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Volatile fatty acids, intermediate products of anaerobic digestion, are one of the most promising biobased
products. In this study, the effects of acidic (pH 5), neutral (without pH adjustment) and alkali (pH 10) pH on
production efficiency and composition of volatile fatty acids (VFAs) and bacterial community profile were
analyzed. The anaerobic sequencing batch reactors were fed cheese production wastewater as substrate and
inoculated by anaerobic granular seed sludge. The results showed that acidic pH improved VFA production yield
(0.92 at pH 5; 0.42 at pH 10 and 0.21 gCOD/gVS at neutral pH). Furthermore, propionic acid was dominant
under both pH 10 (64 ± 20%) and neutral pH (72 ± 8%), whereas, acetic acid (23 ± 20%4), propionic acid (22
± 3%), butyric acid (21 ± 4%) and valeric acid (15 ± 8%) were almost equally distributed under pH 5.
Adaptation of bacterial community to different pH conditions might steer the acid profile: Bacteroidetes (50.07 ±
2%) under pH 10, Proteobacteria (40.74 ± 7%) under neutral pH and Firmicutes (47.64 ± 9%) under pH 5 were
the most dominant phylum, respectively. Results indicated pH plays a significant role in VFA production, acid
composition, and bacterial community structure. However, in order to gain a concrete understanding effects of
pH, characterization of intracellular and extracellular metabolites with dynamics of the microbial community is
required.

1. Introduction
Volatile fatty acids, also called short-chain fatty acids, are interme
diate products of the anaerobic digestion pathway. In response to the
growing demand for biobased chemicals from waste streams, anaerobic
digestion technology has started to move beyond energy recovery to
produce volatile fatty acids (VFAs) (Kleerebezem et al., 2015). In addi
tion, the versatile usage of VFA and its high market demand intensify the
interest in studies for biobased production of VFA.
VFAs (i.e. acetic acid, propionic acid, butyric acid) have been used as
feedstock in many industries such as chemical, pharmaceutical, food,
textile, etc. and as a carbon source for several biobased products such as
biopolymers, biogas, medium and long-chain fatty acids (Bhatt et al.,
2020). Nevertheless, numerous process dilemmas including unclear

effects of operational and environmental conditions on biobased VFA
production and composition, challenges in purification and separation
of the end products, etc. limit industrial-scale biobased VFA production.
In the last decade, many research studies have addressed the optimiza
tion of operational and environmental conditions for efficient VFA
production (Atasoy et al., 2019a; Feng et al., 2009; Lu et al., 2020; Yuan
et al., 2006). They revealed that these parameters (e.g. pH, temperature,
substrate, inoculum, retention time, reactor type, loading rate, etc.)
have synergetic effects on VFA production efficiency and acid profile.
For instance, the cheese production wastewater was used as a substrate
for VFA production under the same operational conditions at different
reactor types (anaerobic batch and anaerobic sequencing batch reactor
(ASBR), separately): lactic acid was dominant at the anaerobic batch
reactor, whereas, propionic acid was dominant at the ASBR (Atasoy
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sludge was used. The seed sludge had 43% total solids and 30% volatile
solids. It was taken from an up flow anaerobic sludge blanket reactor,
Henriksdal Wastewater Treatment Plant, Stockholm, Sweden. After
three months of reactor operation, the granular form of the seed sludge
began to dissolve due to the mixing of the sludge at different pH.
However, this did not affect the reactor efficiency.

