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Abstract

Anaerobic digestion (AD) is an efficient technology for treating organic solid wastes, and the volatile fatty acids (VFAs)
produced during AD have significant value due to their wide range of applications and higher added value com-
pared to methane. This study investigated the long-term effects of high solid content and straw proportion in mixed
substrates (straw, sludge, and food wastes) on VFAs production through semi-continuous reactors under thermophilic
and mesophilic conditions. Results showed that both reactors achieved a maximum VFAs concentration of ~22 g/L
as the straw proportion increased to 50%. Acetate (48.3 —64.5%) was the main component of produced VFAs

in both reactors, while butyrate and propionate production in thermophilic temperature were superior compared

to mesophilic conditions. Microbial community analysis revealed that Defluviitoga plays a pivotal role in acidogenesis
within both reactors; besides, unclassified Hungateiclostridiaceae and Caproiciproducen were found to be dominant
in thermophilic reactor, while Lachnospiraceae_NK3A20_group and Rikenellaceae_RC9_gut_group were essential
for VFAs production under mesophilic conditions. These findings provide valuable insights for the biotechnological
exploration of acidogenic fermentation for large-scale mechanized production of VFAs from agricultural wastes.

Keywords Anaerobic co-digestion, Lignocellulosic biomass, Target VFAs production, Semi-continuous reactor,
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sewage treatment [5, 6]. Approximately 90% of VFAs in
the market are supplied by petrochemical-derived pro-
cesses [7].

Current studies of acidogenic fermentation most focus
on readily degradable feedstocks such as fruit and food
waste [6, 8]. Compared to which, lignocellulosic biomass
is considered as one of the most potential and abundant
renewable resources [4, 9]. Among various kinds of ligno-
cellulosic biomass, agriculture straw currently represents
the largest reserves in China, which production could
reach about 800 million tons per year, with one fifth of
the world’s total straw resources [4, 10].

The main drawback of using agriculture straw for VFAs
production is its recalcitrance to biological degradation
[4]. Previous studies have shown that co-fermentation of
straw with sludge or manure can promote the anaerobic
fermentation, which showed that mixed substrates are
supposed to improve the hydrolysis phase of AD process,
as such wastes are rich in nitrogen, organic matter, and
trace elements necessary for microbial growth [11, 12]. In
addition, the mixing ratio and solid content of substrates
have been considered as important factors governing
the efficiency of anerobic co-digestion (AcoD) process
and VFAs concentration [13, 14]. Due to the presence
of straw in the mixed substrates, most studies have con-
trolled the total solids (TS) content of the substrates to
less than 5%, high solid content of mixed substrates has
poorly been studied for producing VFAs [7, 15, 16].

Currently, most studies have focused on the short-
term feasibility of VFAs production from mixed straw
substrates fermentation through batch experiments,
while which is relatively unrealistic for applications on a
large scale due to its ambiguous influence on engineer-
ing applications [7, 9, 11]. Based on this, there are sig-
nificant prospects to investigate the long-term operation
of acidogenic fermentation with continuous reactors to
achieve large-scale mechanized production. Anaerobic
co-digestion of various agricultural wastes in CSTR has
been successfully implemented at practical scales [17,
18]. However, there are rarely relevant continuous reac-
tors while many treated other readily degradable sub-
strates [8, 19]. VFAs composition is the most important
in acidogenic fermentation, while microbial community
governing the metabolic pathway of substrates, then
further bio-convert to target VFAs [20, 21]. Therefore,
clarifying the influence of the long-term acidogenic fer-
mentation process on microorganisms is the basis for
regulating the generation of target acids, while batch
experiments are limited.

This study aimed to investigate the long-term effects of
high solid content and the proportion of straw in mixed
substrates (straw, sludge, and food wastes) on VFAs
production by conducting semi-continuous reactors in
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thermophilic and mesophilic conditions, respectively.
The knowledge obtained will enable biotechnological
exploration of manipulating the microbial community to
improve the yield of target VFAs.

