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Abstract

Huangshui (HS) is rich in organic matter from Baijiu production. Anaerobic digestion (AD)
of HS offers a hopeful strategy for efficient waste utilization and energy recovery. However,
high organic load often causes low methane (CHy) yield and process instability. The aim of
this study was to explore the mechanism of Saccharomyces cerevisiae (S. cerevisiae) to favor AD
systems for more CHy. And the results revealed that with an inoculation at 8% (v/v) addi-
tion of S. cerevisiae, CHy yield was 219.7 mL/g COD, representing a 20% increase compared
to the control without S. cerevisige. The main manifestation of augmentation was the in-
creased bioavailability of dissolved organic compounds. In addition, the ethanol produced
by S. cerevisiae under anaerobic conditions served as an electron donor to supply metabolic
intermediates supporting methanogenesis, enriching Bacteroidetes_vadinHA17, Longilinea
and Methanosaeta. This strategy promoted organic matter degradation and increased CHy
yield, favoring the efforts of the industry to reduce pollution and carbon emissions.

Keywords: Huangshui methanogenesis; Saccharomyces cerevisiae; bioaugmentation mechanism;
microbial community structure

1. Introduction

Baijiu, a famous traditional Chinese liquor with a long history, is made by natural
microbial brewing technology and fermented with pure grain through traditional crafts-
manship [1,2]. It is rich in a variety of trace components like organic acids, esters, phenols
and trace minerals. During fermentation, free water gradually seeps into the bottom of the
fermentation pit as the various components dissolve, eventually forming Huangshui (HS)
wastewater [2]. Typically, approximately 0.3-0.4 tons of HS are produced for one ton of
Baijiu yield [3]. In terms of composition, it contains large number of organic compounds,
including nitrogen compounds, organic acids and some residual microbes from the Baijiu
fermentation process [4]. If HS is released into water bodies without appropriate treatment,
it can lead to oxygen depletion and aquatic organism death in the natural water body [3].

HS contains soluble and readily biodegradable organic constituents, being commonly
treated with anaerobic digestion (AD) [5]. AD facilitates effective management of organic
constituents and promotes energy recovery via methane (CHy) generation [6,7]. CHy
can serve as a fuel to generate electricity, thus contributing to the sustainability of Baijiu
production. The AD process generally produces biogas with 50-70% CHy, which is purified
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and pressurized to be delivered to the gas network for daily use by residents [8]. During AD,
organic matter is converted to CHy through a series of reactions (hydrolysis, acidogenesis,
acetogenesis and methanogenesis). In the AD process, acid-producing bacteria catalyze
the hydrolysis of organic matter in wastewater, leading to the formation of volatile organic
acids (VFAs) or hydrogen (Hy) [8]. The methanogens then use the acetic acid (HAc) and
carbon dioxide (CO;) in these substrates to further convert them to CHy, thereby achieving
energy recovery. In essence, the products of one microbial group can serve as the substrates
for subsequent microbial groups [9]. Due to the significant differences in physiological
characteristics, nutritional requirements and environmental sensitivity of different microbes,
conventional single-stage AD is difficult to maintain the balance between acid-producing
bacteria and methanogens, likely causing VFAs accumulation and process instability. The
accumulation of VFAs is one of the factors that lower the pH value of AD system beyond
the suitable growth range of methanogens [8]. And the activity of methanogens is inhibited,
leading to a decrease in CHy yield [8]. The CH4 production efficiency of AD can be
improved by alleviating acid inhibition, generally by adding alkaline substances such as
NaOH and K;,COj to react with VFAs. However, this method is costly and has the risk of
inducing Na* and K* inhibition.

Bioaugmentation can improve CHjy yield rate and process stability, and shorten AD
time [10,11]. Due to its ability to resist osmotic pressure, acidity, and possession of high
metabolic efficiency, yeast is utilized in the treatment of wastewater with high organic
loads, especially those containing toxic and refractory pollutants [12]. A previous study
showed that adding Saccharomyces cerevisiae (S. cerevisiae) strains to AD systems for food
waste treatment can increase CHy production, where CHy yield of the 2% S. cerevisiae group
increased by 33.2% compared with the control yield without S. cerevisiae. It serves as a
reliable agent for ethanol (EtOH) production [13]. The yeast in the AD process can convert
degradable organic matter (e.g., glucose) in the substrate to EtOH instead of propionic
acid (HPr) and butyric acid (HBu). EtOH is a vital precursor for methanogen. After being
converted into HAc and H,/CO; by Hj- and HAc-producing bacteria, it is efficiently
converted into CHy by methanogen, obtaining more CHy. Thus, it can reduce the burden of
VFAs accumulation in AD [8]. Moreover, EtOH can be further converted into HAc that can
be used by methanogens, raising CHy yield and AD stability. EtOH pre-fermentation as a
vital part of biological process promoted the hydrolysis efficiency of AD by adding yeast
to the substrate [14]. Interestingly, a previous study revealed that EtOH pre-fermentation
stimulated direct interspecies electron transfer (DIET) in methanogenic communities, and
raised sludge conductivity after AD process [15]. EtOH can act as an electron donor,
promoting microbial electron transfer efficiency and CHy4 production [16]. S. cerevisine was
used to pretreat some waste, for subsequent AD process, but S. cerevisine and anaerobes
worked together in this work.