et al., 2020). From a similar perspective, the brewery spent grain
fermentation under different pH conditions in a range between 4 and 10
resulted in different VFA composition (Sarkar et al., 2021). Furthermore,
Feng et al. (2009) showed that waste activated sludge fermentation
under different pH conditions not only affected VFA composition but
also shift the bacterial community profile. Overall, many studies
revealed that pH is one of the main parameters to closely affect VFA
production efficiency, acid profile and microbial dynamics. However,
the main mechanism that elucidates the reason why pH has different
effects under the same operational and environmental conditions have
not been clarified yet.
On the other hand, depending on how long the hydraulic retention
times (HRTs) are during reactor operation, pH affects VFA production
differently. It is known that a longer HRT increases the efficiency of VFA
production due to the microorganisms having a longer reaction time (Lv
et al., 2022). Even so, pH has an impact on this: the initial alkali pH (pH
11) improved VFA production efficiency compared to other pH values
(pH 5, pH 6, pH 9, pH 10 and without pH adjustment) in anaerobic batch
reactors for 15 days HRT (Xing et al., 2022). Alike, our previous study
showed that initial alkaline pH (pH 10) increases VFA production yield
in anaerobic batch reactors for 10 days HRT (Atasoy et al., 2019a). Yet,
this may be due to the rapid hydrolysis of the substrate under alkaline
conditions. Nevertheless, the effects of pH on VFA production inde
pendent of retention time are not clear. Monitoring reactor operation for
a long period of time may help to elucidate whether pH promotes VFA
production through rapid hydrolysis and/or enhances the microbial
activity for VFA production.
This study is a follow-up study to previous studies and is part of our
main research project on one type dominant VFA production (Atasoy
and Cetecioglu, 2020, 2021a, 2021b, ). In our previous study (Atasoy
et al., 2019a), we identified the effects of acidic (pH 5), alkali (pH 8 and
10), neutral (without pH adjustment) pH on VFA production in anaer
obic batch reactors for a relatively shorter retention time (15 days).
There the alkali pH (pH 10) increased VFA production efficiency. This
study was followed up by another study (Atasoy et al., 2020) that found
reactor types and therefore longer retention times had strong effects on
VFA production efficiency and acid profile. Considering all these points,
the present study aims to examine the reasons behind the alteration of
VFA production, acid profile and bacterial community structure as a
function of pH in long term reactor operation. Accordingly, three
identical ASBRs were operated for 140 days under acidic (pH 5), alkali
(pH 10) and neutral (without pH adjustment), separately. Apart from
pH,other environmental and operational conditions were the same: the
cheese production wastewater was used as a substrate, and anaerobic
granular seed sludge was used as an inoculum. During the reactor
operation, VFA production in terms of concentration and yield and VFA
composition were monitored. Furthermore, the bacterial community
profile was analyzed by 16S rRNA gene sequencing. Along with the aim
of the study, understanding the effects of pH on the VFA production
process can catalyze effective VFA production on an industrial scale.

2.2. Reactor design and operation
Three anaerobic sequencing batch reactors (AMPTS II System, Bio
process Control, Sweden) were operated for 140 days under pH 10, pH 5
and without pH adjustment, simultaneously. Except for pH adjustment,
all other operational and environmental conditions were the same as
stated in Table 2. The total reactor volume was 2 L including 1.4 L active
volume. The reactor operation included a sequence of four phases (24 h/
cycle included 10 min for feeding, 23 h for reaction, 45 min for settling
and 5 min for decanting). The anaerobic conditions during feeding were
provided by nitrogen gas flushing. The detailed information regarding
reactor design and operation is presented in Atasoy et al. (2020). Briefly,
the reactors were operated with a 0.6 F/M ratio with a 3500 ± 250 mg
COD/L*cycle. The sludge retention time was 35 days and the hydraulic
retention time was 3.5 days. By taking into account the total volume of
the reactor in this study, we calculated the hydraulic retention time
based on the maximum VFA production of our previous results (Atasoy
et al., 2020). The sludge retention time was calculated based on the VSS
loss during decanting.
The pH was adjusted for alkali and acidic conditions by using 2 M
NaOH and 2 M HCl. During the reactor operation, pH was around 10 ±
0.5 for the alkali reactor and 5 ± 0.7 for the acidic reactor, respectively.
Despite the amount of HCl varied through the operation, roughly 5 mL 2
M HCl were used per adjustment – this is approximately 0.175 g Cl− .
Further, the pH of acidic and alkaline solutions did not change sub
stantially after almost 60 days, which allowed for a smaller amount of
solutions to be used. Moreover, one reactor was operated without pH
adjustment, the pH was around 7 ± 1.2 during the reactor operation.
Therefore, this set is called neutral pH in the following sections. By using
substrate and biomass mg COD eq. as inputs and total VFAs (mg COD
eq.) soluble and particulate COD and methane (mg COD eq.) as outputs
from day 119th the carbon mass balance was calculated as described by
Cetecioglu et al., (2015). The carbon mass balance is provided in Sup
plementary Table 1.
2.3. Analytical methods
Mainly, COD concentration, VFA compositions, and pH were moni
tored throughout the operation of three reactors. All details about
analytical methods are presented in Atasoy et al., (2020). Briefly, LCK
514 COD cuvette test (by Hach Lange DR 3900 spectrophotometer) was
used for COD measurement. VFA composition (C2–C8) was analyzed by
gas chromatography (GC 6890, Agilent) with a flame ionization detector
as described in the previous study (Atasoy et al., 2019a). Total and
volatile solid analyses were measured according to the Standard
Methods (APHA, 2012). Also, biochemical methane potential (BMP) was
monitored by the integrated gas detector of the AMPTS II System.
Methane production was observed only at the neutral pH set.

