)) revealed that viable cell concentration 
decreased. However, productivity improved due to the operational 
strategy employed (Fig. S2). This operational strategy, which involves 
an optimised nutrient and gas supply, likely enhanced metabolic effi
ciency and reduced stress conditions, thereby improving specific 
productivity.

If specific productivity were only analysed using the total cell con
centration (Fig. 4(C) and Fig. 5(C)), it can be observed that specific 
productivity increased from 0.03 to 0.09 g L⁻¹ h⁻¹ , while cell concen
tration remained stable between 8.2 and 8.9 g L⁻¹ . Based on these data, 
one might assume that maximum specific productivity had nearly been 
reached and that increasing cell density should be the primary focus. 
However, the changes in the operational conditions proposed in this 
study successfully maintained a higher proportion of viable cells 
compared with a single reactor, thereby increasing the ratio of cells 
participating in acetate production. Although the concentration of 
viable cells decreased by 20 % from 5.9 g L⁻¹ to 4.7 g L⁻¹ , specific pro
ductivity increased by 50 % from 0.06 g L⁻¹ h⁻¹ to 0.09 g L⁻¹ h⁻¹ .

Interestingly, when analysing specific productivity based on viable 
cells, the single reactor operation exhibited a higher maximum specific 
productivity of 0.22 g L⁻¹ h⁻¹ compared to S1-S4 (Fig. 5(D)). This can be 
attributed to the fact that, during the process of concentrating micro
organisms to secure viable cells in a short period, the maximum viability 
achieved was 72 %, whereas in the single reactor, higher viability was 
secured during the exponential phase at lower cell concentrations. 
However, the absolute difference in the viable cell concentration 
resulted in a significant difference in overall acetate production. The 
average qp,viable, during the stationary phase of the single reactor (be
tween days 12 and 15) was 0.10 ± 0.02 gacetate cell⁻¹ h⁻¹ , while the 
average qp,viable in S4 was 0.13 ± 0.03 gacetate cell⁻¹ h⁻¹ , reflecting a 
30 % difference. When calculated based on the volume-specific pro
ductivity, the difference was even more pronounced, with the single 
reactor showing 0.03 ± 0.01 gacetate cell⁻¹ h⁻¹ compared to 0.07 
± 0.02 gacetate cell⁻¹ h⁻¹ in S4, demonstrating a 130 % difference.

High cell density was achieved through careful control of the dilution 
rates and substrate availability, which minimised cell death and maxi
mised metabolic activity. Simultaneously, by establishing an operational 
strategy that maintains high specific productivity, this study achieved 

Fig. 4. Operation profile at R2 (S1-S4) of biomass [A], product concentration [B], specific productivity [C], and CO conversion rate and specific CO conversion rate 
(calculated by viable cell concentration) [D] in cell accumulation mode for securing viable cell in different operational stages (S1-S4).

Table 2 
Acetate productivity and biomass concentration of E. callanderi KIST612 under 
different operation modes.

Operation mode Biomass 
(g L¡1)

Productivity 
(g L¡1 h¡1)

Reference

Continuous (stage 5) 5.02 0.16 Lee et al. [21]
Mixed feeding (stage 3) 5.79 0.16 Lee et al. [21]
Mixed feeding 5.78 0.22 Lee et al., [31]
Viable cell accumulation (S1) 5.69 0.24 Current paper
Mixed feeding 7.23 0.24 Lee et al., [31]
Viable cell accumulation (S3) 8.80 0.45 Current paper
Viable cell accumulation (S4) 8.64 0.59 Current paper
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the highest acetate product concentration reported thus far for the 
E. callanderi KIST612 strain (34.4 g L⁻¹). In another study conducted 
with Acetobacterium woodii, improvements in stirring conditions led to 
enhanced acetate production, even though the biomass levels decreased 
[45]. This highlights the significant influence that both cell activity and 
environmental conditions can have on overall productivity, demon
strating that productivity gains do not solely depend on cell concen
tration, but also on how well operational conditions are optimised to 
support cell activity.

Interestingly, this trend was not observed for butyrate. The specific 
productivity of butyrate, aside from an increase in S4, remained rela
tively constant regardless of cell concentration (Fig. 5(E) and (F)). In the 
case of S4, the increase in specific productivity was attributed to a higher 
CO ratio, which increased the amount of carbon source and electron 
donor, indicating that the viable cell ratio had a minimal impact on 
butyrate productivity. This confirms that in acetogens, acetate produc
tion is the most efficient and straightforward process, with a short 
pathway for ATP generation, leading to an immediate increase in 

productivity as cell activity increases [16]. However, butyrate produc
tion, requiring a more complex pathway and higher NADH levels, must 
be evaluated through a more intricate correlation [46].

