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ARTICLE INFO ABSTRACT

Editor: Yujie Men Volatile fatty acids (VFAs) (especially propionate and butyrate) accumulation is known to be bottleneck limiting

optimal use of anaerobic digestion (AD). Previous studies targeting optimization of the AD process, mainly

Keywords: focused on strategies for enhancing the degradation of propionate and butyrate. In this study, an alternative

Anaerobic digestion method to reduce risk of accumulation of higher VFA, was to promote homoacetogens, which are generating

Igor]r;oacgtogens small molecules (such as formate, acetate) that can be easily utilized by methanogens by methanogens.
arbon flow

Enrichment of homoacetogens would be advantageous for AD process. Two AD reactors operated at two different
temperatures (35 + 1 °C and 24 + 1 °C) inoculated with heat-pretreated inoculum were used for this study. After
182 days operation, the quantity of homoacetogens, measured by the number of fhs gene, representing homo-
acetogens, reached 1.24 x 10'* copies/g wet sludge in ambient temperature (24 °C) reactor, which was much
higher than it in mesophilic (35 °C) reactor (1.89 %102 copies/g wet sludge). The higher copies at ambient
temperature compared to mesophilic, was because homoacetogens were surviving at this temperature. At
ambient temperature, the acidification rate increased from 30.57 % to 34.25 %, with the composition of acetate
and formate of total VFAs raised from 34.86 % to 55.70 %. It meant that enrichment of homoacetogens was
resulting in re-routing carbon to methanogenic precursors, which had a significant positive effect on reducing the
risk of VFAs accumulation. The genus Acetobacterium was the main homoacetogen enriched in 24 °C reactors.
The abundance of Acetobacterium had a positive correlation with acetate concentration while it had a negative
correlation with temperature. This study provides a new approach for mitigation the risk of VFAs accumulation.

Ambient temperature
Microbial enrichment

1. Introduction acidogenesis and methanogenesis in AD systems, is in the volatile fatty

acids (VFAs) accumulation, especially propionate and butyrate. Propi-

Energy shortage and environmental pollution are the two of the main
challenges the world is facing [1]. Recently, ‘carbon neutrality’ has been
proposed to combat climate change, by decreasing carbon emissions [2].
Anaerobic digestion (AD) has been proposed as a promising technology
for wastes treatment due to its advantages of producing renewable
bio-energy from multiple organic substances [3]. Methane has high
calorific value (55.7 KJ/g) and less CO, emissions when it is burned [4].
The AD is a complex process consisting of hydrolysis, acidogenesis,
acetogenesis and methanogenesis [5,6]. The imbalance between the

onate and butyrate are converted through acidogenic reactions, to acetic
acid and Hj. These oxidation reactions are thermodynamically unfa-
vorable at standard conditions and can only take place at significantly
low product concentrations of products, in order to turn the conversion
reaction to exergonic. The accumulation of propionate and butyrate
could lead to the pH decline [7] and further inhibited the biogas pro-
duction and CHy yield [8]. In order to solve the problem of imbalance
between the acidogenesis and methanogenesis, previous research [9]
proposed separation of AD process into two-stages to provide
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appropriate environment for acidogens and methanogens respectively.
However, the VFAs generated from acidogenic phase containing a large
proportion of propionate and butyrate which hardly to be utilized by
subsequent methanogenic phase.

Reducing accumulation of propionate and butyrate, to provide
methanogenic substrates, has been intensively studied [10,11], and
several methods have been proposed, such adding granular activated
carbon (GAC) or biochar to prompt the direct interspecies electron
transfer (DIET) [12,13], bioaugmentation of syntrophic fatty acids
oxidizing bacteria and methanogens [14], operating parameters regu-
lation (pH, ORP, HRT etc.) [15,16]. However, these initiatives could not
completely and stably avoid VFA accumulation, when the process was
subjected to external unfavorable environmental conditions or substrate
load shocks. Therefore, development of effective and radical solution to
acids accumulation problems is still a topic of great importance.
Strengthening production of acetate and formate by enrichment with
acetogenic microorganisms in AD system could result in a stable and
efficient way to avoid VFA accumulation.

Homoacetogens, a diverse group of strictly anaerobic microorganism
which could utilize a wide variety of substrates to generate acetate,
growing autotrophically by consuming CO2/Hj to produce acetate via
Wood-Ljungdahl pathway (WLP) [17] and growing heterotrophically by
utilizing organic matter such as single organic sugar (glucose), acid
(formate, lactate) and alcohols [18]. Enriching homoacetogens in the
reactor can reduce the generation of VFAs with more than 3 carbon
atoms, such as propionate and butyrate from the origin. Although some
previous studies enriched homoacetogens at a mesophilic (35 + 1 °C)
reactor with the supplement of methanogens inhibitor BES [19,20]. A
few studies focused on the role of homoacetogens enrichment on shifting
the metabolic carbon flows and microbial successions in the AD system.