2. Material and methods
2.1. Substrate and seed sludge
Cheese production industry wastewater was used as a substrate,
which was taken from a cheese production industry, Stockholm, Swe
den. The substrate compromised of 20 g/L carbon content (COD), 1.8 g/
L total nitrogen and 0.2 g/L total phosphate. The detailed composition of
the substrate was given in Atasoy et al. (2020). Besides substrate, me
dium, trace element and vitamin solutions were used. A litre substrate
included a 250 mL medium that included 1% trace elements solutions
and 1% vitamin solutions. The medium and trace element solutions were
prepared according to the Organisation for Economic Co-operation and
Development, OECD 311 (OECD, 2003). The vitamin solution was
adapted from (Aydin et al., 2015). As a seed sludge, anaerobic granular

2.4. Bacterial community analysis
The bacterial community were identified by 16S rRNA Illumina
Sequencing. All the details about the DNA extraction, PCR amplification
conditions including purification and quantification of the PCR prod
ucts, preparation of the sequencing libraries and bioinformatic analysis
presented in Atasoy et al., 2019a. The sludge samples were collected on
the 112nd day of the reactor operation. For the 16S rRNA genes
amplification, 516 F (5′ –3′ : TGC CAG CAG CCG CGG TAA) and 806 R
(5′ –3′ : GGA CTA CHV GGG TWT CTA AAT) (Caporaso et al., 2011;
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Operational and Environmental Conditions

Highest VFA Production*

Substrate

Retention
Time

Temperature

Reactor type

Optimized conditions

Concentration and/or
yield

Composition

Dominant species in the
bacterial community

Reference

5.0, 10.0 and
without
adjustment

Cheese processing
wastewater

3.5 days
HRT/140
days
operation

35 ◦ C

Anaerobic sequencing
batch reactor with
1400 mL active and
2000 mL total volume

The highest VFA yield was
obtained under pH 5.0

0.92 gCOD/gVS and 3688
mgCOD/L

ph 5: 47.64% Firmicutes
and 26.42% Bacteroidetes

This study

4.0, 5.0, 6.0,
7.0, 8.0, 9.0,
10.0 and
without
adjustment
4.0, 5.0, 6.0,
7.0, 8.0, 9.0,
10.0, 11.0 and
without
adjustment

Waste activated
sludge with the
addition of cooked
rice

8 days HRT/
3 months
operation

21 ± 1 ◦ C

Semicontinuous flow
reactor with 5 L active
volume

The highest VFA yield was
obtained at pH 8 on day 8

VFA yield at pH 8 was 520.1
mgCOD/gVSS; at pH no
control 150 mgCOD/gVSS

24% propionic acid,
21% acetic acid,
20% valeric acid
and 17% butyric
acid
49.7% propionic
and 35.1% acetic

Clostridia (49%), Bproteobacteria (21.1%) and
Bacteriodetes (11.4%)

Feng et al.,
(2009)

Excess sludge

20 days

20–22 ◦ C

Anaerobic batch
reactor with 1.5 L
active volume

VFA yield at pH 11 was
262.30 mgCOD/gVSS at
day 20; 250.39 mgCOD/
gVSS at pH 10 and 78.08
mgCOD/gVSS at pH 5 on
day 8th.

