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Anaerobic digestion is a sustainable technology for organic wastes treatment and energy recovery. However,
propionate accumulation under environmental stress disrupts microbial balance, resulting in reduced methane
yield and system instability. In this study, the effect of granular activated carbon (GAC) on propionate degra-
dation under high organic loading rates (OLRs) was investigated. In the long-term operation, the GAC-amended
reactor enhanced methane yield and propionate removal efficiency by 7.4 % and 11.6 %, respectively, at an OLR
of 7 g chemical oxygen demand/L/d. Short-term GAC addition showed a stronger effect in sludge from the GAC-
amended reactor, with 16.2-34.1 % increases in propionate degradation rates and 27.0-33.9 % enhancements in
maximum methane production rates compared with the sludge from the reactor without GAC addition under Ny
or high hydrogen partial pressure. Additionally, GAC maintained a high microbial diversity under high-OLR
conditions and enriched Smithella and Mesotoga. GAC could facilitate propionate conversion via key metabolic
pathways, including propionate oxidation and syntrophic acetate oxidation. Furthermore, GAC may alleviate
oxidative stress and enhance bacterial membrane resilience, increasing microbial resistance to high OLR stress.
Genes associated with extracellular electron transfer were increased by 14.3-65.8 % in the presence of GAC.
Collectively, GAC enhanced methanogenic propionate degradation and overall system stability. This study
highlights GAC-driven microbial adaptations under environmental stress and provides guidance for applying
conductive materials to optimize high-loading anaerobic reactors.

1. Introduction

Anaerobic digestion (AD) is a mature, environmentally sustainable
biotechnology, which is widely applied for stabilizing organic waste
while recovering methane as a renewable bioenergy. However, in
practical operation, fluctuations in organic loading often challenge
system stability, leading to volatile fatty acids (VFAs) accumulation,
particularly under elevated organic loading rates (OLRs) [1]. Previous
studies have highlighted the adverse effects of high organic loading on
anaerobic system performance. For example, increasing the OLR to 10 g
chemical oxygen demand (COD)/L/d has been reported to cause the
accumulation of acetate and propionate during agro-industrial waste
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treatment [2-4], with more accumulation likely at higher OLRs. VFAs
accumulation typically results in pH decline, inhibition of microbial
activity, and possible failure of the AD process [5]. Moreover, recent
studies indicate that VFAs accumulation can induce oxidative stress by
triggering excessive production of reactive oxygen species (ROS),
further impairing microbial metabolic functions [6,7].

Among VFAs, propionate is particularly prone to accumulation due
to the thermodynamic constraints of its degradation [8,9]. Such accu-
mulation is closely associated with methanogenic inhibition, leading to
decreased methane yield and system instability. For instance, a decrease
in methane production efficiency has been observed in an anaerobic
reactor with an accumulated propionate concentration of 2.8 g/L [10].
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Propionate concentrations of 6.5-14.6 mM have been reported to induce
a lag phase and inhibit biogas production during anaerobic co-digestion
of food waste and dairy manure [11]. Consequently, improving the ef-
ficiency of propionate degradation is critical for maintaining the stable
performance of AD processes under high OLR stress conditions.

Conductive materials (CMs) have emerged as effective additives to
enhance methane yield and stability of AD systems under environmental
stress, including overloading, suboptimal alkalinity conditions, and
inhibitory compounds [12-14]. Among them, granular activated carbon
(GACQ), characterized by its high surface area and strong conductivity,
has been widely applied to reinforce microbial interactions and process
stability [15,16]. For instance, GAC improved COD removal efficiency
by 13.7 % and methane yield by 26.9 % in upflow anaerobic sludge
blanket (UASB) reactors treating propionate-rich synthetic wastewater
[17]. Moreover, He et al. [18] reported that GAC enabled stable oper-
ation of brewery wastewater UASBs even at an OLR of 17.5 g COD/L/d.
These benefits of GAC could be associated with direct interspecies
electron transfer (DIET), the enrichment of functional microbes, and
increased abundance of genes coding for conductive pili, OmcS, and
quorum sensing [13,19]. In addition, recent studies suggest that CMs,
such as nano magnetite and Fe3O4, can alleviate propionate stress by
upregulating genes in stress defense systems [20,21]. Despite these ad-
vances, the potential of GAC to mitigate propionate accumulation under
high OLRs, as well as its effects on syntrophic interactions and microbial
stress responses, has not been systematically investigated.