Therefore, we attempted to enrich homoacetogens in continuous
stirred-tank reactors (CSTR) at both mesophilic (35 + 1 °C) and ambient
(24 £ 1 °C) temperature. The objectives of this study were: (1) to
evaluate the effect of homoacetogens on the acidification rate and car-
bon flow; (2) to reveal the effect of enrichment by homoacetogenic
bacterial on the microbial community composition and the metabolic
network, at different operation phases. To achieve these goals, two
CSTRs were inoculated with acidogenic inoculum (heated sludge) and
fed with different substrates. This study could provide an alternative
option for mitigating the risk of VFAs accumulation at the source by
enriching functional groups and further altering carbon flow in acido-
genic phase.

2. Materials and methods
2.1. Inoculum, reagents and bioreactor

The inoculation anaerobic sludge was obtained from a sewage
treatment plant in Jimei, Xiamen City, China. The parameters of seed
sludge were measured: pH 6.8, mixed liquid suspended solid (MLSS)
42.4 g/L, mixed liquid volatile suspended solids (MLVSS) 13.9 g/L.
Before inoculation, the sludge was initially filtered through a 50-mesh
strainer to remove debris. Then intermittent culture and acclimation
were conducted in a 5 L anaerobic fermentation bottle by dosing
appropriate glucose amount. After acclimation, the sludge was heated at
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VFAs (principally acetate and formate) [21], then was put in the 5 L
bottle again to activate 48 h with glucose at 37 °C.

Different synthetic substrates were prepared for homoacetogens
cultivation with addition of various carbon source. The carbon source
was glucose at the start-up phase, while it was changed to a mixture of
glucose and formate at the transition phase, and formate at the enrich-
ment phase (Table 1). NH4Cl and mixture of K;HPO4 and KHoPOy4 (1:1)
were added as the nitrogen source and phosphorus source to keep the
mass ratio of COD: N: P at 200: 5: 1. Trace metals and minerals solution
were prepared and supplemented to enhance the activity of inoculated
sludge, and the detailed information about these solutions was referred
to Lv et al.” s research [1].

The CSTR was constructed by polymethyl methacrylate with work-
ing volume of 8 L (Fig. 1). There was a water bath layer around the outer
wall of CSTR, equipped with a temperature control system (THS-10,
Tianheng, China) to ensure the temperature of 35 + 1 °C or 24 £+ 1 °C,
respectively. The influent was fed to reactor through a peristaltic pump
(BT-100 S, Lead Fluid, China) at a fixed flowrate (8.5 rpm/min).

2.2. Start-up and operation phases of CSTR

At the start-up phase, 2.5L seed sludge was quickly added into
reactor and then the equipment was sealed strictly to ensure the react
zone in a rigorous anaerobic state. Two CSTRs were started up and
operated at mesophilic (35 + 1 °C) and ambient conditions (24 + 1 °C),
respectively. The organic loading rate (OLR) was stepwise increased
from 3.0 to 12 kg COD/(m>sd) by increasing COD concentration of
influent at a stable HRT of 8 h. The pH was adjusted to suitable acidic
condition with the supplementation of NaHCO3 solution. As shown in
Table 1, the operational process of CSTR system included three main
phases: start-up phase (P1-P3), transition phase (P4-P6) and enrichment
phase (P7-P9). At P10, glucose was added as substrate for evaluating the
performance of acidification after homoacetogens enrichment.

2.3. Analytical methods

The parameters of MLSS, MLVSS, alkalinity and COD concentration
were measured by referring to the Standard Methods (APHA, 2012). pH
and oxidation-reduction potential (ORP) were detected by multichannel
electrochemical tester (HQ40D, HACH, USA). Before analyzing the
volatile fatty acids (VFAs), liquid samples collected from the CSTR were
firstly centrifuged at 6000 rpm for 5 min, then filtered through a
0.22 pm filter membrane and acidified to pH< 2 by dosing 5 mol/L HCI.
The concentrations and compositions of VFAs, including lactic acid,
formic acid, acetic acid, propionic acid, iso-butyric acid, n-butyric acid,
isovaleric acid and n-valeric acid, were detected by using ion chroma-
tography (ICS-3000, Dionex, USA) equipped with an anion exchange
column (Dionex IonPac™ AS11). Biogas collected from the CSTR was
measured by a wet gas flowmeter (LMF-1, China) and the compositions
of Hy, CH4 and CO5 were analyzed by the gas chromatography (GC-
979011, Fuli, China) equipped with packed column (TDX-01) and ther-
mal conductivity detector.