3.5. A perspective on viable cell as a key performance indicator in 
bioprocess engineering

To compare how viability is definitively reflected as a major indi
cator in bioprocessing, correlation coefficients were calculated for 
viability, viable cell concentration, and other relevant factors (Fig. 6(A) 
and Table S1-S5). According to the data obtained in this study, cell 
viability decreased as the process progressed. However, owing to pro
cess operation strategies aimed at minimising the reduction in viability 
and increasing titer productivity, a negative correlation was observed. 
Moreover, the correlation was stronger qp,viable_acetate (-0.74 and − 0.76) 
than qp,total_acetate (-0.61 and − 0.63). This indicates that an analysis 
method that accounts for viability, along with strategies for securing 
highly viable cells, has a significant impact on process evaluation and 

Fig. 5. The productivity ([A] and [B]) and specific productivity ([C] and [D]) of acetate and specific productivity ([E] and [F]) of butyrate in Eubacterium callanderi 
KIST612 at different cell concentrations across different operation stages (S1–S4).
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productivity enhancement when assessing acetate productivity in 
bioprocesses.

The highly viable cell-securing strategy used in this study involved 
operating a two-stage reactor to ensure a high concentration of viable 
cells at the beginning of the process. However, this approach has several 
limitations, particularly in terms of resource consumption and economic 
feasibility. As shown in Fig. 6(B), this method requires 1.1 times more 
electrical energy and 1.5 times more growth medium, leading to 
increased operational costs and resource demand, especially in large- 
scale applications. Additionally, the necessity for extra reactors and 
process complexity during the initial phase may pose engineering and 
scalability challenges, making implementation less practical for indus
trial settings with strict cost and infrastructure constraints. However, 
this is justified as it enables a 2.26-fold increase in the C1 gas conversion 
rate and a 2.27-fold increase in acetate production within the same 
timeframe. Furthermore, because the additional inputs during the initial 
operation remain constant, the differences in energy and medium con
sumption decrease as the production period is extended, enhancing the 
operational stability. Therefore, conducting a full TEA (Techno Eco
nomic Analysis) and LCA (Life Cycle Assessment) would be beneficial to 
further validate the feasibility and sustainability of this approach.

Viability is a crucial parameter that must be considered in gas 
fermentation processes and should be integrated into operational stra
tegies to maintain high cell activity and enhance acetate productivity. 
Further research is required to establish appropriate viability levels to 
produce long-chain chemicals. While operational strategies are typically 
based on the characteristics of microorganisms and actual data, most 
experiments have analysed microbial populations by averaging their 
overall behaviour [47]. However, individual cells exhibit differences in 
their metabolic capabilities and productivity. Therefore, future research 
should focus on precisely evaluating cell viability at the single-cell level, 
rather than relying solely on population-averaged analyses.

4. Conclusion

This study demonstrated the critical importance of maintaining cell 
viability when optimising the gas fermentation process for acetate pro
duction using Eubacterium callanderi KIST612. By adopting operational 
strategies aimed at enhancing cell viability, we not only enhanced the 
total carbon conversion rate by 106 % (9.30 mmol h− 1) but also ach
ieved the highest reported acetate concentration of 34.4 g L⁻¹ compared 
to previous studies. This outcome underscores the necessity of tailoring 

the process conditions to enhance cell activity (>53 % of cell viability), 
thereby improving overall productivity and process stability. These 
findings highlight that prioritising cell viability can lead to significant 
advancements in the efficiency and feasibility of gas fermentation sys
tems. This research provides a strong foundation for further exploration 
of viability-based approaches to produce not only acetate but also other 
valuable chemicals from C1 gases. Additionally, as the demand for 
sustainable and economically viable bioprocesses continues to grow, the 
strategies developed in this study can be applied broadly across various 
industrial applications, offering a pathway for more environmentally 
friendly production methods. Furthermore, as individual cells exhibit 
differences in their capabilities and productivity, more precise studies 
that consider cell viability at the single-cell level. This approach is 
essential for optimising overall performance, as addressing variability 
among cells will allow for even greater control and enhancement of the 
fermentation processes. Additionally, refining operational strategies and 
explore their applicability in the production of long-chain carbon com
pounds, further enhancing the industrial potential of gas fermentation 
technologies.
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