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Abstract

Anaerobic digestion of high-lipid waste possesses substantial biomethanation potential.
However, its stability is readily inhibited by the accumulation of long-chain fatty acids
(LCFAs). In this study, pure stearic acid and oleic acid were employed as model LCFA
substrates to simulate LCFA inhibition conditions, and the mitigation effects of Ruminococ-
cus flavefaciens (R. flavefaciens) bioaugmentation on LCFA inhibition were systematically
evaluated; metagenomic analysis was conducted to analyse metabolic processes. The
results demonstrated that a 1% (v/v) R. flavefaciens addition increased cumulative methane
yield by up to 270.9% compared to the LCFAs-only reaction. R. flavefaciens addition was
associated with enhanced LCFA conversion and promoted acetate formation. Metage-
nomic analysis suggested shifts in microbial community abundance, with modest increases
in B-oxidation-associated Syntrophomonas and the acetotrophic methanogenic archaeon
Methanosarcina. Analysis of metabolic pathway-related enzyme genes revealed that R.
flavefaciens addition was associated with higher abundance of key genes involved in LCFA
activation, 3-oxidation, and acetate-utilising methanogenesis, potentially contributing to
putative LCFA conversion, alleviating LCFA inhibition. Concurrently, carbohydrate-active
enzyme analysis revealed that R. flavefaciens addition elevated glycosyltransferase and
carbohydrate esterase potentials associated with extracellular polysaccharide synthesis and
substrate deacetylation, which may enhance substrate accessibility and biofilm formation,
thereby sustaining metabolic continuity.

Keywords: bioaugmentation; long-chain fatty acid inhibition; anaerobic digestion;
metagenomic analysis

1. Introduction

Compared with carbohydrates and proteins, lipids can significantly improve the
methane yield of anaerobic digestion [1-3]. Long-chain fatty acids (LCFAs) are the key
intermediate products of lipid hydrolysis during lipid anaerobic digestion. When the
hydrolysis rate of lipid is faster than the 3-oxidation rate of LCFAs, LCFAs will continue to
accumulate [4]. The accumulated LCFAs are adsorbed on the surface of microorganisms,
which destroys the integrity of the cell membrane and normal physiological functions. The
formed dense blocking membrane will hinder material transfer and eventually lead to the
inhibition and stagnation of the anaerobic digestion reaction [5,6].

Studies have shown that the addition of functional biofortifiers in the anaerobic
reaction process is an important biological means to increase methane yield. Different
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biofortifiers can act on lipid hydrolysis and 3-oxidation of LCFAs, respectively. Under the
condition of sufficient methanogenic activity, the addition of anaerobic lipolytic bacteria
(Clostridium lundense) can enhance the lipid hydrolysis process. The syntrophic microor-
ganisms in the system can simultaneously carry out the 3-oxidation metabolism of LCFAs,
consume the LCFAs produced by hydrolysis in time, avoid the inhibition caused by the
accumulation of LCFAs, and thus improve the efficiency of methane production [7]. The ad-
dition of Syntrophomonas zehnderi or its enriched culture to the reactor can directly increase
the (3-oxidation degradation rate of LCFAs, effectively reduce the accumulation of LCFAs,
and promote methane production [8]. The addition of Serratia lipid-degrading bacteria can
increase the abundance of key functional genes in the lipid hydrolysis and (3-oxidation
pathway of LCFAs, enhance the degradation of LCFAs, reduce the accumulation of LCFAs,
and increase the methane yield [9]. When a domesticated microbial consortium centred on
Syntrophomonas and Methanosaeta as key functional groups is introduced, Syntrophomonas
enhances the efficiency of 3-oxidation of LCFAs, whilst Methanosaeta utilises the acetate
produced during this metabolic process; the two species engage in mutualism via sub-
strate coupling, thereby alleviating the inhibitory effects caused by the accumulation of
LCFAs [10].

The above studies have paid more attention to the direct regulation of the mutual
function of microorganisms in the anaerobic system by adding traditional microbial agents,
and less attention has been paid to non-traditional strains that can directly promote the
oxidative degradation of LCFAs and alleviate their cumulative inhibition.

Ruminococcus flavefaciens is a rumen-derived cellulose-degrading bacterium, but its
special cell surface protein structure gives it the potential to alleviate the accumulation of
LCFAs. Studies have shown that the anchored cellulosome on the surface of R. flavefaciens
can integrate serine protease inhibitors through the adaptor protein Scaffoldin C to form
a cellulose complex, which is free from degradation by extracellular proteases, thereby
maintaining the stable function of the bacteria [11]. It may maintain the activity of R.
flavefaciens for as long as possible under the attachment of LCFAs to exert its function. Other
studies have also found that the basic fermentation metabolism of R. flavefaciens is not
dependent on cellulose degradation and continues to produce H; and acetic acid during the
metabolic process. H; is used as an electron donor for hydrogenotrophic methanogens, and
acetic acid can be further consumed as a methanogenic substrate [12-14]. It is speculated
that the Hy produced by this strain participates in the interspecies hydrogen transfer of
the system, maintains the favorable thermodynamic condition of low hydrogen partial
pressure, and alleviates the inhibition of high hydrogen partial pressure on the 3-oxidation
of LCFAs. Although R. flavefaciens has the above potential advantages, previous studies
have generally focused on the degradation of cellulose due to the natural properties of
its cellulose-degrading bacteria. At present, whether the strain can function in lipid-rich
anaerobic digestion and alleviate the accumulation of LCFAs has not been fully studied.

In this study, different doses of R. flavefaciens were added to the typical LCFAs (e.g.,
oleic acid and stearic acid) anaerobic digestion reaction batch experimental group as a
bioaugmentation agent. The effect of R. flavefaciens on the increase in methane yield of
LCFAs was quantitatively evaluated, and the changes in physical and chemical indices
in different reaction processes were observed. Metagenomic analysis was carried out on
metabolic processes such as 3-oxidation and methanation of LCFAs and the succession of
microbial communities, and the effects of R. flavefaciens bioaugmentation on the metabolic
pathways related to anaerobic digestion of LCFAs were elucidated. Functional annotation
analysis was performed through the Kyoto Encyclopedia of Genes and Genomes (KEGG)
and carbohydrate-active enzyme (CAZymes) databases to elucidate changes in the abun-
dance of related enzyme genes in the LCFAs degradation metabolic pathway. A series of
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experiments showed that R. flavefaciens could survive and maintain biological activity in
anaerobic digestion in the presence of high concentrations of LCFAs. The addition of this
strain increased the supply of acetic acid in the reaction, promoted syntrophic 3-oxidation,
and improved the methanogenic efficiency of LCFAs.

2. Materials and Methods

2.1. Substrate and Inoculum

LCFAs, including stearic acid (C18:0, purity > 95%) and oleic acid (C18:1, purity > 95%),
were purchased from Shanghai McLean Biochemical Technology Co., Ltd. (Shanghai,
China). Cattle manure was collected from Lindian County, Daqing City, Heilongjiang
Province and used as an inoculum for anaerobic digestion. Following collection, the cattle
manure was transported to the laboratory, thoroughly homogenised, and subjected to
acclimation cultivation in a manure-to-water volume ratio of 1:3.9, an optimal dilution
screened from preliminary experiments that delivered a higher volumetric methane frac-
tion in biogas than the conventional 1:4 mixing ratio. Total solids (TS), volatile solids (VS),
soluble chemical oxygen demand (SCOD), total alkalinity (TA), volatile fatty acids (VFAs),
carbon-to-nitrogen ratio (C/N), and ammonia nitrogen as NH;"-N (AN) of the inoculum
were determined. Physicochemical characteristics of the inoculum are presented in Table 1.

Table 1. Physicochemical Properties of the Inoculum.