To address the above-mentioned knowledge gaps, this study evalu-
ated the effects of GAC supplementation on methane yield and propio-
nate removal with increasing OLRs. Subsequently, the effect of short-
term GAC supplementation was investigated. Propionate degradation
activity tests, together with targeted assays under high hydrogen partial
pressure (HPP), were conducted to assess microbial acclimation and its
physicochemical implications. Functional predictions using Phyloge-
netic Investigation of Communities by Reconstruction of Unobserved
States (PICRUSt2) were also performed to examine potential changes in
metabolic pathways, oxidative stress defense, membrane biosynthesis,
and electron transfer in GAC-amended reactors under high loading
conditions. Collectively, this study aims to provide multi-dimensional
insights into the mechanisms underlying GAC-driven stabilization of
syntrophic propionate degradation and to regulate AD performance
under environmental stress.

2. Materials and methods
2.1. Reactor setup and inoculum

Two UASB reactors (working volume of 3.5 L) were operated at 35 +
2°C for 88 days. Previous studies have examined the impact of propio-
nate loading (0.5-30 g COD/L/d) on anaerobic reactor performance,
where methanogenesis inhibition has been reported at thresholds of
4.5-23.0 g COD/L/d [9,22,23]. Based on these findings, stepwise pro-
pionate loadings of 4-7 g COD/L/d were applied in this study to eval-
uate the role of GAC in alleviating high OLR stress. The operation was
divided into four phases, i.e., Phase I (days 1-25, 4 g COD/L/d), Phase II
(days 26-39, 5 g COD/L/d), Phase III (days 40-54, 6 g COD/L/d), and
Phase IV (days 55-88, 7 g COD/L/d). Granular sludge collected from a
dairy wastewater treatment reactor was used as the inoculum, with
suspended solids (SS) and volatile suspended solids (VSS) concentrations
of 7.0 g/L and 5.6 g/L, respectively. One reactor was supplemented with
5 g/L GAC (20-40 mesh, Sigma-Aldrich, Ireland) only at the start-up
stage and was referred to as UASBgpc, while the other without GAC
served as the control reactor (UASB¢on). The hydraulic retention time
for both reactors was maintained at 12 h. No sludge was manually dis-
charged during the operation.

Propionate was used as the sole organic carbon source, with a COD:
N:P ratio of 200:5:1. Nitrogen and phosphorus were supplied by NH4Cl
and NapHPO4. Inorganic constituents of the synthetic medium included
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500 mg/L KHCOj3, 500 mg/L NaHCO3, 197 mg/L CaCly-6 H,0, 250 mg/
L MgSO4, and 1 mL/L trace element solution, as described by Du et al.
[24].

2.2. Batch experiments

To further elucidate the promoting mechanisms of GAC on propio-
nate degradation under environmental stress, two batch experiments
were conducted at the end of Phase IV. One assessed the impact of short-
term GAC supplementation, and the other evaluated its effect under high
HPP.

For the first assay, four treatments were applied, i.e., sludges from
the UASB¢on and UASBgac reactors (referred to as No-CON and N»-GAC,
respectively), and sludges supplemented with an additional 5 g/L GAC
(referred to as No-CON_ gac and N2-GAC, gac, respectively). Anaerobic
conditions were created by purging the bottles with Ny for 3 min and
sealed with butyl rubber stoppers.

For the second assay, the same conditions as the first assay were
applied, while an additional high HPP (~0.42 atm) was established
following Zhang et al. [25]. Briefly, after No purging, Hy was injected
into the headspace to achieve approximately 25 mL of Hy at 293 K. The
four treatments were denoted as Hy-CON, Hy-CON, gac, Ha-GAC, and
Hy-GAC_ gac, respectively.