Regarding the acetogenesis efficiency (AE, %), it was calculated as:

. L 1 . . AE = ——— x 100%

100 °C for 2 h to kill the methanogens for avoiding their consumption of COD pyfiuent

Table 1

Operation parameters of CSTR.
Phase P1 P2 P3 P4 P5 P6 p7 P8 Po P10
Operation time (d) 1-20 21-36 37-52 53-68 69-88 89-107 108-126 127-143 144-162 163-182
Carbon source Glucose Glucose+Sodium formate Sodium formate Glucose
Concentration (g/L) 1.0 2.0 4.0 3.76/1.0 3.53/2.0 3.23/3.25 3.25 6.5 13.0 4.0
OLR (kg COD/(m>ud) 3.0 6.0 12.0 12.0 12.0 12.0 2.31 4.62 9.24 12
HRT (h) 8 8 8 8 8 8 8 8 8 8
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Fig. 1. Schematic diagram of the CSTR system.

where CODyjy_ is the concentration of effluent acetic acid (mg COD/
L), CODiyflyent is the concentration of influent (mg COD/L).

2.4. Microbial analysis

2.4.1. DNA extraction and PCR amplification

Sludge samples were taken out from reactors at designed interval
times and then were stored at — 80 °C for microbial analyses. The
extraction of DNA from collected sludge samples was carried out by
FastDNA™ spin kit (mpbio™, USA) following the operating steps in
instruction manual. The concentration and purity of extracted DNA were
measured by NanoDrop-2000 spectrophotometer (Thermo Fisher Sci-
entific, USA). Primers FHS-1 (5-GTWTGGGCWAARGGYGGMGAAGG-
3') and FTHFS-r (5'-GTATTGDGTYTTRGCCATACA-3") were then used
for the PCR amplification of formyltetrahydrofolate synthetase (fhs)
[22]. All oligonucleotide primers were synthesized by the Accurate
Biotechnology Co. (Hunan, China). The volume of each PCR amplifica-
tion mixture was 50 pL, containing 25 pL of 2 xPro Taq Master Mix (dye
plus), 1 pL forwards primer, 1 pL reverse primer, 2 pL. DNA Template
and 21 pL RNase free water. PCR reactions were running on a T 960 C
PCR amplifier (Heal Force, China), which has been described by [22].

2.4.2. qPCR analysis

For qPCR of fhs gene, the volume of each reaction mixture was 20 pL,
containing 10 pL 2 xSYBR Green Pro Taq HS Premix, 0.4 pL forwards
primer, 0.4 pL reverse primer, 7.2 pL RNase free water and 2 pL diluted
DNA sample (approximately 10 ng/pL) or plasmids, respectively. The
negative control was needed in qPCR analysis, where ultrapure water
was used to replace DNA samples. Each reaction mixture was performed
in triplicate and all the mixtures were added in the 96-well plates, then
centrifuged at 3000 rpm/min for 2 min before analysis. The program of
gPCR was referred to the literature [22], which was performed by
LightCycler 480 RT-PCR system (Roche Diagnostics GmBH, Germany).

2.4.3. 16 S rRNA illumina sequencing

The microbial communities of sludge samples collected from both
CSTRs were analyzed by high-throughput sequencing with the Illumina
Miseq platform. A set of universal primers 515FmodF (5'-GTGY-
CAGCMGCCGCGGTAA-3) and 806RmodR (5’-GCAC-
TACNVGGGTWTCTAAT-3') were used for the amplification of V4 region
of 16 S rRNA gene in each sludge sample [3]. The data analysis of 16 S
rRNA was processed through Majorbio I-Sanger Cloud Platform (www.
I-sanger.com). The relative abundance of functional genes of different
operational phases were predicted based on OTU abundance applying

the PICRUSt2 software.
3. Results and discussion
3.1. Performance of CSTR operation

3.1.1. Operation parameters and acetogenesis efficiency

The details of operation parameters containing the pH, ORP and
alkalinity were presented in Fig. 2(a)-(c). For a better directional
enrichment, different substrates with different concentrations were
utilized during different operational processes. Thus, the CSTR system
would have an adaption stage of 10-15 days with these parameters
showing fluctuation, and then it tended to be stable gradually after
adaption stage. The pH of both reactors was adjusted by NaHCOg3 to
meet optimal pH value for acidogenesis and homo-acetogenesis. Ac-
cording to Tsapekos et al.” s study [23], the optimum pH range for the
growth of homoacetogens was 5.5-7.0. When glucose was used as the
sole substrate, the pH was stable at 5.0-6.0. Addition of sodium formate
raised pH at P4-P6 due to alkalic reaction of the sodium formate salt.
Thus, at P7, the formate was added solely without any addition of
NaHCOs, the pH increased to above 9.0. At P8-P9, the formic acid was
supplemented to prevent the pH increased further. The ORP value of
both reactors had fluctuation when changing the substrate of influent.
Overall, the ORP of both reactors were maintained below — 200 mV.
Therefore, both reactors were operated at a strictly anaerobic condition.