Test Items Inoculum
TS (wt %) 12.36 + 1.20
VS (wt %) 7.86 + 0.04
VS/TS (%) 63.59 + 7.20
TA (mg/L) 4586 + 200
VFAs (mg/L) 218.59 + 15.65
C/N 13.57 + 0.65
SCOD (mg/L) 17,050 + 826.14
pH 7.27 +£0.01
AN (mg/L) 711.83 £ 5.01

2.2. Preparation and Preservation of R. flavefaciens

R. flavefaciens was procured from Ningbo Tesuto Biotechnology Co., Ltd. (Ningbo,
China). Prior to use, the glycerol stock (Deutsche Sammlung von Mikroorganismen [DSM]
25089) was thawed in an anaerobic environment and subsequently cultured in 2% (vol-
ume per volume [v/v]) rumen fluid medium (DSM 436) for 2-3 days. The culture was
centrifuged at 5000 revolutions per minute (rpm) for 5 min; the cell pellet was collected and
resuspended in reduced anaerobic buffer (DSM 436 base). Concentration was determined
by comparison with a McFarland standard tube. R. flavefaciens was stored at 4 °C for 3 days
at a concentration of 108 colony-forming units (CFU)/mL before use. This low-temperature
storage was employed to slow down microbial metabolism, reduce substrate consumption
and metabolite accumulation, thereby maintaining cellular stability and preventing prema-
ture senescence or loss of activity of the anaerobic strain before the experiment, ensuring
consistent activity and physiological status at inoculation. The strain was cultivated using
DSM436, which contains tryptone, yeast extract, glucose, cellobiose, complete mineral salts,
and essential fatty acids; this nutritionally balanced formulation fully supports the survival
and viability of R. flavefaciens, and at 4 °C, the metabolic rate of the strain was significantly
reduced while the abundant nutrients in the medium effectively maintained cell membrane
integrity and enzymatic activity, ensuring stable preservation of cell activity and viable cell
counts over the 3-day storage period [15]. Prior to inoculation, cell viability was determined
by CFU counting, verifying that the cell concentration remained stable at approximately
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108 CFU/mL after the 3-day storage period. No pre-warming or reactivation step was
applied before inoculation; the cold-stored suspension was inoculated directly into the
reactors. Although CFU counting confirmed that the viable cell concentration remained
stable at approximately 108 CFU/mL after the 3-day storage period, CFU counts alone
cannot exclude a transient reduction in metabolic activity caused by cold stress.
Quantification of R. flavefaciens. R. flavefaciens was enumerated by the plate-count
method under strictly anaerobic conditions. Digestive fluid samples were serially diluted
(10-fold) in reduced anaerobic buffer and plated (100 uL per plate) onto agar of Ruminococcus
albus medium (DSM 436), containing per litre: 5.0 g tryptone, 2.0 g yeast extract, 3.0 g
glucose, 2.0 g cellobiose, 40 mL mineral solution 1 (0.6% K,HPOj), 40 mL mineral solution
2 (0.6% KHPOy, 2.0% (NHy)2504, 1.2% NaCl, 0.25% MgSO4-7H,0, 0.16% CaCly), 1.0 mg
resazurin, 4.0 mL Nay;COjs solution, 1.0 mL fatty acid mixture (isobutyric, isovaleric and
2-methylbutyric acids), and 0.5 g cysteine-HCI-H,O as reducing agent (pH 7.0), solidified
with 1.5% (w/v) agar. Plates were incubated anaerobically at 37 °C for 2 days. Colonies with
typical R. flavefaciens morphology were enumerated; because this medium is semi-selective,
colonies were assigned presumptively. The limit of detection was 1.0 x 103 CFU/mL.

2.3. Batch Anaerobic Digestion Experiments of LCFAs

Batch anaerobic digestion was conducted in 250 mL borosilicate glass flasks with
an effective working volume of 150 mL. LCFAs and inoculum were added to digestion
flasks according to the ratios specified in Table 2; stearic acid was directly added as solid
powder, and oleic acid was supplemented in pure liquid form, with no organic solvents,
thermal melting or other pretreatment adopted for the two LCFAs throughout the entire
experiment, and their actual dosing loads were 10.00 g/L (reactor effective volume) and
0.128 g/g VS (inoculum volatile solids), respectively. Excessively high LCFA loading exerts
strong inhibitory effects on anaerobic microbes. LCFA concentrations > 2 g/L induce
irreversible inhibition in anaerobic digestion, and 3.5-4 g/L results in complete system
destabilisation. Hence, the adopted 10.00 g/L LCFA far exceeds the tolerance threshold
of anaerobic microorganisms to establish a severely inhibited model system [16]. The K
(Blank) group (no LCFAs added, 0% microbial inoculum) was set as an inoculum blank
to quantify endogenous methane originating solely from cattle manure inoculum. The R.
flavefaciens suspension was not included in the VS, as the maximum amendment volume of
1.0% v/v contributed negligibly to the total solids relative to the native inoculum; instead,
background methane associated with the inoculum was controlled through inoculum-only
blanks [17]. All cumulative methane production presented in this study was corrected by
deducting the methane production of the K group, so that the results exclusively represent
methanogenesis from target substrates. Three bioaugmentation doses (0.1%, 0.5%, and
1.0% ©v/v) are selected for the establishment of a low-to-high gradient to evaluate dose—
response relationships. A minimal inoculum is represented by the 0.1% dose, with which it
is tested whether marginal exogenous input can perturb the indigenous community. An
intermediate level is provided by the 0.5% dose for the identification of threshold effects.
The 1.0% dose is set as the upper practical limit to achieve maximum potential metabolic
enhancement via hydrogen and acetate supply, without excessive dilution of the native
inoculum or overwhelming competitive pressure imposed by foreign microbes [18]. Based
on the stock concentration of 108 CFU/mL and the effective working volume of 150 mL,
the estimated initial cell densities in the reactors were approximately 1.0 x 10°, 5.0 x 10°,
and 1.0 x 10° CFU/mL for the 0.1%, 0.5%, and 1.0% (v/ v) addition levels, respectively.
Prior to incubation, the flasks were flushed with high-purity nitrogen for 1 min to establish
anaerobic conditions. Subsequently, they were sealed and incubated under continuous
agitation at 37 &= 2 °C in a constant-temperature incubator (JDX-211C-GZ, Shanghaishiping
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Laboratory Equipment, Shanghai, China) at 60 rpm. Each digestion flask featured two
headspace interfaces: one end connected via rubber tubing to a gas collection bag (0.5 L,
Dalianhaide Technology, Dalian, China) for venting and the other connected to a pressure
gauge (GM522/range 0-100 kPa, Zhibiao Instrument, Shanghai, China) for measuring
headspace pressure. The outlet tube was initially clamped to retain gas. After recording
the pressure, the clamp was released to allow biogas to flow into the bag until the bottle
pressure equilibrated with atmospheric pressure. Biogas composition was determined
using gas chromatography (GC-2014-C, Shimadzu, Kyoto, Japan) equipped with a single
thermal conductivity detector (TCD), with gas volume converted from pressure readings
according to the following procedure: (i) the headspace pressure was recorded after each
incubation period; (ii) the outlet clamp was released to vent biogas into the gas collection
bag until the bottle pressure equilibrated with atmospheric pressure; (iii) the released gas
volume at standard conditions was calculated using the ideal gas law (PV = nRT) based
on the pressure differential, headspace volume (100 mL), and incubation temperature
(37 £2°C, 310 K); (iv) daily methane yield was obtained by multiplying the cumulative
gas volume by the CHy fraction determined via GC. Gas sampling and analysis were
conducted once daily throughout digestion.

Table 2. Experimental Design for Anaerobic Digestion of Long-chain Fatty Acids (LCFAs) with
Ruminococcus flavefaciens Addition.

Group LCFAs Types Concentration of Microbial Volume

LCFAs (g/L) (vlv)
U C18:1 10 0%
U +0.1R C18:1 10 0.1%
U + 0.5R C18:1 10 0.5%
U+1R C18:1 10 1.0%
M C18:0 + C18:1 5+5 0%
M + 0.1R C18:0 + C18:1 5+5 0.1%
M + 0.5R C18:0 + C18:1 5+5 0.5%
M + 1R C18:0 + C18:1 5+5 1.0%
K No LCFAs added 0 0%

Methane yield was normalised to the VS of the added LCFAs (i.e., LCFA mass, since
pure stearic and oleic acids are effectively 100% volatile solids), not to inoculum VS or total
reactor VS. Cumulative methane yield was calculated according to Equation (1):

VCH4,group - VCH4 K
Mys,LCFA

Yeu, = 1)
where Y(CHy) is the cumulative methane yield (NmL CHy g~! VS); V (CHy, group) and V
(CHy4, K) are the cumulative methane volumes (NmL, converted to normal conditions of
0 °C and 101.325 kPa) of the treatment group and of the inoculum blank K, respectively;
and m (VS, LCFA) is the mass of LCFA volatile solids added per reactor, calculated as
10.00g/L x 0.150L =150 g.