All assays were performed in 160 mL serum bottles with 100 mL
working volume and 60 mL headspace. Sludge collected from the two
UASB reactors was adjusted to a VSS concentration of 2 g/L, and pro-
pionate was supplemented at 1000 mg COD/L. All bottles were incu-
bated at 35°C and 170 rpm under anaerobic conditions.

During experiment, headspace gas (100 pL) and liquid samples
(0.5 mL) were periodically collected to determine methane production
and VFAs concentrations. Propionate degradation rates were estimated
by linear fitting. Methane production was calculated based on head-
space pressure and methane content, as described by Wang et al. [26].
The modified Gompertz model [27] was used to fit methane production
kinetics:

P= Pmaxexp{ —exp [ef){max A-t)+ 1} }

max

where P represents the CH,4 production volume (mL/L), Pp,qy is the po-
tential maximum CH4 production volume (mL/L), Rpqy is the maximum
CH4 production rate (mL/L/h), e is the base of the natural logarithm (e =
2.71828), 4 is the CH4 production lag phase (h), and t is the reaction time
(h). All assays were performed in triplicate.

2.3. Analytical methods

SS and VSS concentrations were measured according to standard
methods [28]. A high-performance liquid chromatography (HPLC,
Agilent 1260, USA) with a UV detector was used to detect VFAs con-
centrations. An Aminex HPX-87H column was employed with 0.1 %
H,S04 as the mobile phase. The injection volume was 30 pL, the column
temperature was 55°C, and the flow rate was 0.8 mL/min. The gas
chromatograph (7890 A, Agilent, Santa Clara, USA) equipped with a
thermal conductivity detector was used to determine methane concen-
tration. Additionally, the headspace pressure in the serum bottles was
measured using a portable pressure gage (Testo 512, Testo,
Titisee-Neustadt, Germany).

Welch’s t-test was performed in Microsoft Excel to assess differences
between group means. Pearson correlation and one-way analysis of
variance (ANOVA) followed by Tukey’s HSD post hoc tests were per-
formed using SPSS version 26.0. In all analyses, p < 0.05 was considered
statistically significant. Methane production kinetics were analyzed, and
data visualization was conducted using OriginPro 2021 (OriginLab,
USA).
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2.4. Microbial community and functional prediction analysis

Sludge samples were collected from both UASBcon and UASBgac
reactors at the end of each operational phase (Phases I-IV) to analyze
microbial community composition and metabolic pathways. Samples
were labeled as CON1 to CON4 and GAC1 to GAC4, corresponding to
samples collected from UASBcon and UASBgac, respectively. At each
sampling point, total DNA was extracted from the sludge using the
DNeasy PowerSoil Pro Kit (QIAGEN, UK) following the manufacturer’s
instructions. NanoDropOne (Thermo Fisher Scientific, USA) was used to
detect the concentration of DNA. To analyze the microbial community
structure, high throughput 16S rRNA gene sequencing was conducted.
Polymerase chain reaction amplification was carried out with universal
primers 515F (5-GTGCCAGCMGCCGCGGTAA-3) and 806 R (5-
GGACTACHVGGGTWTCTAAT-3") targeting the V4 region, covering
both bacterial and archaeal 16S rRNA genes. The Illumina Hiseq 2500
platform (Illumina, San Diego, USA) was used for high-throughput
sequencing. The obtained DNA sequences were subjected to quality
trimming and assigned to operational taxonomic units (OTUs) with a
97 % similarity cut-off. The representative sequence of each OTU was
aligned with the SILVA/v132 database (https://www.arb-silva.de/) to
obtain the microbial community structure.

PICRUSt2 was applied to predict the relative abundance of functional
genes and metabolic pathways [29]. Genes were annotated against the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Gene
abundance values were row-wise Z-score standardized (mean-centered
and scaled to unit variance) to enhance visualization. Relative abun-
dances of enzymes are presented in Table S1. Alpha diversity indices and
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Magigene Cloud Platform (http://cloud.magigene.com/), and PICRUSt2
analyses were performed on the Bioincloud platform (https://www.
bioincloud.tech/).