The AD of wastewater mixtures (e.g., winery wastewater with sewage sludge) has
demonstrated potential to enhance CHy yield by optimizing feedstock ratios [6]. The
process can deal with the effective treatment of winery wastewater, and integrate it with
activated sludge, having low-cost advantages for investors [17]. The nutrients and trace
elements in winery wastewater increased microbial diversity and enzymatic activity in
sludge, promoting symbiotic and syntrophic relationships [6]. Notably, variations in
feedstock mixing ratios affect the structure of the methanogenic archaea community, which
in turn affects the overall efficiency of AD process [6]. Inhibition triggered by inappropriate
raw material ratios can disrupt AD process, leading to organic overload and acidification of
AD system [18]. Thus, exploring changes in microbial communities is vital to understand
the effect of substrate on CH, yield. AD systems can also exhibit complexity owing to
the unique chemical properties of some substrates. So, it is crucial to determine optimal
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parameters, evaluating the extent of substrate degradation, and identifying potential
limiting factors of CHy yield. However, relatively few studies have been conducted on
the direct addition of S. cerevisiae to AD systems. Therefore, it is critical to determine the
optimal parameters to assess the extent of substrate degradation as well as to identify
potential adverse factors affecting CHy yield.

The aims of this work are (a) to evaluate the impact of different feedstock ratios
and S. cerevisize on CHy yield, (b) to explain how S. cerevisiae affects the AD pathway
and distribution of extracellular polymeric substances (EPS), (c) to reveal the effects of
S. cerevisiae on microbial communities, (d) to elucidate the main role of S. cerevisiae in AD
and provide theoretical guidance for improving CHj yield in the future.

2. Materials and Methods
2.1. Characteristics of Anaerobic Sludge, Baijiu HS and S. cerevisiae

In this work, Baijiu HS and anaerobic sludge were used as inoculums. The CHy yield
from Baijiu HS was evaluated by setting different volume ratios under mesophilic condition.
Then, the influence of yeast addition was explored by adding S. cerevisiae to the AD system
of Baijiu HS.

Anaerobic sludge was gathered from a citric acid wastewater treatment plant of a
company in Shandong Province. 2 L of raw sludge was placed in culture equipment
(Guohua Instrument, Changzhou, China) at 37 & 0.5 °C. 1.0 g glucose was added to
culture for 20-25 days for enriching anaerobic microbes, which was the inoculum for the
subsequent AD and its physical and chemical properties were as follows: pH 7.0 £ 0.1,
chemical oxygen demand (COD) 13,022.7 + 633.8 mg/L, ammonia nitrogen (NH4*-N)
632.8 £ 47.5 mg/L, total organic carbon (TOC) 2843 £ 108 mg/L and inorganic carbon
(IC) 736 & 2.8 mg/L. Baijiu HS came from a liquor factory in Linyi (Shandong, China); its
physicochemical properties are as follows: pH 3.75 £ 0.05, COD 26,7120 &+ 2000 mg/L,
NH,4*-N 2167 + 61 mg/L, TOC 67,400 £ 1150 mg/L, total nitrogen (TN) 3598 + 50 mg/L,
and total phosphorus (TP) 1898 & 10 mg/L. And Baijiu HS is rich in organic acids like
lactic acid (LA) (68,845 £+ 730 mg/L), propionic acid (HPr) (3982 + 133 mg/L), HAc
(14,109 £ 274 mg/L), HBu (492 + 86 mg/L) and EtOH (1371 + 120 mg/L), containing
glucose of 1021 & 82 mg/L. In addition, S. cerevisiae came from China Angel Yeast Company
(Yichang, Hubei Province, China).

2.2. Batch Experimental Design

Batch AD was carried out in two sets of experiments using 500 mL serum vials with
100 mL anaerobic sludge and 125 mL headspace in each AD reactor. S. cerevisize was
first inoculated in yeast extract peptone dextrose medium (YPD) at 30 °C for 12 h as
inoculum. Two AD groups were designed, labeled as groups A and B. Group A without
S. cerevisiae and group B with activated S. cerevisize. Group A was set up with different
HS to inoculate sludge for volume ratios of 1:1, 1:1.5, 1:5, 1:10 and 1:15. The inoculated
amount of S. cerevisiae in group B was 4%, 5%, 6%, 7% and 8% (v/v), and other components
were assembled the same as group A. The rationale for selecting the inoculation levels
(4-8%, v/v) was based on the pre-experiment effect and cost analysis. In addition, the pH
of each reactor was adjusted to 7.0 & 0.1 with 2 M NaOH and 2 M HCL. The reactors were
swept with nitrogen for 1.0 min to ensure an anaerobic environment, incubated in a water
bath at 37 °C for 15 d. CHy yield was recorded every 24 h with 2-3 mL of supernatant
being collected for further analysis. By using a 10% NaOH solution, the H,S and CO,
in biogas were absorbed, obtaining CH,, which was then converted to CH, yield under
standard conditions.
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2.3. Kinetic Analysis

The evaluation of CH4 production kinetics by modified Gompertz model (Equation (1))
was obtained [19]:

Y(t) = Pmexp{—exp [RI;nme(/\ —t)+ 1} } (1)

Here Y represented the cumulative CHy yield (mL/g COD) at t (h), P,;, described
the maximum CHy yield (mL/g COD), R;, revealed the maximum CHy yield rate
(mL/g COD-h), e = 2.718, A was related to the lag time (h) and f was AD time (d).