Digestive fluid samples (solid-liquid mixtures) were collected on days 0, 7, 14, and
21 for pH, TS, and VS determination. Following sampling, samples were centrifuged
(TG-16G, Hunan Kecheng Instruments, Changsha, China) using a 12 x 5 mL ang]le rotor.
The samples were centrifuged at 15,000 rpm for 3 min at 15 °C, and the supernatant was
used for SCOD and AN analysis. Both metagenomic analyses and concentration analyses
of R. flavefaciens were conducted on day 7. VFA analyses were conducted on days 7, 14,
and 21. Four sampling time points (day 0, 7, 14 and 21) were predefined in this study, and
metagenomic sequencing was performed on samples collected on day 7. As presented in
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Section 3.1, the bioaugmented group achieved peak daily methane production on day 3.
Sampling on day 7, the time point closest to the vigorous methanogenic phase, facilitates the
elucidation of shifts in microbial community structure and functional genes under intense
reaction conditions. This sampling time point was determined based on Gompertz model
fitting; while day14 showed moderate biogas production, the lowest biogas production was
observed on day 21. Samples were stored in a temperature-controlled freezer at —40 °C
pending analysis (range at 0-—40 °C, Haier, Qingdao, China).

2.4. Analysis of Physical and Chemical Parameters

Headspace gases were collected using gas sampling bags and analysed by gas
chromatography (GC-2014-C, Shimadzu, Kyoto, Japan). The instrument was equipped
with a TCD and three packed columns (two P-N columns, 80/100 mesh, 3.2 mm inner
diameter x 1.0 m length; one molecular sieve (MS)-13X column, 80/100 mesh, 3.2 mm
inner diameter x 3.0 m length). Temperatures of the injection port, column oven, and
detector were set to 150, 60, and 100 °C, respectively, with argon serving as the carrier gas.
Gas samples were manually injected from the sampling bags using a syringe.

VFAs were analysed using a gas chromatograph equipped with an Rtx-Wax capillary
column (30 m x 0.25 mm x 0.25 um, Shimadzu, Kyoto, Japan) and a flame ionisation
detector. pH was determined using a pH meter (PHS]-4F with E-301-D electrode, Leici
Product Marketing Centre, Shanghai, China). TS and VS were measured according to the
American Public Health Association Standard Methods. SCOD and AN were analysed
using commercial kits, with readings taken on a rapid digestion spectrophotometer (LH-
3BN, Beijing Lianhua, Beijing, China).

2.5. Metagenomic Analysis

The cumulative methane yield curve was fitted using the Gompertz equation, day 7
was designated as the metagenomic sampling point because it was the closest scheduled
sampling day to the maximum daily methane production phase (around day 3, Section 3.1)
Metagenomic sequencing was performed on biological triplicate samples from each group
(U_7 (unsaturated long-chain fatty acids treatment, samples collected on day 7), UR_7
(unsaturated long-chain fatty acids treatment supplemented with 1% R. flavefaciens, sam-
pling on day 7), M_7 (mixed long-chain fatty acids treatment, samples collected on day 7),
and MR_7 (mixed long-chain fatty acids treatment supplemented with 1% R. flavefaciens,
sampling on day 7), n = 3 per group), yielding a total of 12 metagenomic datasets. All
sequencing samples were derived from 12 completely independent anaerobic digesters
with no sample pooling. A total of 39,701,472—-46,434,382 raw read pairs were obtained for
the 12 samples, with an average of 42,537,510 pairs per sample, corresponding to DNA
extraction yields ranging from 0.420 ug to 1.178 ug. Based on the PE-150 sequencing strat-
egy, the estimated sequencing depth ranged from 11.91 Gb to 13.93 Gb, with an average of
12.76 Gb per sample. For each group, digestive fluid samples were collected from three
independent reactors on day 7 and individually subjected to DNA extraction and metage-
nomic sequencing. All downstream analyses of microbial community structure (PCoA,
alpha-diversity indices) and functional gene abundance comparisons were conducted
based on these replicate datasets. Raw reads were trimmed for 5" and 3’ adapter sequences
and filtered to remove short reads (<50 bp) and low-quality reads (average quality < 20)
using fastp v0.23.0, and the remaining high-quality paired-end and single-end reads were
assembled into contigs via MEGAHIT v1.1.2, with contigs longer than 300 bp retained.
OREF prediction of contigs was performed using Prodigal (v2.6.3), and qualified genes
(>100 bp) were translated into amino acid sequences with EMBOSS 6.6.0. High-quality
reads were mapped to the non-redundant gene set using SOAPaligner v2.21 at 95% identity
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to calculate gene abundance. Gene abundance was normalised to reads per kilobase million
(RPKM) to correct for variations in gene length and sequencing depth. Taxonomic and
functional annotations were conducted by aligning amino acid sequences against the NR
and KEGG databases using Diamond v0.8.35 (E-value < 1 x 10~°), and the abundance of
species and KEGG functional categories (KO, Pathway, EC, Module) was quantified. In
addition, carbohydrate-active enzyme annotation was accomplished by hmmscan against
the CAZy database (E-value < 1 x 107°), and the corresponding enzyme abundance was
further calculated. Species classification and functional annotation of the metagenomic
data were performed on the Majorbioe Cloud Platform.

2.6. Data Analysis

Cumulative methane yield M(¢) (NmL CHy g’l VS) was fitted using a modified
Gompertz model:

M(t) = P~exp{—exp[Rm;Xe(/\—t) +1” )

Among these, P (NmL g_1 VS) denotes maximum methane potential, Rmax (NmL g_l
VS.d~1) denotes maximum methane generation rate, A (d) represents the lag period, and
bold italic e signifies the natural constant (2.71828). Significance tests were performed for
all measured parameters across all sampling days (day 0, day 7, day 14, day 21), the day
of maximum methane production (day 3), and the 24-day experimental endpoint. Inde-
pendent intergroup comparisons were conducted separately at each individual time point.
All experimental assays were performed in biological triplicates (1 = 3). Pairwise group
comparisons were carried out using two-tailed independent-samples Student’s t-test with
Welch’s correction. Statistical analysis was conducted using IBM SPSS Statistics (version
28.0; IBM Corp., Armonk, NY, USA),with a significance level set at p < 0.05. No correction
for multiple comparisons was applied to the pairwise tests of physicochemical parameters,
as comparisons were conducted independently at each predefined sampling time point;
the resulting p values should be interpreted accordingly. For the metagenomic compar-
isons, p values were adjusted using the Benjamini-Hochberg false discovery rate (FDR)
procedure. All metagenomic statistical analyses were implemented on the Majorbio Cloud
Platform. Principal coordinates analysis (PCoA) based on Bray—Curtis distances was used
to visualise dissimilarities in microbial community structure across biological replicates,
and PERMANOVA (permutational multivariate analysis of variance) was applied to test
the significance of group differentiation. Wilcoxon rank-sum test was adopted to compare
alpha-diversity indices (Chaol and Simpson) and functional gene abundance between
the control and bioaugmented groups. The Mantel test together with Pearson correlation
analysis was employed to explore correlations between environmental physicochemical
parameters and microbial community structure. Statistical significance was defined as
p < 0.05 unless otherwise stated. All figures and tables were generated using OriginPro
2023 (OriginLab, Northampton, MA, USA) and Microsoft PowerPoint 2024 (Microsoft,
Redmond, WA, USA).

3. Results and Discussion
3.1. Effect of R. flavefaciens on the Methane Production Performance of LCFAs

As shown in Figure 1, R. flavefaciens enhanced methane production from substrates con-
taining unsaturated long-chain fatty acids (ULCFAs). The intensification effects positively
correlated with dosages.
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Figure 1. Methane production from anaerobic digestion of LCFAs at different Ruminococcus flavefaciens
dosages: (a) daily methane yield from ULCFAs; (b) cumulative methane yield from ULCFAs and its
Gompertz model fitting curve; (c) daily methane yield from MLCFAs; (d) cumulative methane yield
from MLCFAs and its Gompertz model fitting curve. Error bars represent standard deviation, n = 3.