Alkalinity is considered as an important parameter to maintain sta-
bility in the AD system [24]. The alkalinity of both reactors was kept
stable at around 600 mg CaCOs/L with 1.5 g/L NaHCOs at P1, P2 and
P10. The alkalinity showed improved tendency with the increased OLR
at P3 and increased further to above 2300 mg CaCOs/L with the formate
addition during P4-P6. Then decreased at P7 without the addition of
NaHCOs. In line with the pH variations, the alkalinity of ambient tem-
perature reactor (R-amb), began to decrease more than the mesophilic
one (R-meso). Generally, the alkalinity indicated a better buffer capacity
and stability of the reactor.

Acetogenesis efficiency (AE) reflects the acetogenesis ability of
anaerobic systems. As shown in Fig. 2, the AE of the R-meso fluctuated
and displayed a higher level than that of R-amb, which was due to the
higher degradation degree of glucose mesophilic temperature. Accord-
ing to Schmidt et al.” s study [25], organic matter degradation rate in AD
process is increasing at higher temperatures. That might be the reason
that AE in mesophilic reactor was relatively higher than it in ambient
one. In addition, it should be noted that AE values in P7-P9 were
decreased to almost zero, and recovered to normal level in P10 phase,
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indicating that formate had not been used to produce acetate in the
mesophilic system. Instead, other formate consuming processes e.g
hydrogenotrophic methanogenesis, was the dominant formate con-
sumption pathway (more detailed discussion in Section 3.1.3). On the
contrary, R-amb, significant enhancement of AE was observed at P7-P9,
which was due to sodium formate in this system was successfully utilized
by homoacetogens which were enriched at these conditions.

3.1.2. VFAs production

Fig. 3 dipicts the composition of VFAs during the whole experiment
duration. It was clear that the production of acetate was enhanced by
increasing dosage of sodium formate at P4-P6. Li et al. [18] reported
that, except glucose, homoacetogens could use formate as substrate to
generate acetate. Significant differences existed between the two re-
actors at P7-P9. The yield of acetate in both reactors were kept at a
relatively low level, around 100 mg/L at P7, due to the high pH value
above 9.0 limited the homo-acetogenic process, since the homoace-
togens are growing at pH range of 5.5-7.0 [23]. When formic acid was
added to adjust the pH level, the yield of acetate increased at the
ambient temperature. It reached to around 1000 mg HAc/L at P8 with
6.5 g/L formate and 1500 mg HAc/L at P9 with 13.0 g/L formate, while
it still remained at relative low level at the R-meso during P7-P9. These
results indicated that acetate increase could mainly be ascribed to
homoacetogenesis from formate at ambient temperature [26]. However,
the majority of formate in mesophilic reactor was consumed by revived
hydrogenotrophic methanogens to generate CH,4 instead of acetate,
mainly responsible for the low yield of VFAs. This result is suggesting

that homoacetogens outcompeted methanogens, for formate use at low
temperature [27].

In order to evaluate the effect of enrichment with homoacetogenic
bacteria on acidification, the performance of acidogenesis with the same
substrate of glucose, before enrichment at P3 and after enrichment at
P10 was compared and discussed in both R-amb and R-meso reactors.
Generally, the proportion of acetate in each reactor was significantly
increased after enrichment, with value increasing from 39.39 % to 48.33
% in R-meso and from 32.49 % to 45.98 % in R-amb. This result was in
line with expectations that homoacetogens enrichment contributed to
high acetate generation and low CO2 emission. Besides acetate, butyrate
was another dominant VFAs increased in both reactors, accounting
36.03 % of total VFAs in R-meso and 47.01 % in R-amb. Most impor-
tantly, the contribution of propionate to total VFAs showed significant
reduction in two reactors after enrichment, namely decreasing from
20.75 % to 2.34 % in R-meso and 8.76-0.33 % in R-amb. Based on
thermodynamic calculations it is evident that syntrophic propionate
oxidization requires more energy:

CH;3CH,COOH+H,0—2CH3;COOH+3 Hy+CO, (AG’= +76-67 ki/mol) (1)
CH;3CH,CH,COOH+2 HyO—2CH3COOH+2 Hy (AG®= +48-30 kI/mol) (2)