2.4. Liquid Sample Analysis

COD, NH4+-N, TN and TP were determined according to a previous study [20]. TOC
and IC were determined by a total organic carbon analyzer (LCPHCN200, Shimadzu,
Kyoto, Japan). Protein and polysaccharides were measured by Kaumas Brilliant Blue and
phenol sulfuric acid method [21]. The determination of the electron transfer capacity of
fermentation broths by cyclic voltammetry (CV). The CV curve was revealed using an
electrochemical workstation (Chenhua, Shanghai, China). CV was measured with 50 mL of
AD broth in an electrolytic cell with a scanning voltage of —1-1 V and scanning rates of 20,
40, 60, 80 and 100 mV /s, where graphite was the working electrode, platinum sheet was
the counter electrode and Ag/AgCl was the reference electrode. In addition, the sludge
conductivity after AD was measured by conductivity meter (HQ40d HACH, Loveland,
CO, USA).

Dissolved organic matter was determined via 3D-fluorescence spectrometer (E-7100,
Hitachi, Tokyo, Japan). The thermal method was used to extract EPS, where the procedure
was as follows [22]. Sludge samples were centrifuged at 6000 r/min for 8 min, followed
by washing three times with phosphate buffer (39% NaH;PO,4 and 61% NaHPO,, pH 7).
Following the treatment of the samples at 80 °C for 15 min to enrich EPS, the samples
were then centrifuged at 8000 r/min for 8 min. Meanwhile, the supernatant was collected
and filtered with 0.22 pm filter membrane for subsequent analysis. The wavelengths of
excitation (Ex) and emission (Em) were 200-600 nm, the scanning rate was 1200 nm/min
with scanning interval of 5 nm. Coenzyme F420 was extracted from 5 mL of well-mixed
sludge sample by centrifugal washing (6000 rpm, 10 min) with phosphate-buffered saline
(pH 7.4), followed by resuspension in 5 mL of 50 mM Tris-HCl buffer (pH 7.5). The
cells were disrupted by ultrasonication (20 kHz, 10 min, ice bath). After centrifugation
at 12,000 rpm for 15 min at 4 °C, the supernatant was collected. The absorbance of the
supernatant was measured at 420 nm using a UV-Vis spectrophotometer (Shimadzu, Kyoto,
Japan). A standard curve was established using commercial coenzyme F420 (Sigma-Aldrich,
St. Louis, MO, USA) with concentrations ranging from 0 to 200 uM (R% > 0.999). The F420
content was expressed as pmol/g of volatile suspended solids (VSS). In addition, high-
performance liquid chromatography equipped with a refractive index detector (HPLC20-AT,
Shimadzu, Japan) was used to measure the soluble microbial products of glucose, HAc,
HPr, HBu, EtOH and lactic acid (LA). The mobile phase was 5 mM sulfuric acid at flow
rate of 0.6 mL/min. The column was Aminex HPX-87H column (Bio-Rad Laboratories Inc.,
Shanghai, China).

2.5. High-Throughput 16S rRNA Sequencing

The 165 rRNA high throughput was used to analyze the sludge samples from the 1:5
group and the inoculation at 4% and 8% groups to reveal the diversity of sludge microbial
community. The standard V3-V4 regions were selected for amplicon building for bacteria.
The upstream and downstream primers for PCR amplification were ACTCCTACGGGAG-
GCAGCA and GGACTACHVGGGTWTCTAAT. The standard V4-V5 regions were selected
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for amplicon building for archaea. The upstream and downstream primers for PCR ampli-
fication were TGYCAGCCGCCGCGGTAA and YCCGGCGTTGAVTCCAATT. And other
details were described in a previous study [22].

2.6. Statistical Analysis

Each experiment was repeated three times. The results were expressed as
mean =+ standard deviation. One-way ANOVA was carried out using Origin 2024b soft-
ware and was considered statistically significant when p < 0.05.

3. Results and Discussion
3.1. Effect of Different Feedstock Ratios and S. cerevisiae Additions on CHy Yield

CHy yield visually reveals AD performance. Figure la,b shows CHy yield under
various feedstock ratios and S. cerevisiae additions. The cumulative CHy yield is arranged
in descending order as follows: with the highest yield of 175.59 mL/g COD in the 1:5-
group, followed by the 1:10 (162.7 mL/g COD) group and 1:15 (147.87 mL/g COD) group.
The CHy yields were low in 1:1 and 2:3 groups with 26.6 mL/g COD and 41.3 mL/g
COD, respectively. This might be due to incompatible mixing ratios of the ingredients,
leading to the acidification and failure of AD processes. In this work, different additions
of S. cerevisine were added to the AD system using a 1:5 raw material ratio along with the
control group without S. cerevisine. CH, yield increased gradually with the increase in
S.’cerevisiae additions. When S. cerevisiae inoculation rate was 8% (v/v), CHy yield was
219.7 mL/g COD, being 20% higher than that of the control yield. This revealed that CHy
yield would increase compared with the control without S. cerevisiae, being same as the
previous study [23].
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Figure 1. Effect of different Huangshui (HS) and anaerobic sludge (AS) inoculation ratios and
S. cerevisiae additions on AD performance: (a) cumulative CHy yield with different substrate ratios,
(b) cumulative CHy yield with different amounts of S. cerevisiae, (c) CHy production rate with different
substrate ratios, (d) CH, production rate with different amounts of S. cerevisiae.
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Figure 1c,d illustrates the influence of different feedstock ratios and S. cerevisiae addi-
tions on CHy production rate, respectively. As shown in Figure 1c, CHy production rates
peaked on day 3 in the groups with feedstock ratios of 1:1, 2:3, 1:10 and 1:15, which were
4.33, 8.43,2.11 and 29.25 mL/g COD/d, respectively. In contrast, the 1:5-group peaked
on day 1 with the CH4 production rates of 37.26 mL/g COD/d. Subsequently, the CHy4
production rate gradually decreased to zero level in all groups and ceased. The lower rates
in the 1:1 and 2:3 groups might be due to the high load from Baijiu HS, disrupting the
balance of syntrophic metabolism. Employing suitable feedstock ratios showed a favorable
performance, reflecting in high CHy yield and production rate. The CHy production rates
peaked on day 2 in all groups and increased with the rising inoculation of S. cerevisiae
(Figure 1d). The possible reason is the existence of glycolytic metabolic pathway in S. cere-
visiae [8]. S. cerevisiae converted biomass to EtOH, being further converted into HAc for
easy utilization by methanogens, thus inhibiting the acidification of AD system. So, CHy
yield was increased and AD process could operate stably.