In experiments with R. flavefaciens additions of 0.1% (0.1R), 0.5% (0.5R), and 1%
(IR) (v/v), 1% addition yielded optimal performance in cumulative methane produc-
tion, maximum daily methane yield, and lag phase duration (Figure 1). In reactions
containing only ULCFAs, cumulative methane yield in the control group U (ULCFAs)
was 43.36 + 1.47 NmL g~ ! VS, indicating that the anaerobic digestion system was severely
inhibited under the stress of ULCFAs. As R. flavefaciens dosage increased, methane pro-
duction efficiency improved. The U + 1R (ULCFAs with the addition of 1% R. flavefa-
ciens) group achieved a final methane yield of 160.82 & 7.45 NmL g~! VS, representing
a 270.9% increase (p = 0.001) compared with the U group and was significantly higher
than the low-dose groups (0.5R, 0.1R) (p = 0.011 and 0.005, respectively). In the mixed
long-chain fatty acids (MLCFAs) reactions, the M + 1R (MLCFAs with the addition of
1% R. flavefaciens) group achieved a final methane yield of 173.68 + 2.18 NmL g~ ! VS,
representing a significant 186.0% increase (p < 0.001), compared with the M (MLCFAs)
group. The data indicate that the cumulative methane production of the M group is
higher than that of the U group. This substantial relative increase reflects recovery from
a severely inhibited baseline rather than enhancement of a normally functioning system,
indicating that a 1% addition of R. flavefaciens effectively enhanced methane production
potential in ULCFAs and MLCFAs reactions. Regarding maximum daily methane pro-
duction, the U + 1R group reached 30.86 & 0.59 NmL g~! VS on day 3 (Figure 1a), being
significantly higher than the U group (11.23 + 0.05 NmL g~ ! VS, p = 0.003). The M + IR
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group peaked at 29.99 + 0.02 NmL g~! VS, also being significantly higher than the M
group (24.53 4 1.14 NmL g~! VS, p = 0.028). Regarding lag phase, the U group produced
no gas on day 1, whereas the U + 1R group produced 8.56 + 0.16 NmL g~! VS on day
1. Cold storage may have transiently suppressed R. flavefaciens metabolic activity despite
unchanged CFU concentration, which could have prolonged the lag phase. Nevertheless,
the A values of the bioaugmented groups (2.04 d for U + 1R and 1.92 d for M + 1R) were com-
parable to or even shorter than those of the controls (2.82 d for U and 2.66 d for M), and the
U + 1R group produced gas on day 1, indicating that the inoculated cells rapidly resumed
activity at 37 °C and that any cold-stress effect did not compromise the observed mitigation.
As shown in Table 3, the Gompertz model also exhibits a similar trend. These findings
indicate that R. flavefaciens addition shortened the lag phase and accelerated reaction onset,
while extended lag phases are attributed to microbial acclimation or LCFA accumulation.
The M group likely performed better than the U group because oleic acid appears to be
the key inhibitory LCFA in oil-rich anaerobic digestion, whereas mixing distributes the
LCFA load and can reduce oleic-acid-dominated inhibition [6,19]. This interpretation is
consistent with the broader LCFA literature, which shows that inhibition in anaerobic
digestion depends on the underlying mechanisms and operating conditions, so better
performance in mixed LCFA systems is likely due to weaker unsaturated-fatty-acid stress
rather than simply higher biodegradability [6]. Unlike saturated LCFAs, ULCFAs possess
one or more cis-double bonds that introduce kinks into the hydrocarbon chain, enhancing
membrane fluidity and permeability upon adsorption to microbial cell envelopes [20]. This
structural feature enables oleate to integrate more readily into lipid bilayers, disrupting
membrane integrity and directly impairing methanogenic activity—a mechanism that
saturated stearic acid does not share to the same extent [21]. Consequently, the U experi-
enced more severe membrane-level stress than the M, where the presence of stearic acid
may have partially shielded methanogens from oleate-dominated membrane damage. R.
flavefaciens possesses powerful organic matter degradation activity. High-dose addition
accelerates polysaccharide degradation and promotes the production of VFA, particularly
acetate. These fermentable intermediates provide substrates for downstream hydrogen-,
acetate-, and methane-producing microorganisms, thereby enhancing the methane poten-
tial of the reactions [12,13]. The produced organic matter supplies available carbon sources,
enhances microbial activity and mitigates LCFA inhibition [22]. R. flavefaciens may tolerate
and alleviate LCFA toxicity via its unique cell-surface protein system even in lipid-rich
substrates [11]. Moreover, cattle manure inoculum naturally harbours rumen-derived mi-
croorganisms. High-dose R. flavefaciens may synergise with indigenous communities (such
as other Ruminococcus spp. and Fibrobacter) to enhance activation and acidification rates.
Rumen microbiota exhibits adaptive responses to LCFAs, indirectly promoting 3-oxidizing
bacteria (such as Syntrophomonas spp.) [23].

It should be noted that although the relative increase in methane yield upon R.
flavefaciens addition is substantial (up to 270.9%), the absolute cumulative production
(160.82-173.68 NmL g~! VS) is still modest relative to the theoretical methane potential.
This limited absolute recovery may be attributed to the following factors. First, the ap-
plied LCFA loading of 10.00 g/L markedly exceeds the microbial tolerance threshold,
potentially causing severe adsorption of LCFAs onto inoculum biomass and reducing
substrate bioavailability. Second, the use of pure LCFAs as sole carbon sources lacks
readily fermentable co-substrates (e.g., proteins, carbohydrates) that typically support
robust methanogenic activity in complex wastes. Third, the low absolute yield at the
24-day endpoint suggests that the severe physicochemical inhibition established by the
supra-threshold LCFA loading may have prevented complete 3-oxidation.
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Table 3. Gompertz Model-Fitted Data Under the Addition of Ruminococcus flavefaciens for LCFA

Anaerobic Digestion.

P (NmL g~1VS)

Rmax NmL g=1 vS.d—1)

Groups (95% CI) ©95% CI) A (d) (95% CI) R? RMSE
U 43.38 (40.21, 46.55) 5.92 (5.24, 6.60) 2.82(2.43,3.21) 0.97 1.47
U+0.1R 99.42 (94.83, 104.01) 7.94 (7.19, 8.69) 3.40 (2.98, 3.82) 0.98 1.84
U +0.5R 121.81 (117.33, 126.29) 13.72 (12.58, 14.86) 2.28 (1.95, 2.61) 0.98 2.08
U+ 1R 160.68 (155.64, 165.72) 16.34 (14.97,17.71) 2.04 (1.71,2.37) 0.98 2.68
M 59.20 (55.48, 62.92) 6.83 (6.07, 7.59) 2.66 (2.29, 3.03) 0.97 1.62
M + 0.1R 77.83 (73.98, 81.68) 8.74 (7.94, 9.54) 3.14 (2.73, 3.55) 0.98 1.95
M + 0.5R 112.11 (107.36, 116.86) 14.41 1321, 15.61) 2.16 (1.82, 2.50) 0.98 2.19
M+ 1R 173.38 (168.25, 178.51) 17.18 (15.78, 18.58) 1.92 (1.58, 2.26) 0.98 2.81
K 2.67 (1.87,3.47) 0.38 (0.22, 0.54) 4.22 (3.30,5.14) 0.94 0.39

In summary, high-dose R. flavefaciens may mitigate ULCFA inhibition and enhance
methane production via synergistic activation, acidification, tolerance to LCFA toxicity
through its unique cell-surface protein system, and cooperation with Syntrophomonas.
No additional control group containing only inoculum and 1% (v/v) R. flavefaciens with-
out LCFA substrates was established in this study. R. flavefaciens is a non-methanogenic
cellulolytic bacterium (phylum Firmicutes) that lacks key methanogenic enzymes (e.g.,
methyl-coenzyme M reductase) and produces only H,, CO,, and acetate as metabolic
end products [14,23]; it therefore cannot produce methane directly. However, the H, and
acetate released by the inoculated strain may be converted to methane by the indigenous
methanogenic community, and thus part of the observed methane increase could originate
indirectly from the fermentation products of R. flavefaciens rather than exclusively from
enhanced LCFA conversion. This limitation should be acknowledged, and an R. flavefaciens-
only control is required in future work to quantitatively separate these contributions.

3.2. Effects of R. flavefaciens on Physico-Chemical Parameters During the Digestion of
Different Substrates

The impact of R. flavefaciens bioaugmentation on anaerobic digestion stability under
substrates containing ULCFAs was evaluated by comparing changes in VS removal rates,
SCOD conversion rates, and AN concentration (Figure 2). AN was analysed to evaluate the
risk of ammonia inhibition throughout the experiment. The results indicated that the role
of R. flavefaciens in promoting substrate degradation was significantly correlated with its
addition rate, enhancing degradation efficiencies while also maintaining reaction stability.