53.83% acetic acid
and 16.49
propionic acid
under pH 10

–

Yuan et al.,
(2006)

5.5 and 7.0

Synthetic household
food waste

6 days HRT/
450 days
operation

37 ◦ C and
55 ◦ C

CSTR with 4.2 L active
volume: 5 L total
volume

The highest VFA
concentration was obtained
at pH 11 on day 20,
nevertheless, VFA
concentration at pH 10 on
day 8 was relatively similar
to pH 11
The highest VFA
concentration was obtained
under neutral pH (around
pH 7) at 55 ◦ C

380 gVFA/gVS

60% butyric acid
and 20% caproic
acid

Strazzera
et al.,
(2021)

4.0, 5.0, 6.0,
7.0, 8.0, 9.0,
10.0

Brewery spent
grains

10 days

35 ◦ C

Anaerobic batch
reactor with 0.5 L total
and 0.4 L active volume

9258 mg VFA/L

5.0, 7.0, 11.0
and without
adjustment

Potato peel waste

5 days

37 ◦ C

Anaerobic batch
reactor with 5 L total
volume

The highest VFA
concentration was obtained
at pH 9 at the second stage
(between day 5 and day 10)
The highest VFA yield was
obtained at pH 7

4.0, 5.0 and 6.0

Citrus waste

14 days

37.5 ◦ C

The highest VFA yield was
obtained at pH 6

793 mgVFA/gVS

5.5, 6.5 and
without
adjustment
5.0, 6.0, 7.0,
8.0, 10.0 12.0

Saccharification
residue from food
waste
Synthetic
wastewater

3 days

37 ◦ C

Anaerobic batch
reactor with 120 mL
total and 56 mL active
volume
–

51% acetic acid,
28% butyric acid
and 14% propionic
acid
45% acetic acid,
28% propionic acid
and 24% butyric
acid
32% acetic acid,
21% caproic acid,
15% butyric acid

The dominant phylum was
Firmicutes: Clostridium was
dominant at 37 ◦ C,
whereas Lactobacillus was
dominant at 55 ◦ C
–

The highest VFA yield was
obtained at pH 6.5

267 mgCOD/gVS

8 h HRT/24
days
operation

22 ◦ C

Anaerobic membrane
bioreactor

The highest VFA yield was
obtained at pH 7.0 with the
addition of BES inhibitor

48 mgVFA/100 mg
CODfeed

5.0, 8.0, 10.0
and without
adjustment

Glucose

15 days

35 ◦ C

The highest VFA production
was obtained under pH 10

5 and 10

Food waste

1/5/10/15/
20/25/30
days

35 ◦ C

Anaerobic batch
reactors with 150 mL
total and 100 mL active
volume
Anaerobic batch
reactors with 150 mL
total volume

The highest VFA production
and yield was obtained
under pH 10

3

pH

632 mgCOD/gVS

M. Atasoy and Z. Cetecioglu

Table 1
Production and composition of VFA under different operational and environmental conditions.

Sarkar
et al.,
(2021)
Lu et al.
(2020)

–

Eryildiz
et al.
(2020)

35.92% Bacilli and 33.59%
Clostridia

Jin et al.,
2019

–

Khan et al.,
2019

2953 mgCOD/L

79.8% butyric acid
and 9.4% propionic
acid
66% acetic acid,
23% propionic acid
and 10% isobutyric
acid
60% butyric acid

78% Firmicutes, 12%
Proteobacteria

Atasoy
et al.
(2019)

22,000 mgCOD/L and 0,48
gCOD/gVS

44% acetic acid and
16% propionic acid

29% Anaerolineaceae, 26%
Clostridiaceae,
15% Ruminococcaceae

Khatami
et al.,
(2021)
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Table 2
Operational parameters.