3.2. Kinetic Model Evaluation

To further reveal the effect of S. cerevisiae on CHy yield, a modified Gompertz kinetic
model was fitted to the maximal CHj yield (P,;), CHy production rate (Ry,) and lag time
(A) in the AD system. The fitting results are described in Table 1, which shows that the
correlation coefficients (R?) were all higher than 99%, indicating that the modified Gompertz
kinetic model was in high agreement with the experimental data. According to the fitting
results it could be observed that the cumulative CHy yield gradually rose with the increase
in S. cerevisiae. And the highest CHy yield was 217.36 mg/L, which was 20.39% higher than
that of the control group. It is basically the same as the experimental results in Section 3.1.
Simultaneously, the R, calculated by the modified Gompertz model increased from 42.36
to 46.72 mL/g/d, suggesting that S. cerevisine was able to effectively increase hydrolysis
rate and R;,. This improvement was primarily due to the balanced nutrient composition
in the mixed substrate, efficiently stimulating the growth and activity of microbes [6]. In
addition, lag time (A) decreased with increasing S. cerevisiae, suggesting that S. cerevisiae
was effective in shorting A. It might be due to the ability of S. cerevisiae to alleviate the acid
inhibition of AD, allowing anaerobes to carry out CH4 production faster. A previous study
showed that the involvement of EtOH in AD system alleviated the inhibitory effects of
acidification, shortened the lag time and promoted the growth of methanogens [9].

Table 1. Kinetic parameters from anaerobic digestion (AD) amended by S. cerevisiae.

Inoculation Maximal CH, Maximal CHy Correlation
(%S. cerevisiae) Yield Production Rate = Lag Time (A, d) Coefficient
: (P, mL/g) (Rp, mL/g/d) (R?, %)

0 173.03 42.36 0.49 99

4 180.22 45.38 04 99

5 184.27 43.78 0.38 99

6 200.72 45.98 0.37 99

7 203.10 46.18 0.33 99

8 217.36 46.72 0.25 99

3.3. Changes in Dissolved Organic Matter in Anaerobic Digestion System

The changes in dissolved organic matter (e.g., VFAs and EtOH) in AD system are
shown in Figure 2a. LA was rapidly degraded within 0-2 days, accompanied by small
amounts of HAc, HPr and HBu production, which were all consumed in the following
2-15 days. The degradation of LA is a key biochemical step in AD process. LA enters the
cells of anaerobic microbes via specific transporter protein, which recognizes and transports
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the lactate molecule. Upon entering the cell, LA is oxidized to HPr and HAc [24], both
acting as potential available substrates for methanogensis. And the conversion pathway
mainly relies on pH and microbial structure. However, the HPr accumulation leads to
acid inhibition of the AD process, in turn lowering CH, yield [24]. Theoretically, LA and
HPr cannot be directly involved in CHy4 generation; whereas, HAc can. Therefore, HPr is
further converted to HAc, Hy and CO,, which serve as substrates for methanogens and are
ultimately transformed into CHy through a series of biochemical reactions.
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d o HBu )
&0 1000 4 ?0
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Figure 2. Effects of S. cerevisige in the anaerobic digestion (AD) system on (a) volatile fatty acids
(VFAs) and (b) protein and polysaccharides.

Inoculation of S. cerevisiae resulted in an enhanced rate of LA degradation, further
reducing the inhibitory effect of LA on methanogens. This explained why CHy yield
increased with increasing of S. cerevisiae. It is noteworthy that as the fermentation pro-
ceeded, the HPr concentration in the groups with and without S. cerevisiae reached highest
concentration on days 3 and 4, respectively, after which it was gradually completely de-
graded. Therefore, it was speculated that S. cerevisiae could alleviate the accumulation of
HPr. Namely it might be the fact that S. cerevisiae converted organic matter (e.g., glucose)
in Baijiu HS into EtOH under anaerobic condition, where EtOH increased from 229 mg/L
to 4814 mg/L within two days. And the EtOH could be used as a slow-release substrate
that continuously releases HAc into AD process, alleviating process acidification. HAc
was slightly higher than the control group on days 3-15 after inoculation with S. cerevisige.
In this process, EtOH was oxidized to HAc by acetogenic bacteria, where electrons and
protons were released (Equation (2)) [25]:

C,H50H + H,O — CH3COOH + 2H™ + 2e™ (2)

The resulting electrons were critical in driving redox reactions, which facilitated
electron transfer between microbial communities and CHy yield. S. cerevisine was able to
increase the stability of AD system and alleviate process acid inhibition [13]. The conversion
of solid organic matter in sludge particles into liquid is the initial step in AD process, called
solubilization. This transition is crucial for microbial utilization. Accelerating this process
can increase the amount of substrate that can be easily degraded by anaerobes, in turn
favoring the subsequent AD. Anaerobes rely heavily on the solubilized organic matter
in AD. Thus, the effect of S. cerevisiae on the solubilization of inoculated sludge can be
assessed using protein and polysaccharide contents. Figure 2b depicts the protein and
polysaccharide contents of the broth in AD system after 48 h. The protein increased from
2.66 g/L in the control group without S. cerevisiae inoculation to 2.72 g/L and 2.8 g/L
at S. cerevisige inoculation levels of 4% and 8%, respectively. The polysaccharide content
increased from 0.42 g/L in the control group to 0.57 g/L and 0.61 g/L at S. cerevisiae
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inoculation levels of 4% and 8%, respectively. And soluble COD (SCOD) rose from 11.75 g /L
in the control to 13.35 g/L and 14.03 g/L at S. cerevisiae inoculation levels of 4% and 8%,
respectively (Figure 3a). This suggested that S. cerevisine was able to promote solubilization
of the inoculated sludge, in turn releasing polysaccharides and proteins into liquid phase.
Meanwhile, the microbes in AD received more nutrients and shortened the lag time.
Gao et al. [13] and Rai et al. [26] pointed out that S. cerevisiae was an effective biological
pretreatment option for sludge solubilization. Lv et al. [27] also revealed that S. cerevisiae
promoted sludge dissolution, releasing more SCOD and protein into liquid phase.
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Figure 3. (a) Changes in soluble chemical oxygen demand (COD) in fermentation broth after 48 h,
(b) changes in coenzyme F420, (c) sludge conductivity in each reactor, and (d) Venn diagram analysis
of microbial community based on operational taxonomic units (OTUs).

3.4. Effects of S. cerevisiae Addition on Extracellular Polymeric Substances

In AD systems, in addition to providing the necessary microbes, the organic matter
present in the inoculated sludge is also released into the liquid phase. The solid organic
matter in the sludge particles needs to be converted to the liquid state for microbial use,
marking the initial step of AD called solubilization [28]. By speeding up the process,
there will be more substrates that can be degraded by anaerobes, being favorable for
subsequent AD processes. EPS is a complex mixture of high molecular weight aggregates,
which can protect cells against dehydration and toxic substances [29]. To reveal the impact
of S. cerevisiae on the sludge dissolution in AD process, EPS fluorescence characteristic
was analyzed using 3D excitation-emission technique (Table 2). It revealed the dissolved
organic matter characteristics by fluorescence region [30]. As described in Figure 4a—c,
excitation emission matrix (EEM) fluorescence spectra showed that there was a difference
in fluorescence intensity between regions I and II, which confirmed that S. cerevisiae could
promote the secretion of proteins.
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Table 2. Excitation (Ex) and emission (Em) wavelengths of fluorescence region and their meaning.

Regions Ex/Em Wavelengths (nm) Substances
I 200-250/200-330 Tyrosine-like protein
I 200-250/330-380 Tryptophan-like protein
I 200-240/380-500 Fluvic acid-like organic matter
v 250-280/200-380 Soluble microbial byproducts
v 150-400/380-500 Humic acid-like organic matter
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=3
=

5000
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|-3750

300
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Figure 4. EEM spectra under different yeast addition conditions: (a) 0%, (b) 4% and (c) 8%.
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The protein-like substrates containing various cytochromes could participate in elec-
tron transfer and facilitate metabolism among mutualistic bacteria, thereby effectively
degrading organic matter [30]. With the increase in S. cerevisiae, various fluorescence peaks
were observed in Region IV (Figure 4a—c). The higher the content of S. cerevisiae, the deeper
the fluorescence response intensity showing more soluble microbial byproducts appeared
(Table 2). And these phenomena revealed S. cerevisiae promoted VFAs formation and
metabolism for more CHy production.

In addition, coenzyme F420 serves as a key enzyme involved in methanogenesis and
is often used as an indicator of methanogenic capacity, given its unique participation in
redox reactions associated with anabolism and catabolism. Ma et al. [6] found that the
AD system of sewage sludge with winery wastewater enhanced enzyme activity. An
increase in coenzyme F420 promoted electron transfer between bacteria and methanogens,
further favoring methanogenic capacity. As shown in Figure 3b, the coenzyme F420 content
increased from 0.08 £ 0.01 umol/g VSS in the control group to 0.36 £ 0.03 umol/g VSS in
the 8% S. cerevisiae group (Figure 3b), indicating a significant expansion of the methanogenic
coenzyme pool. This suggests that S. cerevisiae addition enhanced the metabolic readiness of
methanogens, consistent with the observed higher CHy production rate. This indicated that
S. cerevisiae could raise the enzyme activity, thereby enhancing the methanogenic capacity.