VS removal rate characterizes the capacity of a reaction to degrade soluble organic
matter (Figure 2a). Statistical analysis revealed that R. flavefaciens addition enhanced overall
substrate degradation efficiency, with VS removal rates increasing alongside elevated
dosages. In reactions containing only ULCFAs, VS removal rate in the U + 0.1R group
was 24.84 £ 1.78%, exhibiting no significant difference compared with that of the control
group U (23.80 & 0.97%) (p > 0.05). When addition rate increased to 0.5% and 1%, removal
rates rose to 27.63 £ 0.60% and 29.79 £ 1.05%, respectively; both were significantly higher
than that of the control group (p < 0.05). In the MLCFAs reactions, VS removal rate in the
M + 0.1R group was 29.44 & 1.34%, significantly higher than that in the M control group
(24.97 £ 1.92%) (p = 0.03). With increasing addition dosages, VS removal rates further
increased to 33.85 £ 1.52% (M + 0.5R group) and 35.00 & 1.35% (M + 1R group); both were
significantly higher than those of the control group (p < 0.05). These results indicate that R.
flavefaciens addition enhanced the overall removal of solid organic matter during anaerobic
digestion of ULCFAs-containing substrates, with removal rates exhibiting an upward trend
as R. flavefaciens dosages increased.
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Figure 2. Changes in physicochemical indicators of anaerobic digestion with varying doses of
Ruminococcus flavefaciens: (a) VS concentration, and black square markers represent the VS removal
rate (%) (b) variations in the aqueous dissolved SCOD concentration and black square markers
represent the SCOD removal rate (%). Note that SCOD removal reflects only the dissolved aqueous
fraction plus physical adsorption of LCFAs/intermediates onto biomass and cannot be interpreted as
whole-system Total COD (TCOD) removal. (c) variations in AN concentration (d) comparison of VFA
concentrations (e) comparison of pH variations.

SCOD removal efficiency serves as an indicator for the conversion of dissolved organic

matter during anaerobic digestion. As shown in Figure 2b, in reactions containing only
ULCEFAs, the control group U exhibited a SCOD removal rate of 44.32 £+ 1.08%. The
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U + 1R group demonstrated a significantly increased SCOD removal rate of 67.67 £ 0.32%
(p < 0.01). In the MLCFAs reactions, the M + 1R group exhibited the highest SCOD removal
rate (71.61 £ 0.68%), significantly surpassing the control group M (51.77 & 0.99%, p < 0.01)
and the M + 0.5R group (60.20 & 1.74%, p = 0.01). It is worth noting that these SCOD
removal discrepancies are affected by the divergent initial SCOD values at Day 0 among
treatments. Initial SCOD on day 0 ranged from 15,000 to 20,000 mg/L among all treatments.
The variations were closely related to LCFA supplementation: exogenous LCFAs could
lower the initial SCOD. Notably, Group K exhibited higher initial SCOD at day 0 compared
with all LCFA-amended treatments. This difference stems from the physical property
of LCFAs: these substances possess extremely low solubility in neutral water and form
free-floating oil droplets upon addition. The oily phase is separated and removed via
centrifugation before SCOD quantification, so the detected SCOD only reflects dissolved
organics in the aqueous phase rather than the overall total organic load of the system. It
should be noted that the observed SCOD removal may partially reflect the adsorption of
LCFAs and their intermediates onto biomass, as LCFAs are known to readily adsorb onto
anaerobic sludge [24]. This adsorption effect may overestimate the actual biodegradation
efficiency. Therefore, the SCOD removal rates reported in this study reflect the conversion
of the aqueous dissolved organic fraction together with physical adsorption of LCFAs
and their intermediates onto biomass, and should not be interpreted as whole-system
Total COD (TCOD) removbiomass andenic performance should be assessed primarily
based on cumulative methane yield. Nevertheless, the concomitant increase in cumulative
methane production suggests that microbial degradation was also enhanced. In summary,
1% (v/v) dosages of R. flavefaciens significantly enhanced the degradation efficiency of
dissolved organic matter during anaerobic digestion of LCFAs. R. flavefaciens addition did
not result in abnormal AN accumulation (Figure 2c). In reactions containing only ULCFAs,
although the U + 1R group exhibited the highest substrate degradation level, its endpoint
AN concentration was 328.4 £ 0.96 mg/L, exhibiting no significant difference compared
with that of the control group U (340.7 £ 2.61 mg/L) (p > 0.05). In the MLCFAs reactions,
the M + 1R group exhibited a peak AN concentration exceeding that of the control group
on day 7 (p = 0.01), consistent with its higher VS removal rate. By the final sampling point
of the reactions (day 21), AN concentration had declined to 417.8 £ 3.91 mg/L, exhibiting
no significant difference compared with that of the control group M (368.9 + 15.54 mg/L)
(p > 0.05). AN released at these concentrations decreased due to pH and assimilation
by microbial growth, thereby preventing inhibition. Overall, AN concentrations in all
groups remained below the ammonia inhibition threshold (<750 mg/L) [25], with reactions
maintaining stable metabolism under R. flavefaciens addition at all concentrations.

The composition of VFAs and pH changes are shown in Figure 2d,e. R. flavefaciens
addition promoted acetate production in both reactions containing only ULCFAs and
MLCFAs. During the LCFA conversion and acidification (day 7), LCFAs were converted
into VFAs. Total VFA concentrations in M + 1R and U + 1R were 1077.26 and 493.57 mg/L,
respectively; both were higher than those of their respective control groups. On day 7,
acetic acid concentrations in the M + 1R and U + 1R reactions were 733.79 (68.12% of
total VFA) and 228.01 mg/L (46.20% of total VFA), respectively. Propionic acid, which
inhibits anaerobic digestion, remained at low levels (<72 mg/L). Rapid acetate production
temporarily lowered the pH of anaerobic digestion to 6.01 &= 0.18-6.07 £ 0.12 in the early
phase. A slight increase in acidification was observed at high dosages of R. flavefaciens,
which likely facilitated the conversion of SCOD into acetate. During the same period, U and
M showed significantly lower levels compared with the U + 1R and M + 1R groups (p < 0.05).
By day 14, total VFA concentrations in M + 1R and U + 1R decreased to approximately
682.24 and 352.50 mg/L, respectively, yet remained significantly higher than those in the
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control groups (M: 312.80 mg/L; U: 249.68 mg/L). Acetic acid continued to dominate the
VFA profile in the bioaugmented groups, accounting for approximately 63.80% and 39.75%
of total VFAs in M + 1R and U + 1R, respectively, while propionic acid remained below
70 mg/L across all groups. These intermediate measurements suggest that methanogenic
consumption of acetate had commenced while acidification remained active, illustrating the
metabolic transition between the two phases. Upon entering methanogenesis, acetate was
continuously consumed [26]. By day 21, VFA degradation rates in the M + 1R and U + 1R
groups reached 73.21% and 53.36%, respectively. As acetate was consumed, pH gradually
rebounded, stabilising at approximately 7.20 &+ 0.20 by the final sampling point (day 21),
exhibiting no significant difference from that of the control group (p > 0.05). In summary, R.
flavefaciens addition may have effectively promoted the conversion of intermediate products
to methane while also ensuring stable reaction progression by enhancing acetate supply
and preventing propionic acid accumulation [27].

3.3. Effects of R. flavefaciens on Microbial Populations and Structure

Concentration analysis of R. flavefaciens confirmed its survival throughout anaerobic
digestion. At day 0O, the bioaugmented groups (U + 1R and M + 1R) exhibited initial
abundances of 1.0 x 10® CFU/mL, consistent with the initial cell density estimated from
the 1% (v/v) inoculation of the 108 CFU/mL stock (Section 2.3). By day 7, R. flavefaciens
remained at high levels, with abundances of 4.2 x 107 CFU/mL in the U + 1R group and
7.5 x 107 CFU/mL in the M + 1R group. Conversely, no target colonies were detected in
the non-bioaugmented controls (U and M) at day 7 (<1.0 x 103 CFU/mL), confirming that
the detected signal originated exclusively from the inoculated strain rather than indigenous
Ruminococcus species present in the cattle manure inoculum. These results demonstrate
that exogenous R. flavefaciens successfully survived and maintained considerable cultivable
populations under LCFA inhibition.