[28]. Reducing production of propionate during acidogenesis pro-
cess had advantage in relieving acids accumulation [29]. Therefore, it
can be concluded that the enrichment with homoacetogens in period
P4-P9 reduced the risk of higher VFAs accumulation and subsequently
positively affected methanogenesis. In addition, another interesting
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observation was that around 60-70 mg formate expressed as
HAc-equivants/L was detected in R-amb, accounting for 5.99 % of total
VFAs. This was not expected, but nevertheless it is beneficial for the
subsequent methanogenesis, since formate was an important substrate
for methanogens. Formate has been reported to be easier taken up as
methanogenic substrate compared to Hp [30,31]. According to Nolling
et al., (2001)’s report, pyruvate formate-lyase (PFL), the functional
enzyme responsible for the formate generation, is a strict anaerobic
enzyme [32]. Therefore, the formate production is more favorable under
low ORP condition. This result is accord to the lower ORP value of P10 at
R-amb as demonstrated in Fig. 2b. In addition, the produced formate
could accumulate in the R-amb without the consumption of
methanogens.”

3.1.3. Gas production

As shown in Fig. 4, low gas was produced in R-amb during P1-P9
compared to R-meso. When formate was supplemented at P4-P6, the
H, cleavage from formate partly consumed by methanogens to generate
methane, others utilized by homoacetogens to generate acetate, which
raised the proportion of acetate presented in the Table. A.1.

With formate as the sole substrate during P7-P9, the yield of CH4 was
increased remarkably in R-meso, suggesting that most formate was
consumed by methanogens, which shows that methanogens were reac-
tivated. This proves that pretreatment of sludge could not permanently
inhibit the methanogenesis which is in agreement with previously
shown by [33]. In contrast, only low CH,4 production was observed in
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R-amb. This result indicated that the temperature was a key factor,
which influencing the competition between homoacetogens and
methanogens for formate consumption.

With the addition of glucose at P10, Hy and CO2 were regenerated
and accounted for a larger proportion of total gas production in R-meso
and R-amb. Notably, the gas production presented downtrend in both
reactors. As showed in Table. A.1, the proportion of acetate in R-meso
and R-amb raised from 34.82 % and 28.84 % (P3) to 60.51 % and 52.11
% (P10) respectively. Therefore, the homoacetogenic pathway pro-
moted the generation of acetate [34,35].

3.1.4. Carbon flow shifting

In order to elucidate the effect of the enrichment of homoacetogens,
the difference in the carbon flows between two reactors after the
enrichment was analyzed. The carbon flow analysis was carried out in
the stages of P3 (before cultivation) and P10 (after cultivation) in both
reactors, respectively. As demonstrated in Fig. 5, the carbon originated
from glucose was defined as 100 %. In the P3 of R-meso, approximately
48.12 % of the carbon flowed to VFAs including 21.98 % of butyrate,
5.71 % of propionate and 20.25 % of acetate. After enrichment in P10,
the proportion of acetate increased to 22.33 %, while the butyrate and
propionate decreased to 10.75 % and 0.76 % respectively. Similarly, in
R-amb, the enrichment increased the proportion of acetate and formate
to 19.08 % (P10) from 11.94 % (P3), and less carbon was flowing to
propionate, which reduced propionate portion from 2.39 % (P3) to 1.24
% (P10), while still 13.93 % of the carbon went to butyrate in period P10
compared to the 16.12 % in P3.

Notably, the carbon flowed to total VFAs and gas were 48.2 % and
3.3 % respectively, more than half carbon conversions were unknown.
Partly carbon might be directly utilized by microbials for growth and
reproduction. Besides, according to Ahn et al., (2006)’s study, some
controlling parameters such as pH and temperature can limit the
acidogenic rate of AD system [36]. The optimal pH value for hydrolysis
and acidification was probed at natural or 9.0 [37,38]. Short chain VFAs
were more easily produced as final products at higher pH condition.
Except the VFAs and gas, carbon also could transfer into other organic
substances such as ethanol, butanol and acetone, the proportion was
highly related to the fermentation style [39]. The rules of carbon con-
version during different anaerobic digestion style are deserve to explore
in the future.

Generally, the enrichment with homoacetogens, led to more carbon
flowing to small molecules including formate and acetate, while lower
portion of carbon was flowing to propionate. In agreement with the
results demonstrated in Section 3.1.2 showing that the proportion of
acetate in R-amb improved to 45.98 % (P10) from 32.49 % (P3), while
the proportion of propionate and butyrate reduced to 0.33 % and 47.01
% (P10) from 8.76 % and 53.17 % (P3).

3.2. Microbial community analysis

3.2.1. Diversity and relative abundance of archaea and bacteria at different
phases

The diversity indices (Shannon, Simpson) and richness indices (Ace,
Chao) were used to analyze the diversity and richness of microbial
community [40]. As shown in Table. A.2, the coverage index of all
sludge samples was more than 99 %, suggesting that the microbial
community could be effectively covered by the high-quality sequence
database constructed from each sludge sample. The richness (Ace, Chao)
and diversity (Shannon, Simpson) of original sludge (PO) was higher
than the ones, during operation of the reactors. Both richness and di-
versity decreased gradually from P1 to P9, except a slight increased at
P10 when glucose was the substrate. It is expected that single, simple
carbon sources are reducing the microbial diversity and richness of a
microbiome [41].