424 ± 200 mgCOD/L). On the other hand, Yuan et al. (2006) showed
that the excess sludge fermentation under alkali pH resulted in a 4-folds
higher VFA production yield than acidic and neutral pH for short term
reactor operation (20 days). In a similar manner, Feng et al. (2009) and
Sarkar et al. (2021) stated that alkali pH led to significantly higher VFA
production compared to acidic and neutral pH for short term reactor
operation (i.e. 5 and 8 days, respectively). According to Lu et al. (2020),
alkali pH increases the hydrolase activity and rapid hydrolysis improves
the accumulation of VFA in the early stage of the fermentation. Parallel
to their statement, our previous study showed that alkali pH resulted in
higher VFA production than acidic and neutral pH for short term
anaerobic batch reactor operation (15 days) (Atasoy et al., 2019a). In
the current study, the VFA production yield considerably increased after
21 days of reactor operation under acidic pH. Priorly, the production
yield was very similar under pH 5 (0.35 ± 0.11 gCOD/gVS) and pH 10
(0.32 ± 0.15 gCOD/gVS). Therefore, our results showed that adaptation
of the microbial community to the acidic conditions in long term reactor
operation enhanced VFA production. Nevertheless, the VFA production
under neutral pH was very low compared to the other conditions. The
main reason was probably related to the methanogens activity: under
neutral conditions, the methane production was observed as given in
detail 2.2 Reactor design and operation. Furthermore, Khan et al. (2019)
showed that inhibition of methanogens by BES addition increased VFA
production yield by almost 20% under neutral conditions compared to
acidic and alkali pH. Therefore, in our study higher VFA production
could have been obtained under neutral pH with inhibited
methanogenesis.
Based on the difference between VFA production and COD concen
tration in the effluent (Supplementary Table 1), 93% of the COD at pH 5,
50% at pH 10 and 27% at pH no control were comprised of VFA. In other
words, besides VFA production, pH had an effect on other products. The
difference between effluent COD and VFA production could be attrib
uted to the production of medium or long-chain fatty acids (e.g. longer
than C8). Moreover, the carbon mass balance table revealed a COD
difference between influent and effluent of 13% at pH 5 and 17% at pH
no control and 28% at pH 10. Carbon dioxide production could account
for the difference.

pH
Temperature
Mixing
Reactor type
HRT
SRT
Phases of one
cycle
Total cycle time

5, 10, without adjustment
35 ◦ C
120 rpm
Anaerobic sequencing batch reactor
3.5 days
35 days
10 min for feeding, 23 h for reaction, 45 min for settling and 5
min for decanting
24 h

Klindworth et al., 2013) primers were used. Illumina MiSeq platform
(Science for Life Laboratory, the National Genomics Infrastructure, NGI
Sweden) was used. Bioinformatic analysis was conducted by Biophyton
1.78 (Cock et al., 2009) with the SILVA reference database (Quast et al.,
2013). Briefly, the sequence was trimmed and clustered into operational
taxonomic units (OTU) at 97% similarity, which was for the bacteria
5490 OTU sample. Raw sequence data is available at NCBI with a project
no of PRJNA667606.
2.5. Statistical analysis
All experiments were conducted in triplicate, descriptive statistical
analysis was conducted by using IBM SPSS Statistics, Version 25.0. The
Principal Component Analysis (PCA) was applied for illustrating the
distribution of bacterial communities regarding pH level. As a further
step, the redundancy analysis (RDA) was carried out to reflect the re
lationships between the bacterial community and acid profile according
to pH. All these analyses are carried out by using OriginPro, Version
Number 2021 (OriginLab Corporation, Northampton, MA, USA).
3. Results and discussion
The production and composition of VFA depend on several opera
tional and environmental parameters (i.e. temperature, substrate type,
retention time, reactor type, etc.). The current study mainly focuses on
the effects of acidic (pH 5), neutral (without adjustment) and alkali (pH
10) pH on VFA production efficiency, VFA composition and bacterial
community profile. Some of the previous studies that evaluate the effects
of different parameters on the production and composition of VFA as
well as microbial community profile are presented in Table 1 with the
major results of the current study. According to Table 1, pH plays a
significant role in VFA production efficiency, acid composition and
bacterial dynamics. Therefore, the results of the study are presented in
three main sections to assess the effects of pH comprehensively.