On day 7, samples from the U_7, UR_7, M_7 and MR_7 groups were selected for
metagenomic analysis. A total of 1,084,085,272 raw reads were generated. After quality
control and removal of low-quality sequences and adapters, 1,076,518,680 clean reads
were obtained and used for subsequent bioinformatic analyses. Analysis of coverage,
Chaol, and Simpson indices (Figure 3a—c) revealed that R. flavefaciens did not significantly
alter microbial richness or evenness during anaerobic digestion under different substrate
conditions. Specifically, the coverage index approached 1.0, indicating sufficient sequencing
depth to cover most taxa and ensuring representativeness of the analysis. The Chaol
index indicated that differences in species richness were marginally significant (p = 0.065).
The Simpson index exhibited minimal variation in reactions containing only ULCFAs,
whereas the MR_7 group exhibited an increase in the Simpson index in the MLCFAs
reactions, although this increase was not significant (p = 0.086). These results indicate
that R. flavefaciens addition may enhance microbial community evenness in the MLCFAs
reactions, whereas it exerts a reduced effect on microbial community evenness in the
ULCEFA reactions. Principal coordinates analysis (Figure 3d) revealed that R. flavefaciens
addition significantly influenced microbial community structure (p = 0.002), with microbial
abundance closely correlating to R. flavefaciens dosages.

To elucidate the microbial mechanisms enhancing methanogenic performance fol-
lowing R. flavefaciens addition, bacterial (Figure 3e) and archaeal (Figure 3f) community
compositions at the genus level across reactions were analysed, with results expressed
as relative abundances (%). As shown in Figure 3, R. flavefaciens addition enriched key
functional genera associated with LCFA degradation. In reactions containing only ULCFAs,
the relative abundance of Xiashengella (phylum: Bacteroidota) increased from 4.64% in
the control group U_7 to 5.48% in the UR_7 group. This genus can ferment to produce

https:/ /doi.org/10.3390/w18202492


https://doi.org/10.3390/w18202492

Water 2026, 18, 2492

14 of 25

succinic acid and participates in complex organic matter degradation [28], suggesting that
the addition of R. flavefaciens may promote related utilisation or fermentation functions.
The relative abundance of Bacteroides (phylum: Bacteroidota) also increased from 2.67% to
3.40%. Bacteroides can convert substrates into VFAs, producing acetate and succinate; these
intermediates can further transform into propionate, thereby supplying electron acceptors
and carbon sources for anaerobic fermentation [29]. Consequently, R. flavefaciens addition
increased the abundance of Bacteroidota phylum members during ULCFA reactions, poten-
tially enhancing acidification product supply and boosting methane yield. This enrichment
was more pronounced in the MLCFAs reactions: Xiashengella abundance rose to 9.96% in
the MR_7 group, exceeding the 6.22% abundance observed in the M_7 group. Concur-
rently, the abundance of the cellulolytic bacterium Ruminiclostridium (phylum: Firmicutes)
increased from 2.20% to 3.18% in the MR_7 group. Ruminiclostridium breaks down organic
substrates to yield VFAs, mainly acetate [25], offering a possible microbiological basis
for the enhanced VS and SCOD removal rates following R. flavefaciens bioaugmentation.
Notably, R. flavefaciens addition was associated with a modest increase in the syntrophic
[-oxidizing bacterium Syntrophomonas (phylum: Firmicutes). This genus degrades LCFAs
via f-oxidation, producing acetate, Hy, and CO, [30]. In the UR_7 and MR_7 groups,
Syntrophomonas abundance increased to 1.08% (control: 0.88%) and 1.34% (control: 1.10%),
respectively, which may contribute to acetate supply for downstream methanogenesis.

Methanosarcina attained a dominant position within the archaeal community structure
during the reaction (Figure 3f). In reactions containing only ULCFAs, the relative abun-
dance of Methanosarcina increased from 66.43% in the U_7 group to 69.63% in the UR_7
group following its addition, whereas in the MLCFAs reactions, it increased from 67.42% in
the M_7 group to 75.20% in the MR_7 group. Methanosarcina possesses acetate utilisation
capability and strong environmental tolerance [31]. Its increased abundance aligns with
rapid acetate consumption and pH elevation observed in the VFA analysis (Section 3.2).
Concurrently, hydrogenotrophic archaea, potentially involved in syntrophic 3-oxidation
with Syntrophomonas, were retained in all groups: Methanobacterium (UR_7 group: 5.96%)
and Methanoculleus (MR_7 group: 3.18%) [32]. The observed increases in Syntrophomonas
and Methanosarcina abundances were relatively modest. However, under severe LCFA
inhibition (10.00 g/L), maintaining these rate-limiting functional guilds is critical; even
slight enrichment can strongly alter metabolism [33]. Because taxonomic abundances were
calculated as RPKM-normalized relative values, these modest shifts should be interpreted
cautiously; they may reflect either genuine enrichment or relative changes driven by de-
clines in other taxa. Their biological relevance is therefore inferred primarily from their
coherence with elevated (3-oxidation and methanogenesis gene abundances (Section 3.5)
and the concomitant improvements in methane production and acetate turnover, rather
than from their magnitude alone. The community structure is consistent with a putative syn-
trophic metabolic association centred on Syntrophomonas-Methanobacterium-Methanosarcina,
which is potentially formed within the R. flavefaciens—supplemented system. This proposed
arrangement may facilitate the timely consumption of acetate and hydrogen, potentially
supporting efficient and stable progression of methanogenesis [30].

While specific genera are discussed above in relation to enhanced performance, anaer-
obic microbiomes typically exhibit substantial functional redundancy, and equivalent
metabolic roles may be performed by multiple uncharacterized taxa [34]. The observed
shifts in community structure should therefore be interpreted as correlating with, rather
than exclusively driving, improved functional performance.
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Figure 3. Microbe-related changes in ULCFAs and MLCFAs reactions following Ruminococcus flavefa-
ciens addition: (a) coverage index analysis (b) Chaol index species richness assessment (c¢) Simpson
index community evenness analysis (d) principal coordinates analysis (PCoA) based on Bray—Curtis
distances. Each point represents one biological replicate (1 = 3 per group); shaded ellipses represent
95% confidence intervals; dashed lines indicate the zero reference axes (no statistical meaning); R
and p values were obtained by PERMANOVA (Adonis, 999 permutations), where R? represents the
proportion of community variation explained by grouping (e) bacterial community structure changes;
(f) archaeal community structure changes.

3.4. Correlation Analysis Between Physico-Chemical Parameters and Changes in Microbial
Community Structure

Combined analysis of the Mantel test and Pearson correlation heatmap (Figure 4)
revealed associations between anaerobic digestion performance, changes in microbial
community structure, and environmental physicochemical parameters. The results indi-
cate that cumulative methane production and maximum daily methane production were
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significantly positively correlated with overall microbial community structure. The bioaug-
mentation achieved by adding R. flavefaciens was associated with adjustments in microbial
community structure, showing a close association with increases in methane production
capacity under LCFA conditions. The dominant methanogenic archaeon Methanosarcina
exhibited a positive correlation with methane production and VFA concentrations, consis-
tent with a potential involvement in acetate metabolism and suggesting robust adaptability
under high acetate loading conditions. Concurrently, hydrolytic bacterial genera Xiashen-
gella, Ruminiclostridium, and Fibrobacter exhibited significant positive correlations with
VS removal rates, consistent with higher abundances of hydrolytic populations upon
R. flavefaciens addition, which could partly explain enhanced VS removal. The Pearson
correlation matrix revealed positive relationships between upstream hydrolytic bacteria,
such as Xiashengella and Ruminiclostridium, and the downstream methanogenic archaeon
Methanosarcina. This finding suggests that the bioaugmented anaerobic digestion of LCFAs
involving R. flavefaciens may potentially form a stable, tightly coupled cascade of hy-
drolysis, acidification, and acetate-type methanogenesis. This putative mechanism may
facilitate the rapid conversion of volatile intermediate products such as VFAs, potentially
mitigating LCFA accumulation and inhibition and supporting stable and sustained gas

production [35].
2
“
J“p/ .
4G G
%, ) ted
S 0
Y NG
@ %
N (7
> N %/} ©
%, % %, %G
% 0’&)47 %. /.9 23 %
'{; <, 6’/”0/ 9, 00/0/3,9%0 00,0’3‘96’{51, o)
6@0 }'5%’/%)@ Q’O?/’.’/'QFQ?OJ* 6'90 S0, %, Q'C‘%"’J‘
Qew oy, e 10y ey i ey M, e U B
S %, %, ‘o, %, S, %, %, €0, %, o, %,
% % D %y W % W % W Ve b % %