Materials and methods

Bioreactor fermentation system

Two completely stirred-tank AD reactors (3.0 L with a
working volume of 2.4 L, MDL, B. E. Marubishi Co., Ltd.)
utilized in this study were identical and equipped with an
improved universal mixer bracket (Fig. S1). It has been
demonstrated that thermophilic conditions offer greater
advantages for bioreactor efficiency compared to meso-
philic conditions, as they can facilitate the dissolution
and production of hydrated organic matters, resulting in
higher digestion rates [22]. However, mesophilic condi-
tions are more conducive to microbial survival to pro-
duce higher concentrations of VFAs than thermophilic
conditions [23]. Therefore, two reactors were respectively
operated under thermophilic (53+1 ‘C, H) and meso-
philic (35+1 C, L) conditions to investigate the optimal
conditions for VFAs production from straw, sludge and
food wastes. Each reactor was equipped with a thermo-
stat regulator and a regulated stirrer. The agitation rate of
the two reactors was kept at 100 rpm and pH was con-
trolled at 5.5-6.0 by pumping in 2 M NaOH.

Seed sludge gathered from different anaerobic digest-
ers treating various wastes were used as inoculum. The
two reactors were fed with the same substrates, including
straw, food waste, and sludge, as shown in Table 1. The
reactors were operated by feeding the mixed substrates
every 2-day using the draw-and-fill method. For every
feeding cycle, the fermentation liquid was taken from the
reactor before feeding. Following the initial addition of
the seed sludge (total solids, TS:~5%) into the bioreac-
tor, no feed or withdrawal was allowed for the first 2 days.
When finishing the first cycle of reaction, we discharged
480 mL of fermentation liquid from the system, remained
mixture was retained and then we fed substrates while
started the next cycle. The amount of gas was measured
using a pneumatic trough. The effluent was sampled and
used for the analysis of TS, volatile total solids (VTS),
soluble total organic carbon (STOC), total chemical oxy-
gen demand (TCOD), soluble chemical oxygen demand
(SCOD), and VFAs. Samples for microbial community
analysis were periodically taken (as shown in Figs. 1 and
2) and stored at —20 C.

The long-term operational process consisted of three
phases (F1, F2, and F3; Table 2). The F1 phase (Days
0-105) was the startup phase of reactors with a hydraulic
retention time (HRT) of 100 days; in the F2 phase (Days
105-189), the TS of substrate was adjusted to 10% with
organic loading rate (OLR) of 1 g VTS/L/d and HRT of
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Table 1 TS and VTS of inoculum and substrates
Materials TS (%FM) VTS (%FM)
Inoculum (seed sludge) Anaerobic digesters treating grain wastes 2.52 1.85
Anaerobic digesters treating food wastes 213 145
Anaerobic mesophilic digesters treating cellulose wastes 1.09 057
Anaerobic thermophilic digesters treating cellulose wastes 0.92 0.36
Anaerobic digesters treating fruit wastes 7.94 4.54
Substrate Straw 238 229
Food wastes 12.8 12.5
Sludge 16.5 100

100 days; during the F3 phase (Days 189-368), the reac-
tors were operated at the OLR of 2 g VIS/L/d and HRT
of 50 days, and the VTS ratio of straw, food and sludge in
the feeding changed from 1:1:1 to 3:2:1.

Analytical methods

TS and VTS were analyzed on the basis of methods.
After centrifugation (12,000 r/min for 10 min) of the fer-
mented liquid, the supernatant filtered through 0.22 pm
membrane was used for analysis. STOC was measured by
a TOC auto-analyzer (TOC-VE, Shimadzu, Japan) [24].
TCOD and SCOD in the supernatant were measured via
a DR/2400 spectrophotometer system (HACH, USA).The
VFAs concentrations were determined by a high-perfor-
mance liquid chromatography (SCL-10A VP, Shimadzu,
Japan). Organic elements (C, N) were measured by an
elemental analyzer (Vario Elcube, Elementar) after the
samples were dried with oven and ground. Methane, H,,
and CO, contents were measured by gas chromatography
(GC-2014C, Shimadzu, Japan).