To reveal the dynamic succession of microorganisms and main
functional microbes at different phases in R-meso and R-amb, the
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composition and relative abundance of microorganisms were analyzed
at phylum and genus level (Fig. 6). The most dominant phylum of
original sludge in both reactors was Firmicutes, accounting for 79.88 %
and 67.91 % in R-meso and R-amb reactors, respectively. This phylum is
the abundant phylum in wastewaters, solid waste and sludges from AD
system and responsible for butyrate generation [9,42]. This result was
consistent with butyrate as dominant VFAs as described in Fig. 3. At
P1-P3, Firmicutes, Proteobacteria and Bacteroidetes were the major bac-
terial phyla in both reactors, these three phyla are commonly hydrolysis
and acidification microorganisms in AD systems [43]. Bacteroidetes
participated in the biodegradation of carbohydrates, proteins and pep-
tides [44]. Their abundance was positively correlated with glucose
added, while it decreased with formate. Firmicutes and Proteobacteria
could utilize glucose as substrate, and Firmicutes were mainly respon-
sible for the production of butyrate and acetate, while Proteobacteria
mainly contributed to the generation of acetate [39,45]. Their high
relative abundance may result in the large proportion of acetate and
butyrate. Moreover, as previous research, the carbonate alkalinity stress
was closely related to the abundance of Proteobacteria and Firmicutes.
The relative abundance of Proteobacteria showed increased tendency
while the Firmicutes abundance declined with increasing alkalinity level
[46]. Yang et al., (2019) reported that the abundance of Proteobacteria

was significantly downregulated and the abundance of Firmicutes raised
with increasing alkalinity [47]. Briefly, there is a competitive relation-
ship between the Firmicutes and Proteobacteria with increasing level of
alkalinity. Thus, the higher alkalinity as presented in Fig. 2(c) may lead
to the negative correlation between Firmicutes and Proteobacteria [47]
during P1-P6 at both reactors. Then, with formate addition at P7-P9,
Euryarchaeota, belonging to archaea, known for involvement in
methane generation [48], reactivated in the mesophilic reactor and
replaced the dominant of hydrolysis and acidification microorganisms.
However, in R-amb, the acidification microorganisms still accounted for
a larger proportion. This result provides evidence for the low acetate
production and regeneration of methane during P8-P9 in mesophilic
reactor.

On genus level, Clostridium sensu_stricto_1 and unclassified f Enter-
obacteriaceae were the dominant microbes during P1-P3. Clos-
tridium sensu_stricto_1, belonging to phylum Firmicutes, is a genus of
acidogenic bacteria commonly found in anaerobic systems, which could
utilize carbohydrate and proteinaceous substances as carbon source to
produce acetate, butyrate, propionate and Hy/COy [6,49]. In both re-
actors, the relative abundance of Clostridium sensu_stricto.1 was
increased with the increased dosage of glucose (P1-P3) and its increase
in relative abundance corresponded well to the observed accumulation
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of VFAs. Otherwise, unclassified f Enterobacteriaceae, known for fer-
menting sugars such as glucose and lactose, also related to the genera-
tion of VFAs [50], was the second abundant genus during the periods
P1-P3, while it decreased sharply when formate was the carbon source
and was thereafter present at a relative lower abundance at P10 in both
reactors. This could explain the reduced VFA concentrations. Desulfovi-
brio, is highly related to the production of acetate [51]. Its relative
abundance was increased when formate was added in P4-P6. Aceto-
bacterium, known as the homoacetogens, could convert Hy/CO2 to ace-
tate autotrophically according to following equation: 4 Hy + 2COy —
CH3COOH + 2 Hy0 [52], also could generate acetate via fermenting
glucose, formate and lactate heterotrophically [53]. Higher relative
abundance of Acetobacterium was detected in R-amb at formate-adding
phases during P8 (37.52 %)-P9 (29.64 %) than it at P7 (0.15 %) and
scarcely detected at former 6 phases (Fig. 6d). Therefore, the enrichment
of Acetobacterium and low abundance (1.05-3.78 %) of hydro-
genotrophic methanogens Methanobacterium [1,54] during P7-P9
contributed to the increased acetate production in R-amb. As a
contrast, the relative abundance of Methanobacterium reached the
highest level at P8-P9 with proportion of 76.08-86.80 % in R-meso.