Ammonia Nitrogen
pH %
VFAs % Moo/ 0 o |@ o Aminivibrio
LT (5

VS Removal Rate * . .—Methanosarcina
[ - Methanobacterium
Cumulative Methane Production ¥ .-unc]assiﬁed_f_Methanoregulaceae

Daily Maximum Methane Production

Methanocorpusculum

Pearson'ls r

0.5 Mantel's r Mantel's p
-— >=().5 0.01<x<=0.05 — positive
0 — (0.25~0.5 =005 7 negative
— <0.25
-0.5
-0.99

Figure 4. Correlation analysis between environmental factors and changes in microbial community
structure following Ruminococcus flavefaciens addition. Stars indicate significant Mantel test results
(p <0.05).
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3.5. Effects of R. flavefaciens on Anaerobic Digestion Pathways for LCFAs

A comprehensive quantitative analysis of LCFA metabolism-related functional genes
revealed that the addition of R. flavefaciens increased the relative abundance of key func-
tional genes for the conversion of LCFA substrates to final methanogenic products. This
finding suggests potential for mitigating LCFA conversion bottlenecks.

During (-oxidation, the key rate-limiting step in high-lipid anaerobic digestion [6],
the MR_7 and UR_7 groups exhibited significant enrichment of associated functional
genes (Figure 5a). Following R. flavefaciens addition, the relative abundance of the
key enzyme-encoding genes Acyl-CoA Dehydrogenases/Butyryl-CoA Dehydrogenase
(ACADs/bcd, K00249/K00248) increased significantly (p < 0.05). Concurrently, Enoyl-CoA
hydratase (fadB, K01825), a multifunctional enzyme possessing acyl-CoA hydratase and
3-hydroxyacyl-CoA dehydrogenase activities, and the core enzyme Enoyl-CoA A3-A2-
isomerase 1 (ECI1_2, EC 5.3.3.8), which specifically catalyses ULCFA isomerisation, also
exhibited an increasing trend. Combined with enrichment of the LCFA-activating gene
Fatty acyl-CoA synthetase (fadD, K01897), this finding suggests that R. flavefaciens addition
may be associated with potential for ULCFA activation and (3-oxidation. The increase in
gene abundance across the entire pathway aligns with elevated acetate proportion and en-
hanced methane production observed in the R. flavefaciens-supplemented group, suggesting
a potential for converting LCFA into acetate (Figure 5b) [36].

Analysis of methanogenic functional genes indicated that supplementation with R.
flavefaciens could raise the relative abundance of methane-metabolising genes. In the
ULCFA-MLCFA reactions (UR_7 and MR_7 groups), key genes ensuring stable progression
of the acetate-dependent methanogenesis pathway, such as CO dehydrogenase/acetyl-CoA
synthase complex subunit gamma (cdhE, K00197), exhibited significantly higher relative
abundance than those in the control group (p < 0.001), consistent with the enrichment
trend of the dominant methanogenic archaeon Methanosarcina. This observation suggests
potential for improved acetate-cleavage capacity. Concurrently, hydrogen-dependent
methanogenesis-related genes, such as F420-reducing hydrogenase subunit B (frhB, K00441)
and methylamine—glutamate N-methyltransferase subunit C (mgsC, K22083), exhibited
increased abundance, which may indicate higher abundance of genes linked to interspecies
hydrogen or electron transfer to support LCFA oxidation and maintain low hydrogen
partial pressure [37]. Additionally, formylmethanofuran dehydrogenase subunit E (fwdE,
K11261), which catalyses the initial reductive step of hydrogenotrophic methanogenesis,
and 5,10-methylenetetrahydromethanopterin reductase (imer, K00320), involved in methyl
transfer within the hydrogenotrophic pathway, both exhibited elevated relative abundances
in the bioaugmented groups (UR_7 and MR_7) compared with their respective controls.
Moreover, Heterodisulfide reductase subunit B2 (hdrB2, K03389) and Methyltransferase
subunit A (mtrA, K00577) genes, which are associated with terminal energy conversion,
also exhibited significant enrichment in the bioaugmented group, indicating potential for
improvements in the methanogenic electron transport system. Conversely, functional gene
abundances exhibited reduced variation during ULCFA reactions and did not follow the
upward trend observed in MLCFA reactions. This finding suggests that R. flavefaciens
may be susceptible to ULCFA inhibition, resulting in limited increases in relevant gene
abundances during metabolic processes. It should be noted that gene abundance alone
cannot confirm actual pathway activation; nevertheless, these genomic signatures reflect
the reservoir of methanogenesis-related genes within the community. A larger reservoir
of such genes provides a prerequisite for methanogenic populations to cope with LCFA-
induced inhibition and sustain methane production when inhibitory pressure is alleviated.
The extent to which these genomic signatures translate into functional pathway activation
warrants further investigation.
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Figure 5. Addition of Ruminococcus flavefaciens to ULCFAs and MLCFAs reactions: (a) relative
abundance of functional genes encoding key enzymes in LCFA anaerobic degradation (* p < 0.05,
**p <0.01, ** p < 0.001); (b) key metabolic pathways for LCFAs. Solid arrows indicate metabolic
conversion steps; dashed arrows indicate metabolic coupling among functional guilds; colored blocks
indicate functional modules; red gene symbols indicate genes involved in methanogenesis; black
gene symbols indicate constituent enzymes of the LCFA degradation pathway.

https:/ /doi.org/10.3390/ w18202492


https://doi.org/10.3390/w18202492

Water 2026, 18, 2492

19 of 25

GT2
GT4
CEl
GT41
CE4
GH179

GH177
GH2
GH23

3.6. Effects of R. flavefaciens on CAZymes

LCFAs exert inhibitory effects by physically adsorbing onto and disrupting microbial
cell membranes. Elevated abundances of CAZyme-encoded glycosyltransferases (GTs),
which participate in cell-membrane and cell-wall biosynthesis, indirectly suggest microbial
cell-envelope remodelling to counteract LCFA toxicity [38], ultimately with potential for
improving system gas production performance and stability.

To investigate the impact of R. flavefaciens addition on microbial structural biosynthesis
and stress tolerance during anaerobic digestion of LCFAs, changes in CAZymes function-
ality were analysed via metagenomics, as depicted in Figure 6. The Wilcoxon rank-sum
test revealed that in the MLCFAs reactions (Figure 6a), R. flavefaciens addition increased
members of the GT family, particularly GT2 and GT4, in MR_7 relative to M_7. GT en-
zymes participate in polysaccharide backbone synthesis and extracellular polysaccharide
formation, according to previous reports, which may potentially support biofilm-related
processes. If such structures were formed, they could shorten mass transfer distances
between microbial communities, facilitating metabolite and electron exchange [39—41].
Accordingly, R. flavefaciens bioaugmentation may enhance EPS synthesis potential, thereby
promoting the generation of functional microbial communities to maintain metabolic
activity and system stability.
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Figure 6. Differential analysis of carbohydrate-active enzymes (CAZymes) in ULCFAs and MLCFAs
reactions following Ruminococcus flavefaciens addition: (a) M group (b) U group (c) species contribution
analysis of carbohydrate-active enzymes.

Furthermore, Carbohydrate Esterase family 4 (CE4), including chitin deacetylase,
exhibited an upward trend following R. flavefaciens addition. It modifies acetyl groups of
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microbial cell walls and extracellular polymeric components to reduce steric hindrance,
contributing to cell-envelope remodelling and biofilm assembly [42]. These functional alter-
ations suggest that R. flavefaciens bioaugmentation may strengthen microbial cell-envelope
biosynthesis and biofilm-forming potential. Concurrently, AA6 (1,4-benzoquinone reduc-
tase) exhibited an increasing trend following R. flavefaciens bioaugmentation. This enzyme
participates in the quinone/hydroquinone cycle, reducing the benzoquinone intermedi-
ate. This process helps mitigate the potential toxicity of phenolic and quinone active
intermediates and oxidative stress. The enrichment of AA6 suggests that R. flavefaciens
may indirectly safeguard microbial physiological functions by enhancing detoxification
functions, potentially alleviating oxidative stress within the microbial community.