Microbial community analysis

Total DNA and RNA of microbial community were
extracted using cetyl-trimethyl ammonium bromide
(CTAB) method on day 0 (H1, L1), 9 (H2, L2), 33 (H3,
L3), 69 (H4, L4), and 103 (H5, L5) of the F1 phase, days
129 (H6, L6), 157 (H7, L7), and 185 (H8, L8) of the F2
phase, and days 213 (H9, L9), 229 (H10, L10), 249 (H11,
L11), 269 (H12, L12), and 289 (H13, L13) of the F3
phase [25]. The quality and concentration of DNA and
RNA were measured by agarose gel electrophoresis (1%
w/v) and spectrophotometer (NanoDrop 2000, Thermo,
Japan), respectively. Total RNA extracts were reverse
transcribed with random hexamer primers using the
PrimeScriptRT Reagent Kit with gDNA Eraser (Takara,
Kusatsu, Japan) according to the manufacturer’s proto-
col. The V4-V5 hypervariable regions of the 165 rRNA
genes were amplified using primer set 515F (5'-GTG
CCAGCMGCCGCGGTAA-3") and 909R (5'-CCCCGY

CAATTCMTTTRAGT-3"). PCR of each sample was
performed in triplicate and PCR products were pooled to
eliminate PCR bias. The equimolar ratio of PCR products
for each sample was combined, purified with a QIAquick
Gel Extraction Kit (Qiagen, Chatsworth, CA, USA), and
sequenced on Illumina MiSeq " platform by Majorbio
(Shanghai, China). The raw data were processed based
on the i-sanger cloud platform (www.i-sanger.com). Raw
fastq files were demultiplexed, quality-filtered by Trim-
momatic, and merged by FLASH. Operational taxonomic
units (OTU) were clustered at a 97% similarity cutoff by
UPARSE. A taxonomic analysis was conducted using a
Bayesian classifier based on the Ribosomal Database Pro-
ject (RDP), according to the Silva 132 reference database.
The sequencing data are available at the NCBI database
(PRJNA1117803 and PRJNA1117795).

Statistic analysis

Spearman rank correlation coefficients and correspond-
ing p-values were calculated by R (https://www.r-project.
org/). Figures in this study were constructed using Origin
2021 (Origin Lab, Massachusetts, USA), and Adobe Illus-
trator 2021 (Adobe Illustrator, Ireland).

Results and discussion

Physicochemical and acidogenic performance in Hand L
reactors

The physicochemical parameters of H and L reactors
are shown in Figs. 1 and 2. The performance of thermo-
philic and mesophilic reactors remained relatively stable
and comparable through the F1 and F2 phases. In the F3
phase, both H and L reactors achieved maximum VFAs
concentrations of 22.3 g/L and 22.7 g/L, respectively. In
reactor H, the composition analysis of VFAs revealed that
acetate was the predominant component (50.1+4.3%),
followed by butyrate (25.6+7.6%) and propionate
(19.1+8.3%) (Fig. 1C). In reactor L, the main components
of VFAs were primarily acetate (53.8+2.1%), butyrate
(20.7 £2.3%), and propionate (15.2+3%) (Fig. 2C).
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Fig. 1 The operating conditions and parameters of thermophilic reactor H during straw, food wastes and sludge co-fermentation
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Fig. 2 The operating conditions and parameters of mesophilic reactor L during straw, food wastes and sludge co-fermentation
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Table 2 Operating parameters of thermophilic and mesophilic
reactors at different phases

F1 F2 F3
Proportion of straw, food wastes, 1101 1:1:1 3:2:1
and sludge VTS in substrates
Substrates TS (%) 52 103 9.7
Substrates VTS (%) 4.1 8.2 8.3
Substrates C/N ratio 20 20 40
Organic loading rate (g VTS/L/day) 0.5 1 2
Hydraulic retention time (day) 100 100 50

Furthermore, throughout phase F3, progressive sta-
bilization was achieved in both H and L reactors, with
VTS degradation efficiency maintained at approximately
44.6—45.5%. Simultaneously, the STOC reached about
12.3-12.6 g/L. In terms of gas production, minimal
methane generation was observed during phase F3, with
CO, respectively accounting for 70.2% and 90.9% as the
primary gas components in H and L reactors. Addition-
ally, the solubilization of mixed substrates during the AD
process was represented as the ratio of released SCOD to
TCOD [26]. In this study, the substrate release degrees
in H reactor during the three phases ranged from 0.38
to 0.58 g SCOD/g TCOD, while in L were 0.40-0.65 g
SCOD/g TCOD.