In summary, the diversity and relative abundance of microbes
showed a distinct variation at the different phases. The homoacetogens
Acetobacterium was enriched in R-amb, suggesting that the temperature
plays a key role on the enrichment [27]. The enrichment of the homo-
acetogenic bacterium Acetobacterium in AD reactors not only can reduce

the CO5 production, but also have the ability to convert glucose to
acetate.

3.2.2. Correlation between microbial abundance and bioreactor
environment

Considering the environmental conditions are highly related to the
microbial community composition, redundancy analysis (RDA) was
employed to analyze correlations between microbial community with
temperature, and concentrations of formate and acetate in the reactors.
As shown in Fig. 7, RDA1 and RDA2 accounted for 28.90 % and 11.52 %
of the general variation of microbial community composition, indicating
that RDA1 played a leading role in microbial distribution. It also showed
that the concentration of formate had a stronger correlation with sam-
ples distribution.

The results of correlation between environmental factors and mi-
crobial community demonstrated that Acetobacterium and Clos-
tridium_sensu stricto_1 had a positive correlation with acetate and had a
negative correlation with temperature. It revealed that the relative
lower temperature was conducive to the growth of homoacetogens.
Besides, the Desulfovibrio had a strong positive correlation with acetate,
which might result from that Desulfovibrio could degrade lactate to ac-
etate [50]. Unlike Clostridium sensu stricto_1, the hydrogenotrophic
methanogens Methanobacterium showed a positive correlation with
temperature and formate. Notably, negative correlation was presented
between Methanobacterium and Acetobacterium as well as acidogenic
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microorganisms including Clostridium sensu stricto_1 and Lactococcus
with formate addition. The mesophilic condition was beneficial to the
growth of Methanobacterium and further competed on the formate con-
sumption with Acetobacterium.

The results of RDA indicated that the enrichment of homoacetogens
was highly influenced by temperature and substrates. In agreement with
the microbial community succession presented in Fig. 6 and quantity of
homoacetogens showed in Fig. 8, the ambient temperature and formate

content were the most important factors for enriching homoacetogens.

3.2.3. Quantification of expression of formyltetrahydrofolate synthetase
(fhs) gene

The fhs gene in acetyl-CoA pathway of acetogenesis can be used as
probe to quantity homoacetogens [55]. The quantitative variations of
fhs at different phases in R-meso and R-amb are shown in Fig. 8.
Generally, the quantity of fhs showed a significant increase in the two
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reactors during the enrichment operation, while the time of reaching the
peak values varied. In R-amb, the 16 S rRNA copies concentration of fhs
showed a gradually increase and reached the maximum value of
1.24 x 10'* copies/g sludge at P10, was 579.46 times higher than the
2.14 x 10! copies/g sludge at PO, much higher than the 467.69 times
improvement in previous study [19]. These results suggest that homo-
acetogens in this reactor could grow well with glucose as well as with
H5/CO4 [33]. However, in R-meso, the absolute abundance of homo-
acetogens reached the peak (5.79 x 10'2 copies/g sludge) at P6 and
presented reduced tendency at subsequent P7-P9. It can be explained by
the reappearance of hydrogenotrophic methanogens with feeding
formate (P7-P9) (Fig. 6b) that competed on the consumption of formate.
In addition, fhs gene showed higher abundance in R-amb than in R-meso
in all phases, thus, ambient temperature was clearly superior in pro-
moting the enrichment of homoacetogens.

3.3. Metabolic pathways and predicted potential functions

To reveal the potential functions in acidogenic and homoacetogenic
pathways, relevant functional genes obtained from P3 and P10 periods,
were analyzed by PICRUSt2 functional predictive analysis.

3.3.1. Potential pathways of acidogenic fermentation

As shown in Fig. 9a, the acidogenic fermentation of glucose is
comprising three main phases including glycolysis, pyruvate meta-
bolism and acetogenesis [56]. Glucose is firstly degraded to pyruvate via
glycolysis, and then through pyruvate generate various products
including acetate, propionate, butyrate, Hy and CO».

For propionate generation pathway, propionate could be
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transformed from propanoyl-CoA via propionate CoA-transferase (EC:
2.8.3.1). Besides, propionate could be generated via an optional
pathway by phosphate acetyltransferase (EC: 2.3.1.8) and acetate kinase
(EC: 2.7.2.1) [56]. Compared to P3, except for the relative abundance of
EC: 2.7.2.1 improved at P10, the changes of EC: 2.8.3.1 and EC: 2.3.1.8
presented reduced trend at P10 in ambient temperature system. The
reducing abundance of EC: 2.3.1.8 would restrict the transformation of
propanoyl-CoA to propanoyl-P and further decreased the production of
propionate. Meanwhile, the abundance of EC: 2.8.3.1 increased and the
other two decreased at P10 in R-meso. Therefore, as the relative abun-
dance of genes responsible for the propionate generation decreased at
P10, corresponding to the reduced proportion of propionate in both
reactors as presented in Fig. 3.