In addition, the electron transfer capacity of AD was assessed by electrochemical
methods, showing two redox peaks (Figure 5). The height of the peak currents served as an
indication of electrochemical capacity of the electro-active microbes, reflecting extracellular
electron transfer capacity [31]. Ata scan of 100 mV /s, the peaks of 1 and 2 of the control
group had current of 2.41 mA and —2.25 mA, and voltages of 0.505 V and —0.497 V
(Figure 5a,d). For 4% S. cerevisiae group, the currents of peaks of 1 and 2 were 2.82 mA
and —2.44 mA, and voltages were 0.496 V and —0.429 V, respectively (Figure 5b,e)). For
8% S. cerevisiae, the currents of peaks 1 and 2 were 2.91 mA and —2.99 mA, and voltages
were 0.509 V and —0.634 V, respectively (Figure 5¢,f). As the scan rate increased, the peak
current exhibited an upward trend. At a scan rate of 100 mV /s, the peak current increased
with increasing S. cerevisine, showing acceleration in the extracellular electron transfer rate
due to the involvement of S. cerevisiae. Zhang et al. [32] found that, at the same scan rate,
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the reduction current of EtOH-based AD exhibited higher values compared to the control
group, suggesting that EtOH could improve extracellular electron transfer. Furthermore,
the anaerobic sludge conductivities of the control, 4% and 8% S. cerevisiae groups were
7.3 ms/cm, 9.7 ms/cm and 10.02 ms/cm, respectively (Figure 3c), reflecting the ability of S.
cerevisiae to favor DIET between anaerobic microbes.
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Figure 5. Effects of S. cerevisiae in the anaerobic digestion (AD) system on CV current: (a) control
group (0% S. cerevisiae), (b) 4% S. cerevisiae group, (c) 8% S. cerevisiae group, (d—f) peak current
expressed as a function of scan rate, corresponding to (a—c).

3.5. Effect of S. cerevisiae on the Structure of Microbial Communities

Different types of anaerobic microbes play different roles in various stages of the AD
process, and their dynamic changes are directly related to the performance of AD. Therefore,
this work revealed the variations in microbial diversity and abundance within the AD
processes by the addition of S. cerevisiae through 16S rRNA high- throughput sequencing.
The operational taxonomic units (OTUs) for bacteria in the control, 4% S. cerevisiae and 8%
S. cerevisiae groups were 1686, 1548 and 1866, respectively (Figure 3d). Table 3 demonstrates
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the microbial community alpha diversity in AD bio-reactors, in which the coverage index
of each AD exceeded 0.99, indicating good species coverage. Chao 1 index was used to
indicate the abundance of species in community while Simpson index was used to reveal
the community diversity [33]. Chao 1 indices of bacteria were 1693.25, 1548.74 and 1879.4.
Simpson indices of bacteria and archaea added with S. cerevisiae decreased compared to the
control, showing an increase in microbial diversity.

Table 3. The x-diversities of bacteria and archaea in anaerobic digestion system.

. . . Goods
Microorganism Sample Chao 1 Simpson Shannon Coverage (%)

Control (0%) 1693.25 0.9892 7.924 99

Bacteria 4% 1548.74 0.9888 7.868 99

8% 1879.4 0.9878 7.874 99

Control (0%) 236 0.6646 2.712 99

Archaea 4% 215.01 0.6094 2.307 99

8% 191.49 0.659 2.591 99

Microbiological adaptation to substrate degradation caused the changes in microbial
structure [34]. Figure 6a depicts the distribution of bacteria microbial communities at
phylum level. S. cerevisinze made significant differences in bacterial distribution. The
dominant groups such as Firmicutes, Chloroflexim, Bacteroidetes and Synergistetes, are usually
considered as typical microbes in anaerobic systems. In this work, Firmicutes exhibited the
strongest competitive advantage and became the most competitive phylum. The relative
abundance of the control, 4% and 8% S. cerevisiae groups were 32.8%, 30.62% and 34.62%,
respectively. Especially, Frimicutes holds a significant role in the hydrolysis and acid
production process of AD, being conductive to the generation of short-chain fatty acids [35].
When S. cerevisiae addition was 8%, an increase in the abundance of Firmicutes was observed
in comparison to the control group, explaining that at the microbial level the ability of
S. cerevisiae could promote the hydrolysis, acidification and HAc production stages of
AD process. The relative abundance of Bacteroidetes increased with increasing S. cerevisiae.
And Bacteroidetes was able to participate in hydrolysis, hydrolyzing polysaccharides to
monosaccharides [36]. The relative abundance suggested that S. cerevisiae favored the
hydrolysis process in AD system. For 8% S. cerevisiae group, the relative abundance of
Chloroflexi increased slightly, promoting the conversion of intermediate products for more
CHy. The relative abundance of Synergistetes in the control and 8% S. cerevisiae groups were
8.22% and 8.74%, respectively, where Synergistetes was the electrochemically active bacteria
that took part in interspecies electron transfer [32].