In this study, both thermophilic and mesophilic reac-
tors achieved a maximum concentration of VFAs when
the VTS ratio of straw, food, and sludge in the feed-
ing was adjusted from 1:1:1 to 3:2:1. This suggests that
increasing the proportion of straw in mixed substrates
fermentation may be advantageous for obtaining higher
VFAs production and yields. To support this, Zhou et al.
[11] demonstrated that increasing the proportion of straw
in the mixed substrates (activated sludge and corn straw)
from 0 to 50% resulted in a significant increase of up to
69% in VFAs production [11]. Lian et al. [7] observed a
notable rise in VFAs concentration from ~ 10 to 15 g/L by
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changing the ratio of cattle manure and corn straw silage
from 3:1 to 1:3 [7]. Sivagurunathan et al. [27] reported
that at a low enzyme dosage of 1.5 FPU g/, a straw solid
load of 15% could yield approximately 48.3 g/L of lactic
acid, which increased to 59.3 g/L with an elevated straw
load of 20% [27]. However, in comparison to the maxi-
mum VFAs concentration through semi-continuous fer-
mentation of straw silage and cow manure, Lian et al. [7]
achieved an obviously higher maximum VFAs concentra-
tion of 28.3 g/L in a batch experiment [7]. This suggests
that further enhancement of the bioconversion efficiency
for long-term VFAs production in reactors is necessary
by optimizing the process parameters and operational
methods, such as improving feeding strategies [14].
Regarding the distribution of VFAs, despite variations
in the solid content of the substrate and the proportion
of straw, acetate (50.0-53.8%) was the main VFA in
both thermophilic and mesophilic reactors, consistent
with previous studies on VFAs production during straw
co-fermentation [28, 29]. According to previous stud-
ies, for carbohydrate-rich substrates, low pH and OLR
(<8 g VS/L/day) conditions are more conducive to ace-
tate production [30, 31]. Additionally, mesophilic con-
ditions resulted in higher acetate yield, while butyrate
was more abundant under thermophilic conditions,
particularly during the F3 phase with an increased pro-
portion of straw (Table 3). Notably, isovalerate contrib-
uted primarily to valerate concentration in H reactor
(83.2%), whereas n-valerate predominated in L reactor
(65.7%) (Figs. 2 and 3). Garcia et al. [22] found that in
the batch experiments using food waste as substrate,
butyrate yield (~3.5 g COD/L) was markedly higher
under thermophilic conditions (55 C) compared to
mesophilic conditions (35 °C), and the distribution
of valerate is consistent with the results found in our
study [22].Valerate can undergo isomerization to form
isovalerate, a step that releases 2.02 kJ of free energy.
The shift towards isovalerate forming may confer a

Table 3 The distributions of VFAs in reactors H and L (Mean + standard deviation)

H L
F1 F2 F3 F1 F2 F3

VFAs(g/L) 1214111 101432 201420 11.7+09 133421 187429
Lactate (%) 0 0 0.50+0.60 0 0 0

Acetate (%) 485+33 474+37 542423 483+46 50.6+50 62.5+20
Propionate (%) 197455 265+84 121442 205452 169+24 822+143
Iso-Butyrate (%) 110+0.50 280+1.14 2774329 2364081 2144021 1334044
Butyrate (%) 276+43 146+85 265+13 206+47 171405 185418
Iso-Valerate (9%) 204+197 8314322 3714180 1314137 5714172 396+129
Valerate (%) 1144087 053+071 07340386 6.94+3.28 7524158 5534245
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level in reactors Hand L

competitive advantage for microorganisms growing at
thermophilic temperature to overcome the inhibitory
effects of accumulated valerate, as branched-chain fatty
acids are less toxic compared to their straight-chain
isomers [32]. Additionally, increasing mixed substrate
solid content and OLR led to steady increases in acetate
concentration for both reactors. Dogan and Demirer.
[33] demonstrated that an elevated OLR (20 g VS/L/
day) enhanced acetate production (75%) in a continu-
ous reactor [33]. Process parameters significantly influ-
ence the distribution of microbial community and their
metabolic pathways, and it has been shown that the
combined effect of process variables greatly influences
waste streams abundant in carbohydrates (e.g., straw)
[22, 34]. Therefore, increasing the solid contents of sub-
strate and the proportion of straw in this study proves
advantageous for acetate accumulation.