As presented in Fig. 9a, the variation tendency of the functional
genes relative to the butyrate generation pathway before and after the
enrichment was not significant. This was consistent with butyrate being
the major VFAg both before and after enrichment. Some genes such as
coding acetyl-CoA C-acetyltransferase (EC: 2.3.1.9) and acetoacetyl-CoA
reductase (EC:1.1.1.36) presented an enhancement trend at P10 in R-
amb, while exhibited a reduction trend in R-meso. Meanwhile, some
functional genes showed an opposite trend in both reactors, such as
butyrate kinase (EC: 2.7.2.7) and acetate CoA-transferase (EC: 2.8.3.8).
In general, the still higher abundance of functional genes involved in the
butyrate generation pathway at P10 could explain the accumulation of
butyrate at P10 as Fig. 3 showed.

Overall, acetate was the primary product of most acidogenic path-
ways. Acetate can be generated directly from pyruvate through the
acetyl-CoA pathway as presented in Fig. 9a [56]. In this pathway, some
key genes such as pyruvate ferredoxin oxidoreductase alpha subunit
(EC: 1.2.7.1) and acetyl-CoA hydrolase (EC: 3.1.2.1), its relative abun-
dance significantly increased at P10 in R-amb. Meanwhile, the meso-
philic condition didn’t facilitate the enhancement of related genes. This
result suggested that the enrichment in R-amb could raise the capacity of
acetate generation of fermentation pathway.

3.3.2. Potential pathway of homoacetogenic

Additionally, acetate can be produced via the homoacetogenic
pathway. The homoacetogenic pathway and relative abundance of
related functional genes were showed in Fig. 9b. In the homoacetogenic
pathway, the relative abundance of most functional genes including
methylenetetrahydrofolate reductase [NAD(P)H] (EC: 1.5.1.20), meth-
ylenetetrahydrofolate dehydrogenase (NADP+) (EC:1.5.1.5), methyl-
enetetrahydrofolate dehydrogenase (NADP+) (EC: 3.5.4.9), acetyl-CoA
synthase (EC: 2.3.1.169), 5-methyltetrahydrofolate corrinoid (EC:
2.1.1.258), formate-tetrahydrofolate ligase (EC: 6.3.4.3) and (EC:
2.7.2.1) increased in ambient reactor while decreased in mesophilic
system at P10. Among these functional genes, the abundance of EC:
2.3.1.169 and EC: 2.1.1.258 improved prominently at P10 in ambient
temperature reactor while almost disappeared in mesophilic reactor.
The genes encoding 2.3.1.169 regulating the conversion of 5-Methyl-tet-
rahydrofolate to Acetyl-CoA, the Acetyl-CoA was the key gene of
homoacetogenic pathway [57]. This result accords with the quantities of
fhs presented in the Fig. 8 that the abundance of fhs increased in ambient
reactor while reduced in mesophilic reactor at P10. Suggesting that the
homoacetogenic pathway in ambient temperature system overcome the
adverse influence of hydrogenotrophic methanogens and enhanced after
the enrichment. Summarily, the promotion of acetate production at P10
presented in Fig. 3 was mainly ascribed to the enhanced homoaceto-
genic pathway [32].

4. Conclusion

The homoacetogens were enriched in mesophilic and ambient CSTR
respectively by feeding glucose, glucose/formate and formate at
different phases. Summarily, the enrichment of homoacetogens could be
attained in acidogenic reactors. And ambient temperature was more
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Fig. 9. Variations of relative abundance of functional enzyme-encoding genes involved in pyruvate metabolism pathway (a) and homoacetogenic pathway (b).

conducive to the enrichment of homoacetogens. fhs, which representing
the abundance of homoacetogens, raised to 1.24 x 10'* copies/g wet
sludge at P10 from 2.14 x 10*! copies/g wet sludge at original sludge
(PO). Furthermore, enrichment of homoacetogens prompted more car-
bon flowing to small molecular acid including formate and acetate,
which can be utilized by methanogens directly. The genus Acetobacte-
rium was the main enriched homoacetogens in this study and had

10

positive correlation with acetate, while had negative correlation with
temperature. The enrichment strategy in this work provides novel
technique solution and methodological foundation for further study into
the solution of accumulation of VFAs in anaerobic digestion system.
However, in order to apply this technique solution for combating VFAs
accumulation in real practice, further studies, including how to start up
the homo-acetogenic dominant acidogenic phase rapidly and how to
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improve the carbon flow rate to VFAs, are required. In addition, it is
quite necessary to investigate how the homoacetogens enriched CSTR
system operate when treating real waste(water), which is our next step
study.
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