Figure 6b depicts the distribution of bacteria microbial communities at the genus level.
Bacteroidetes_vadinHA17 is the most dominant strain, being an acid-producing bacterium
capable of decomposing organic matter into HAc and directly participating in electron
transfer [34]. Wang et al. [37] found that Bacteroidetes_vadinHA17 raised the activity of
relevant enzymes, contributing to a more efficient conversion of organic matter into SMPs,
and promoted CHy yield. Longilinea had electrochemical activity [38], whose relative
abundance increased from 4.55% in the control to 5.08% in the group with S. cerevisiae (8%).
Longilinea is a strictly anaerobic genus, fermenting carbohydrates to produce VFAs [37].
Longilinea has a highly expressed pilA gene that can regulate the growth of bacterial flagella
and form conductive nanowires without external assistance for DIET with methanogens.
Bacteroidetes_vadinHA17, Syntrophomonas and Synergistetes bacterium JGI-0000079-D21 could
synergize with DIET for CHy, yield, likely being the reason why S. cerevisiae could promote
CHj4 production. Zhu et al. [39] found that Synergistetes bactrium JGI-0000079-D21 was
enriched in AD systems, activating the DIET pathway for more CH4. While the presence of
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EtOH favored the enrichment of electro-active bacteria, thus improving electron transfer
capability. Similarly, the combination of winery wastewater with sludge in AD process
showed a 30% increase in electron transfer activity within AD [6]. So, it was speculated that
the EtOH produced by S. cerevisiae under anaerobic conditions promoted the enrichment of
electro-active microbes.
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Figure 6. Microbial community of bacteria at phylum (a) and genus (b) levels, microbial community
of archaea at phylum (c) and genus (d) levels, and correlation heatmap between bacteria and archaea
at the genus level (e).

Figure 6¢,d showed the microbial community composition of methanogenic archaea
at the phylum and genus level. The dominant groups were Methanosaeta and Methanobac-
terium. Methanosaeta is an acetate-type methanogenic bacterium capable of producing
CHy using HAc as substrate. Its relative abundance was 68.7%, 69.49% and 71.48% in the
control, S. cerevisiae addition of 4% and 8% groups, respectively. However, EtOH-oxidizing
bacteria cannot survive alone and need to work closely with hydrogen consuming microbes
(methanogenic archaea). High-throughput sequencing results indicated that the addition
of S. cerevisiae resulted in the enrichment of acetate-type methanogen, being a vital reason
for the increase in CHy yield. Methanosaeta can participate directly in DIET, accelerating
electron transfer between microbes and thus raising CHy yield [39]. Methanobacterium is a
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hydrogenotrophic methanogenic bacterium, possessing the ability to convert CO, into CHy
using Hj as an electron donor [40]. With the addition of S. cerevisiae, the relative abundance
of Methanobacterium decreased to 27.36% and 25.63% as compared to 27.55% in the control
group, respectively, but its higher proportion was still essential for metabolic homeostasis
and efficiency of the AD system. Methanobacterium interacts with other microbes such as
acid-producing bacteria to maintain process stability through their metabolic activities.
Thus, the increase in CHy yield from the S. cerevisiae groups could be attributed to the
increase in relative abundance of the dominant community in methanogenesis.

The complex biochemical reactions exist between microbes in AD process. And
exploring potential associations between strains can help to further understand microbial
interactions. Figure 6e illustrates the correlation between bacteria and archaea genus. Most
bacteria were positively correlated with Methanosaeta, except DTUO014, Gracilibacter and
Fermentibacteraceae. And Syntrophomonas is a typical bacterial representative in AD system
that exists in a symbiotic relationship with methanogenic bacteria and can maintain the flow
of electrons and carbon within microbial ecosystems [16]. It also effectively decomposed
EtOH and HBu [41] under anaerobic conditions. In addition, Syntrophomonas was positively
related to Synergistetes bacterium JGI-0000079-D21. Methanosaeta, Methanobacterium and
Methanomassiliicocuus were enriched upon the addition of S. cerevisiae. A similar report
revealed that Methanosaeta, that is acetoclastic methanogens, dominated in the microbial
community, favoring more CHy [34,42]. The initial oxidation of EtOH could induce DIET,
providing more energy accessible for subsequent CHy yield by HPr/HBu oxidation [43].
EtOH pre-fermentation and in situ yeast fermentation could enhance DIET using EtOH
as an electron transfer source [5]. Li et al. [44] stimulated the methanogenic communities
for DIET using food waste as an EtOH source and concluded that the EtOH produced
by S. cerevisine under anaerobic condition could serve as an electron donor for the DIET
of CHy yield. Bacteroidetes_vadinHA17 and Methanosaeta were enriched, thus increasing
CHjy productivity.

It should be emphasized that the microbial compositional data presented in this study
are based on relative abundances obtained from 165 rRNA amplicon sequencing. Due to
the limited number of replicates (1 = 3 per group), statistical power is constrained; therefore,
formal differential abundance testing was not performed. Nevertheless, the observed micro-
bial shifts are consistently supported by multiple functional indicators—including substrate
degradation profiles, enzymatic cofactor levels, and electrochemical properties—which
together provide convergent evidence for the proposed bioaugmentation mechanism.
Future studies with larger biological replicates and functional gene expression analy-
ses are warranted to verify the statistical significance and metabolic activity of these
community changes.