Following the addition of R. flavefaciens to reactions containing only ULCFAs, certain
CAZymes, such as GT2, GT4, CE4, and AA6, exhibited an increasing trend (Figure 6b),
although the overall functional enhancement was less pronounced than that in MLCFA
reactions. This discrepancy indicates that the potential of R. flavefaciens to boost microbial
structural biosynthesis and stress-resistance capacity is constrained by ULCFAs, which
exert a more detrimental effect on high-fat anaerobic digestion than saturated LCFAs.

Species contribution analysis (Figure 6¢) further elucidated the correspondence be-
tween functional groups and species. Following R. flavefaciens addition, contribution ratios
of bacterial genera Xiashengella and Thauera within the GT (cell-envelope and EPS synthesis)
and CE (cell-wall deacetylation for structural remodelling) functional groups increased
markedly. These genera may facilitate microbial cell-envelope remodelling and biofilm
assembly and support methanogenic archaea. The archaeon Methanosarcina also exhibited
high contribution ratios across GT2, GT4, CE4, and AA6 functional categories. Beyond
methanogenesis, it may participate in cell-envelope biosynthesis, biofilm formation and
quinone-based detoxification, potentially improving carbon-metabolism coordination and
redox balance. Such collective functional alterations consequently helped improve methane
production efficiency and reaction stability. R. flavefaciens addition was associated with
enhanced potential for synergistic interactions among the microbial populations, increased
redox buffering capacity of the biofilm, and improved LCFA degradation and methane
conversion efficiency.

4. Conclusions

The results of this study suggest that R. flavefaciens addition could improve anaerobic
digestion performance toward model LCFA substrates. Under conditions containing UL-
CFAs and their inhibitory effects, 1% (v/v) addition of R. flavefaciens increased cumulative
methane production by 270.9% and 186.0%, respectively. Notably, the 270.9% increase
observed in the ULCFAs system represents a recovery from a crashed baseline, whereas
the 186.0% improvement was obtained under the MLCFAs condition without such severe
initial inhibitory pressure. R. flavefaciens addition accelerated acetate formation and pre-
vented propionic acid accumulation. Metagenomic analysis revealed increased relative
abundance of 3-oxidation-related genes (fadD, ACADS/bcd, and fadB) and acetate-utilising
methanogenesis genes (acsC and cdhE), concurrent with modest increases in the abun-
dance of Syntrophomonas and Methanosarcina. Enhanced methanogenesis correlated with
increased functional microbial abundance of Xiashengella and Methanosarcina. Finally, the
observed correlations between specific taxa and enhanced performance should be inter-
preted cautiously given the inherent functional redundancy of anaerobic microbiomes.
CAZymes prediction and species contribution analysis further indicated that R. flavefaciens
addition enhanced functional potentials for GTs, CE4, and AA6 in the reaction, potentially
aiding microbial polysaccharide synthesis, cell-wall structural remodelling, and redox
detoxification regulation. These functional shifts are consistent with broader microbial
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community adaptation, potentially supporting biofilm formation and improved system re-
silience under LCFA inhibition. Overall, R. flavefaciens addition appeared to alleviate LCFA
inhibition, potentially reflecting enhanced substrate activation and mutualistic metabolic
synergy, offering a potential biological strategy for stable and efficient anaerobic digestion
of LCFA-rich substrates such as high-lipid waste.

Even so, these results are preliminary, as all experiments were performed in batch
reactors; continuous-flow industrial digesters may experience microbial washout and dy-
namic LCFA accumulation that could alter bioaugmentation performance. Furthermore,
only a single strain dosage gradient was tested without direct quantitative measurement
of functional enzymes, leaving the system’s scalability, long-term stability and in situ
metabolic activity unvalidated. Apart from experimental constraints, osmotic pressure may
influence the performance of R. flavefaciens. Although it was not the focus of the present
study, its potential effects should be considered in follow-up research and practical appli-
cation. When moving toward real-world implementation, beyond the above-mentioned
research-scale limitations, multiple real-world barriers also hinder field deployment. Prac-
tical full-scale application is further constrained by the prohibitive cost of 1% v/v pure
laboratory-cultivated DSM 25089. Although on-site enrichment using local waste substrates
may reduce inoculum expenditure, industrial cultivation-dosing costs and ecological risks
such as displacement of indigenous microbiota by exogenous strains remain to be assessed.

Therefore, future work should implement continuous-flow assays with multiple inocu-
lum gradients and real-waste substrates, combined with enzyme activity determination and
economic evaluation, to fill these research gaps and further verify the practical potential of
this bioaugmentation strategy.
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Abbreviations

The following abbreviations are used in this manuscript:

LCFAs Long Chain Fatty Acids

ULCFAs Unsaturated Long Chain Fatty Acids

MLCFAs Mixed Long Chain Fatty Acids

v/v Volume per Volume (concentration measure)

H, Molecular Hydrogen

fadD Acyl-CoA synthetase (LCFA activation)

ACADs/bed Acyl-.CoA. dehydrogenases/Butyryl-CoA dehydrogenase
(B-oxidation enzymes)

fadB Fatty Acid Oxidation Complex Subunit B

ECI1_2 Enoyl CoA isomerase (ULCFA isomerization)

dhE CO dehydrogenase/acetyl CoA synthase subunit
(acetate cleavage)

frhB F420 reducing hydrogenase (hydrogenotrophic methanogenesis)
Methylamine—glutamate N-methyltransferase subunit C

megsC (methanogenesis pathway)

hdrB2 Heterodisulfide reductase (electron transport in methanogenesis)

mirA Methyl H4MPT: coenzyme M methyltransferase
(electron transport)

fwdE/fmdE Formylmethanofuran dehydrogenase subunit E

mer 5,10-Methylenetetrahydromethanopterin reductase

CAZymes Carbohydrate Active Enzymes (general category)

GHs (e.g., GH2) Glycoside Hydrolases (polysaccharide hydrolysis)

CEs (e.g., CE4, CE15) Carbohydrate Esterases (deacetylation, side chain modification)

AAs (e.g., AA6) Auxiliary Activity enzymes (oxidative/detoxification functions)

GTs (GT2, GT4) Glycosyltransferases (polysaccharide backbone synthesis;

3-oxidation
TS

VS

VS/TS
SCOD

AN
VFA/VFAs
pH

rpm

GC

TCD

MS 13X
TG 16G
KEGG
CAZy
CFU

DSM

Chaol

Simpson index
Coverage index

PCoA

Mantel test

Pearson correlation

enriched under R. flavefaciens addition)
Metabolic pathway breaking down fatty acids
Total Solids

Volatile Solids

Ratio of Volatile Solids to Total Solids

Soluble Chemical Oxygen Demand

Ammonium Nitrogen

Volatile Fatty Acid(s)

Potential of Hydrogen

Revolutions Per Minute (centrifugation speed)
Gas Chromatography

Thermal Conductivity Detector

Molecular Sieve Column (gas chromatography)
Centrifuge model (Kecheng Instruments, China)
Kyoto Encyclopedia of Genes and Genomes
Carbohydrate Active enZYmes Database
Colony Forming Units (measure of viable bacterial cells)
Deutsche Sammlung von Mikroorganismen (German Collection
of Microorganisms, culture reference)

Species richness estimator

Diversity/evenness index

Sequencing depth/representativeness

Principal Coordinates Analysis

(community structure visualisation)

Correlation between distance matrices

Linear correlation coefficient
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Wilcoxon rank-sum test Non-parametric test for two independent samples
SPSS Statistical Package for the Social Sciences
OriginPro OriginLab’s data analysis and graphing software

U, U+01IR, U+05R, U+1R  ULCFA substrate + varying R. flavefaciens inoculum
M, M +0.1R,M + 0.5R, M + IR MLCFA substrate + varying R. flavefaciens inoculum

K Control group (no LCFA added)
U7 ULCFA control
UR_7 ULCFA + R. flavefaciens (1% inoculum)
M_7 MLCFA control
MR_7 MLCFA + R. flavefaciens (1% inoculum)
M(t) Methane yield as a function of time
P Maximum methane potential
Rmax Maximum methane generation rate
A Lag period
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