Microbial community structure analysis

The alpha diversity (Chaol, Shannon, and Simpson indi-
ces), as well as PCoA analysis of the microbial communi-
ties in thermophilic and mesophilic reactors based on the
16S rRNA gene analysis are shown in Fig. 3. The micro-
bial alpha diversity in L reactor was significantly higher
than that in H reactor (P<0.05), which is consistent with
previous study on anaerobic co-digestion using straw and
sludge as substrates [35]. The PCoA analysis revealed dis-
tinct differences in the composition of microbial commu-
nity between thermophilic and mesophilic temperatures,
suggesting that temperature may exert a pronounced
influence on the VFAs-producing microbial communities
(36, 37].

As shown in Fig. 4, the dominant phyla in F1, F2,
and F3 phases of the H reactor were Firmicutes (58.4%
at RNA level) and Thermotogota (23.2%). In contrast,
for the L reactor, the dominant phyla in three phases
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Fig. 4 Relative abundance of bacterial phylum based on 16S rRNA gene amplicon sequencing at RNA level in reactors H (A) and L (B)
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included Firmicutes (31.2%), Bacteroidota (15.9%), Ther-
motogota ((33%), and Proteobacteria (17%).

The distribution of dominant genera in H reactor is
shown in Fig. 5A. The microbial community composi-
tions based on DNA and RNA were found to be highly
consistent (Fig. S4), with Defluviitoga, Caproicipro-
ducens, and unclassified Hungateiclostridiaceae as the
dominant genera. In phases F1 and F2, Defluviitoga was
predominant, with relative abundances ranging from 24.2
to 45.0% (RNA-based), while it was undetectable in phase
F3. Caproiciproducens (RNA: 16.3%) and unclassified
Hungateiclostridiaceae (RNA: 17.1%) belonging to Firmi-
cutes became dominant in the F3 phase, with their rela-
tive abundances markedly increased at HO.

The dominant genera in L reactor included Defluvii-
toga, Lachnospiraceae_NK3A20_group, Rikenellaceae_
RC9_gut_group, and Petrimonas (Fig. 5B). In the F1
phase, Petrimonas (RNA: 10.8%), Dysgonomonas (RNA:
6.5%), and Prevotella (RNA: 5.6%) belonging to Bacteroi-
dota were dominant. During the F2 and F3 phases, Deflu-
viitoga (RNA: 33.0%) displayed high abundance during
L6-L11, while Lachnospiraceae_ NK3A20_group (RNA:
32.3%) was obviously enriched during L12-L13. Notably,
Rikenellaceae_RC9_gut_group was dominant across all
three phases with average relative abundances of 6.9%
(RNA-based).

In this study, Firmicutes were consistently dominant
in both H and L reactors, indicating the pivotal role of
this phylum in acidogenesis process under both ther-
mophilic and mesophilic conditions. Previous studies
showed that Firmicutes are essential for the degrada-
tion of lignocellulosic materials and proteins during the
co-fermentation of straw and cow manure for anaero-
bic VFAs production, as well as in the mechanism stud-
ies on anaerobic degradation of rice straw [7, 38, 39].
At the genus level, Defluviitoga exhibited remarkable
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adaptability to both thermophilic and mesophilic tem-
peratures. Members of this genus can produce carbo-
hydrate-hydrolyzing enzymes and generate acetate, H,,
and CO, from polysaccharides such as cellulose and
chitin [40]. During the anaerobic co-digestion of pig
manure and straw, Defluviitoga is found to be capable
of cellulose degradation and acetate production [16,
20, 41]. Thus, in this study, the high-titer production
of acetate during mixed substrates fermentation may
be supported by the high abundance of Defluviitoga
in both reactors. In addition, the predominant genera
in H reactor were Caproiciproducens and unclassified
Hungateiclostridiaceae, which are uniquely dominant.
Caproiciproducens is capable of metabolizing glucose
through the Embden-Meyerhof-Parnas pathway, result-
ing in the production of lactate, butyrate, acetate, and
H, [42, 43]. Previous studies have shown that under
thermophilic conditions (50 ‘C) with a 1:1 or 1:2 mix-
ture ratio of cow manure and straw silage, Caproicipro-
ducens predominantly produces lactate as a facultative
anaerobe [7]. Members of Hungateiclostridiaceae can
ferment complex carbohydrates and protein substrates
to produce VFAs [44, 45]. By contrast, under meso-
philic conditions, populations such as Rikenellaceae_
RC9_gut_group, Lachnospiraceae_NK3A20_group, and
Prevotella, commonly found in the rumen environment
[21], are polysaccharide-degrading bacteria that pos-
sess the ability to produce various enzymes for cellulose
and hemicellulose degradation. These populations also
play a significant role in the production of acetate and
propionate. For instance, Prevotella is able to degrade
xylan, xyloglucan, and pectin, converting sugars into
acetate, succinate, and propionate [9, 46—48]; while the
dominant genera in the F1 phase, Petrimonas and Dys-
gonomonas, have saccharolytic activity and the ability
to utilize monosaccharides and disaccharides, with the
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main metabolic products being acetate and propionate,
glucose can promote its growth [49-51].