3.2. pH steers acid profile
The VFA composition in mixed culture fermentation strictly depends
on pH and substrate composition (Atasoy et al., 2019a; Bevilacqua et al.,
2021). VFAs (under restricted methanogenesis) are either degraded into
acetic acid or converted into the higher molecular weight acids (i.e.
medium or long-chain fatty acids) depending on the operational and
environmental conditions (O-Thong et al., 2020).
In the current study, the effects of different pH on VFA composition
in long term reactor operation were evaluated. The results showed that
propionic acid dominated VFA composition under both pH 10 (average
64 ± 20%) (Fig. 1a) and neutral pH (average 72 ± 8%) (Fig. 1b).
However, the VFA composition is composed of almost equal distribution
of acetic acid (average 23 ± 20%), propionic acid (average 22 ± 3%),
butyric acid (average 21 ± 4%) and valeric acid (average 15 ± 8%)
under pH 5 (Fig. 1c). The main difference of the acid profile under
acidic/neutral/alkali pH might be steered by the adaptation of microbial
communities to different pH conditions.
The formation of the product types including intermediate and end
products in mixed culture fermentation pathways are controlled by
thermodynamic and/or kinetic limitations. In theory, thermodynamic
controls the feasible pathway, and therefore the final concentration of
the products, when the overall Gibbs energy of the reaction is close to
thermodynamic equilibrium. However, if all the reactions are thermo
dynamically favorable, kinetics control the reaction pathway (Margar
ida F. Temudo et al., 2007). To sum up, pH-related shifts in the product
type depend on either intracellular and extracellular NAD+/NADH
equilibrium (Liu et al., 2017) and/or thermodynamic changes in the

3.1. Acidic pH promotes VFA production
According to the mixed culture fermentation pathway, the produc
tion efficiency of the intermediate products (i.e. VFA) is strictly
dependent on the hydrolysis performance of complex organic com
pounds to simple organic compounds (Schink, 1997). Despite that many
studies stated that alkaline conditions accelerate the hydrolysis effi
ciency and therefore increase the production yield of VFA (Atasoy et al.,
2019a; Feng et al., 2009; Yuan et al., 2006); some studies showed that
neutral pH promotes hydrolysis rate and VFA production compared to
the alkaline conditions (Lu et al., 2020; Strazzera et al., 2021). Contrary
to them, our results indicated that acidic pH enhanced VFA production
from fermentation of dairy industry wastewater. As seen in Fig. 1, the
highest VFA production yield was obtained under pH 5 (0.92
gCOD/gVS) compared to pH 10 (0.42 gCOD/gVS) and neutral pH (0.21
gCOD/gVS). Furthermore, the average VFA production yield and con
centration under pH 5 (0.65 ± 0.18 gCOD/gVS and 2621 ± 746
mgCOD/L) was relatively higher than pH 10 (0.32 ± 0.03 gCOD/gVS
and 1278 ± 134 mgCOD/L) and neutral pH (0.11 ± 0.05 gCOD/gVS and
4
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Fig. 1. VFA production in terms of concentration and yield, and VFA composition under (a) pH 10 (Atasoy et al., 2020), (b) without pH adjustment, (c) pH 5.
Furthermore, Fig. 1(b) includes the biochemical methane production. The BMP was calculated according to the manual of Bioprocess Control AMPTS II.
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Fig. 2. Bacterial community profile for the relative abundance of (a) phylum and (b) family (c) genus level under pH 10, without pH adjustment and pH 5.

formate/H2–HCO-3 reaction ( Temudo et al., 2007). Nevertheless, it re
mains uncertain which parameters/conditions trigger the product type.
Therefore, several VFA production studies have reported contradicting
results regarding the effects of different pH on VFA composition. A
comprehensive study that assesses the intracellular and extracellular
metabolite fluxes with dynamics of microbial community and their
functions should be carried out to understand the effects of pH on
product shift in VFA production.
Moreover, the complex composition of the dairy industry wastewater
might affect the acid composition under different pH. Bevilacqua et al.
(2021) showed that as the pH becomes acidic, the longer-chain car
boxylic acids produced by fermentation protein-based substrates have
increased. From another point of view, neutral pH (pH 7) and alkaline
pH (pH 9) promoted the production of acetic acid from protein
fermentation (Bevilacqua et al., 2021). Another study indicated how the
VFA composition changes by fermentation of various compositions of
food wastes from the hospitality sector (Rasi et al., 2022). Although
most of the different food waste contained carbohydrates (around 50%),
protein amounts varied (from 9% to 24%). In all sets, the most dominant
acid type was acetic acid; however, the production of propionic acid,
butyric acid and caproic acid increased as protein content increased
(Rasi et al., 2022). Considering these results, besides pH, the composi
tion of the cheese industry wastewater (mainly composed of protein and
fats) likely contributed to the dominance of propionic acid at alkali and
neutral pH compared to the sugar-based substrate.