3.6. Mechanisms of CHy Yield Promotion by S. cerevisiae

Yeast metabolism could release yeast extract, creating favorable conditions for bacterial
growth [45]. S. cerevisiae tends to convert biodegradable organics into EtOH rather than HPr
or HBu, thereby mitigating VFAs accumulation in AD systems. In addition, the oxidative
metabolism of EtOH provides more energy compared to VFAs [46], allowing EtOH to
play a unique role in favoring DIET, improving enzyme activity and stimulating the
enrichment of functional microbial populations. The electron transfer between microbial
communities including bacteria and archaea plays a pivotal role in the methanogenic
bacteria to increase their ability to decompose complex substrates in EtOH-mediated AD
processes. Recent studies revealed that in AD processes, EtOH served as both a substrate
and as a precursor, promoting the DIET by enriching electrographic methanogens and
exoelectrogens, improving the co-digestion of complex organic waste [47]. The EtOH from
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glucose fermented by S. cerevisine favored the formation of conductive hyphae/cytochromes
via electroactive bacteria, in turn raising the DIET [35]. Methanosaeta received electrons
and utilized HAc to produce CHy. In addition, in the oxidation of EtOH, H; is usually
produced as a by-product, being further used by Hp-consuming methanogens to produce
CHy. S. cerevisine promoted the development of microbial communities capable of engaging
in DIET in the presence of a conductive material by EtOH as an electron donor. The
potential electroactive bacterium Longilinea was enriched while the relative abundance
of Methanosaeta rose. Bacteroidetes_vadinHA17 and Longilinea acted as electron donors in
the oxidation of organic matter to HAc, with the resulting electrons being received by
Methanosaeta and formed CHy. The enhancement of electron transfer between bacteria and
archaea could obtain more CHy (Figure 7). S. cerevisiae indirectly promoted electron transfer
or stimulated conductive nanowire formation. The CV analysis of sludge showed that the
EtOH-mediated DIET likely played a role in AD, but the concentration of reducing organic
matter, electroactive microbes, abundance, and extracellular electron transfer medium
content in sludge directly affected CV values.
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Figure 7. Potential mechanism for enhanced CHy in AD with S. cerevisige: under S. cerevisiae addition,
the electroactive bacterium Longilinea was enriched in the AD system, while the relative abundance of
the acetoclastic methanogen Methanosaeta increased. Bacteroidetes_vadinHA17 and Longilinea acted as
electron donors during the oxidation of organic matter to acetate, and the released electrons were re-
ceived by Methanosaeta for methanogenic metabolism. This process enhanced the interspecies electron
transfer efficiency between bacteria and archaea, ultimately leading to increased CH,4 production.

3.7. Future Perspectives

Preliminary cost—benefit estimation was carried out based on laboratory scale. 1 g
yeast and its operational costs of yeast inoculation were about 0.3 Yuan RMB, while 8%
(v/v) S. cerevisiae group obtained more 0.53 m® CHy than the group without S. cerevisiae.
And 2.12 Yuan RMB obtained from 0.53 m® CH; when the CH, was used as industrial fuel
(4 Yun RMB/m? CHy), achieving more 1.82 Yuan RMB than the control group. Thus, the
proposed strategy has potential industrial prospects. This study focused on the influence
of S. cerevisiae itself on AD performance using HS as a substrate. Future work would
comprehensively analyze the effects of other metabolites produced in fermentation (beyond
EtOH) on microbial community structure and function. An 8% (v/v) S. cerevisiae addition
achieved the highest CHy yield enhancement (20%), but it was the highest dosage tested.
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However, further studies with higher dosages are needed to confirm whether a plateau
occurs beyond 8% and to determine the truly optimal inoculation level. Additionally,
optimal conditions identified at the laboratory scale may differ significantly from those
under practical applications. It is also essential to conduct a cost-benefit analysis when
applied in practical use.

4. Conclusions

S. cerevisiae addition favored CH, production from the AD of HS. CH, yield was
positively correlated with 4-8% S. cerevisiae addition. When the inoculation amount was 8%,
the CHy yield reached 219.7 mL/g-COD, being 20% higher than that of the group without
S. cerevisiae. Analysis of substrate degradation revealed that LA could be rapidly degraded.
S. cerevisiae converted organic matter in HS into EtOH under anaerobic conditions. And
EtOH served as a slow-release substrate, continuously releasing acetic acid into the AD
system, which could alleviate process acidification and promote CHy production. In
addition, CV tests and conductivity analysis indicated that S. cerevisize enhanced the
redox capacity of AD system. When the inoculation amount of S. cerevisize was 8%, its
conductivity increased from 7.3 ms/cm in the control group to 10.02 ms/cm. Analysis
showed that EtOH produced by S. cerevisiae in AD could act as an electron donor to quicken
the electron transfer ability between microbes. The 165 rRNA sequencing results revealed
that Bacteroidetes-vadinHA17, Longilinea and Methanosaetea were enriched, promoting CHy
synthesis. Nonetheless, future work will focus on the pilot-scale validation, economic
evaluation, and direct evidence supporting DIET enhancement. In addition, the continuous
industrial operation of anaerobic reactors for treating HS has been achieved, but the studies
on co-treatment with other difficult to degrade wastewater based on the yeast in HS are
also a future focus.
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Abbreviations

The following abbreviations are used in this manuscript:

AD Anaerobic digestion

HS Huangshui

CH,4 Methane

COD Chemical oxygen demand

DIET Direct interspecies electron transfer
HAc Acetic acid

HBu Butyric acid

HPr Propionic acid

CO, Carbon dioxide
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Ccv Cyclic voltammetry

EPS Extracellular polymeric substances
VFAs Volatile organic acids

H, Hydrogen

NH4*-N  Ammonia nitrogen
EtOH Ethanol

TN Total nitrogen

TOC Total organic carbon

YPD Yeast extract peptone dextrose medium
LA Lactic acid

OTUs Operational taxonomic units

EEM Excitation emission matrix
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