Interaction between operational parameters and microbial
community

To investigate the correlation between VFAs-producing
populations and key operational parameters, a Man-
tel test analysis was conducted based on the 16 s RNA
gene analysis (RNA-based) (Fig. 6). In H reactor, there
was a significant positive correlation (P<0.01) between
OLR and unclassified Hungateiclostridiaceae as well as
Caproiciproducens. Furthermore, both of these micro-
bial groups showed a strong positive association with
acetate production, while propionate production was
significantly related to unclassified Hungateiclostridi-
aceae (P<0.05), and butyrate production displayed an
obviously positive correlation with Caproiciproducens
(P<0.001; Fig. 6A). Genera such as Terrisporobacter,
Tepidimicrobium, Clostridium_sensu_stricto_1, and Syn-
trophaceticus were highly positively correlated with each
other (r>0.5), suggesting a potential collaborative effort
among these microorganisms in the production of VFAs
during straw, food wastes, and sludge co-fermentation.
Furthermore, the proportion of butyrate in H reactor
obviously increased in the F3 phase, and based on the
Mantel test analysis, Caproiciproducens exhibited a sig-
nificant correlation with butyrate production (2<0.001).
While the RNA abundance of Caproiciproducens and
unclassified Hungateiclostridiaceae increased with the
straw proportion. Therefore, Caproiciproducens might be
the targeted butyricogenic bacteria under thermophilic
conditions in this study.

In the L reactor (Fig. 6B), unclassified Bacteria was
significantly positively correlated with acetate produc-
tion (P<0.01), while propionate production exhibited
a significant positive correlation (P<0.01) with Lach-
nospiraceae_NK3A20_group and Rikenellaceae_RC9_
gut_group. Consequently, the gradual decline in the
proportion of propionate could be attributed to the
decrease in abundance of Rikenellaceae_RC9_gut_group.
Notably, in both thermophilic and mesophilic reactors,
Defluviitoga showed a negative correlation with OLR
and the proportion of straw; as OLR and straw propor-
tion increased, the relative abundance of Defluviitoga
decreased in both reactors. This finding is consistent with
previous study that increasing the reactor OLR resulted
in a decrease in the relative abundance of Defluviitoga
from 65.76% to 50.56% [20].

The present study investigated the long-term stabil-
ity of VFAs production through the co-fermentation of
straw, food waste, and sludge using semi-continuous
reactors at different temperatures and OLRs. The results
showed that elevating the straw load led to increase
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concentrations of VFAs (22+2 g/L) in both thermophilic
and mesophilic reactors, with no significant effect of tem-
perature on VFAs yield. Acetate was found to be the main
component of produced VFAs in both reactors, while
butyrate and propionate production was higher under
the thermophilic conditions compared to the mesophilic
conditions. Moreover, high solid content and increased
straw proportion significantly enhanced acetate pro-
duction. Microbial community analysis indicated that
Defluviitoga played a crucial role in acidogenesis process
in both reactors, besides, unclassified Hungateiclostridi-
aceae and Caproiciproducen were dominant in thermo-
philic reactor, while Lachnospiraceae_ NK3A20_group
and Rikenellaceae_ RC9_gut_group were essential for
VFAs production under mesophilic conditions. Building
upon these findings, it is possible to improve the yield
of target VFAs by manipulating process parameters and
selectively enriching the microbial community.
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