3.3. pH shapes bacterial community structure
The bacterial community profile was analyzed via 16S rRNA
sequence on the day 119th (week 18) to understand why reactor oper
ation under acidic/neutral/alkaline pH resulted in different acid pro
files. The relative abundance of the phylum, family and genus levels are
presented in Fig. 2.
The results indicated that Bacteroidetes (50.07 ± 2%) under pH 10,
Proteobacteria (40.74 ± 7%) under neutral pH and Firmicutes (47.64 ±
9%) under pH 5 were the most dominant phylum, respectively. These
three phyla are very well-known fermentative bacteria and extensively
exist in an anaerobic digester (Rivière et al., 2009; Zitomer et al., 2016),
also they are dominant in VFA production (i.e. Table 1). Although the
seed sludge and thus the initial bacterial community profile was the
same for each set, the bacterial community profile changed based on the
pH (Fig. 2).
At the family level, Porphyromonadaceae (23.06 ± 2%) under pH 10,
unclassified Gammaproteobacteria (24.43 ± 4%) under neutral pH and
Clostridiaceae (47.14 ± 1%) under pH 5 were the most dominant
members. Porphyromonadaceae belongs to Bacteroidetes phylum is
strictly anaerobic, fermentative bacteria (Rosenberg et al., 2014b).
Some species of Porphyromonadaceae produce acetic acid and propionic
acid (Rosenberg et al., 2014b). The dominancy of propionic acid under
pH 10 might be explained by a high abundance of Porphyromonadaceae.
On the other hand, the most dominant family member under neutral pH
6
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(Moradali and Davey, 2021). In the light of propionic acid production
from lactate and pyruvate through the propanediol pathway and the
acrylate pathway (Li et al., 2017), the high concentration of propionic
acid at pH 10 could be attributed to Porphyromonas dominance.
Enterobacter is a genus of the family Enterobacteriaceae that belongs to
Gammaproteobacteria class from Proteobacteria phylum (Rosenberg et al.,
2014a). It is a gram-negative, facultatively anaerobic bacteria (Cabral,
2010). The Enterobacter genus can be found in diverse habitats including
soil, water, plants, vertebrate and invertebrate hosts, and in human and
animal feces (Cooney et al., 2014). The species of Enterobacter generally
grow at mesophilic temperatures (20 ◦ C–37 ◦ C) under neutral pH
(Cooney et al., 2014). Enterobacter is well known H2 producer bacteria
through fermentation under neutral pH conditions (Show et al., 2019;
Vrije and Claassen, 2003). In addition to H2 and ethanol production as
main products, butyric acid and acetic acid are also produced as part of
this fermentation pathway (Li and Fang, 2007). Samain et al. (1982)
stated that ethanol consumption could be directly correlated to propi
onate synthesis by homoacetogenic bacteria like ethanol oxidation to
acetate by Clostridium kluyveri. Additionally, Zidwick et al. (2013)
published a review study on biobased ethanol production and stated that
some homoacetogenic bacteria can utilize both H2 and CO for
short-chain fatty acid production. Therefore, the dominance of propi
onic acid under neutral pH possibly indicates a syntrophic association
between Enterobacter and homoacetogens.
Clostridium genus that belongs to Clostridiaceae family from Firmi
cutes phylum, is gram positive, obligate anaerobe bacteria (Gries et al.,
2019). Even though optimal pH and temperature conditions vary among
species, they mostly grow in a mesophilic conditions under a pH 5–7
(Liberato et al., 2019). Clostridium species are primarily responsible for
the production of VFAs (mainly butyric acid) from sugars via the mixed
acid fermentation pathway (Du et al., 2020; Pandey et al., 2020; Sabra
et al., 2016). Accordingly, an equally mixed acid composition (Fig. 1c)
under pH 5 might be explained by the dominance of Clostridium.
Although the dominance of different family/genus members at each
pH may unveil why VFA composition changes under different pH, a
comprehensive analysis is required to identify active microbial com
munities along with their functions to better understand the effects of
pH.
Furthermore, PCA and RDA analyses were performed in order to
understand microbial profiles distribution in relation to pH and, in turn,
the relationship between genus-level bacteria and acid profiles.
In Fig. 3a, PC1 (63.38%) and PC2 (27.90%) indicated the distribu
tion of bacterial community according to pH: in terms of genus-level
relative abundance, pH 5 and without pH adjustment sets were clus
tered together, whereas the pH 10 set was seen to be distinct from other
sets. Despite the dominance of different genera under each pH, the
overall bacterial community profile showed notable differences under
alkali pH (pH 10). Generally, acidic and neutral pH conditions are
favored by secondary fermenters for optimum growth (Brenner et al.,
2005; Gries et al., 2019). Under alkaline pH conditions, however,
adaptation may lead to a shift in bacterial community profile.
Based on the interaction between VFA composition and bacterial
community shift, RDA was used to reflect their interrelationship of pH
(Lv et al., 2022). In the overall bacterial community, RDA1 accounted
for 70.58% of the variation and RDA2 for 29.42%, which implies it was
RDA1 that influenced the distribution of the microflora. The correlation
analysis between VFA composition and bacterial species indicated un
expected relations: Pseudomonas and Comamonas are mainly faculta
tively anaerobic or even aerobic bacteria were positively correlated with
caproic acid and butyric acid production. Shi et al. (2022) showed that
Comamonas accelerated the syntrophic production of VFA in the biofilm
(Shi et al., 2022). Furthermore, Poblete-Castro et al. (2012) indicated
the contribution of Pseudomonas to the carbon metabolism for fatty acids
production (Poblete-Castro et al., 2012).
Moreover, the correlation analysis between VFA composition
showed that pH 10 and without pH adjustment sets had a positive

Fig. 3. (a) PCA analysis of the genus level bacterial community, (b) RDA
analysis of the correlation between genus level relative abundance and VFA
composition for each pH condition.

was unclassified Gammaproteobacteria (facultative anaerobe) that be
longs to Proteobacteria phylum. It is known that the majority of members
of the Gammaproteobacteria class do not produce propionic acid (Woese,
1987). However, its syntrophic relations with propionic acid producers
could be a reason for high propionic acid concentration under neutral
pH. Clostridiaceae (47.14 ± 3%) from Firmicutes phylum were the most
abundant family member under acidic pH. Clostridiaceae is strictly
anaerobic and has several members, which are mainly responsible for
the production of various organic acids (Gries et al., 2019). Especially,
most of the Clostridiaceae spp. are known as acetic acid, propionic acid
and butyric acid producers. Almost equally distributed acid profile
under pH 5 might be explained by the dominance of Clostridiaceae.
The bacterial community profile also exhibited a distinct distribution
based on pH at the genus level (Fig. 2c), similar to that observed at the
family level. Porphyromonas (11 ± 6%) under pH 10, Enterobacter (13 ±
8%) under neutral pH and Clostridium (18 ± 2%) under pH 5 were the
most dominant genus, respectively.
Porphyromonas, a genus member of Porphyromonadaceae family, is
obligately anaerobic and gram-negative bacteria (Brenner et al., 2005).
Even with limited information about its properties and functions, it is
known as an oral pathogenic bacteria (Moradali and Davey, 2021). A
recent study reported that one of the species of Porphyromonas (Por
phyromonas gingivalis) genus consumes lactate and pyruvate as substrate
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correlation with propionic acid, unlike acidic pH. Acidic pH positively
correlated with acetic acid, butyric acid and caproic acids.
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4. Conclusion
VFA possess great potential for biobased materials production from
waste streams. The attention on biobased VFA production has been
increased in the last decade due to their wide application area and high
market demand. This study showed that acidic pH promoted VFA pro
duction compared to alkali and neutral pH in long-term reactor opera
tion. The production of propionic acid was mainly influenced by alkali
and neutral pH, whereas acidic pH had a roughly equal contribution to
the production of acetic, propionic and butyric acids. Moreover, mi
crobial dynamics revealed that the adaptation of bacteria to different pH
conditions might affect the acid profile. Although the results have sig
nificant contributions for pH effects on VFA production, it also stated
that a comprehensive study analyzing intracellular and extracellular
metabolites with dynamics of the microbial community is required.
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