3. Results and discussion
3.1. System response to stepwise increased OLRs

Both UASBcon and UASBgac reactors exhibited improved methane
yield with increasing OLRs. As shown in Fig. 1a, methane yield in the
UASBgac reactor increased steadily from 124.4 mL/g COD on Day 2 to
298.4 mL/g COD by Day 86, while the UASBcon reactor showed a
slower increase, stabilizing at approximately 270 mL/g COD. The
disconnected points in Fig. 1a were caused by gas collection bag leakage,
resulting in no biogas measurements for those days. Importantly,
methane yield in the UASBga( reactor consistently exceeded that of the
UASB(on reactor at the OLR of 7 g COD/L/d, with an average increase of
7.4 %, highlighting the enhanced methanogenic capacity associated
with GAC addition. This observation aligns with previous studies that
CMs can enhance methane yield by 6-125 % via facilitating interspecies
electron transfer in AD systems [15,30-32].

This enhanced performance was corroborated by effluent propionate
levels. While both reactors exhibited comparable removal during Phase
I, effluent propionate concentrations in the UASBcoy reactor gradually
increased with increasing OLRs, reaching 500-700 mg COD/L by Phase
IV. A similar trend was observed in static semi-continuous bioreactors,
where a propionate loading of 3 g COD/L/d resulted in continuous
propionate accumulation of about 10 g/L [33]. In contrast, the UASBgac
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concentrations below 300 mg COD/L at Phase IV (Fig. 1b). Similarly, the
UASBgac reactor consistently achieved COD removal efficiencies
exceeding 90 %, outperforming the UASB¢oy reactor, particularly under
high OLR conditions (e.g., 94.6 + 0.4 % vs. 81.4 + 0.4 % at Phase 1IV;
Table 1). Moreover, the UASBgac reactor exhibited a higher organic
loading removal efficiency, particularly during Phase IV, where its
removal capacity was 1.2-fold that of the UASB¢oy reactor (Fig. 1d).
These observations indicate that the benefits of CMs in enhancing sys-
tem performance are more pronounced under high OLR conditions,
consistent with previous studies [34-36].

In summary, the UASBgac reactor demonstrated superior long-term
performance in both methane yield and propionate removal, particu-
larly under elevated OLRs, highlighting GAC addition as an effective
strategy to enhance reactor resilience and operational stability under
high OLR stress. These enhancements may be associated with multiple
interrelated mechanisms, such as syntrophic enrichment, accelerated
DIET, and the upregulation of key functional genes, as suggested by
previous studies [20,37,38]. To elucidate the potential stimulating
mechanisms, this study next assessed microbial propionate degradation
activity under short-term GAC supplementation and other microbial-
and genomic-level responses.

3.2. Benefits and potential mechanistic insights of GAC on propionate
degradation

3.2.1. Short-term GAC effects on microbial activity under Ny-purged
conditions

As shown in Fig. 2, no significant difference was observed between
the N3-CON group and N»-GAC group (p > 0.05) in propionate degra-
dation. This observation is consistent with the long-term reactor per-
formance, where both reactors exhibited comparable degradation
efficiencies under low OLRs. Additionally, short-term GAC supplemen-
tation had no significant effect on propionate degradation activity in
sludge from the UASBcon reactor (p > 0.05). In contrast, the Na-
GAC,gac group exhibited 21.8% and 28.0 % higher propionate
degradation rate and maximum methane production rate (Rpmgy),
respectively, as well as a 31.3 % shorter lag phase relative to the Ny-GAC
group (p < 0.05). Furthermore, compared with N-CON,gac, the No-
GAC_gac group showed 34.1 % and 27.0 % higher degradation rate and
Riax, respectively, and a 32.5 % shorter lag phase. Collectively, these
findings indicate that while short-term GAC exposure alone is insuffi-
cient to stimulate unacclimated sludge, its benefits become evident in
GAC-adapted biomass—emphasizing the critical role of pre-acclimated
microbial consortia.

The superior performance of the No-GAC, gac group likely arose from
a synergistic interplay between long-term microbial acclimation and
short-term conductive surface effects. On one hand, long-term GAC
exposure may have selectively enriched syntrophic microbial pop-
ulations within the UASBgac reactor, thereby promoting microbial
adaptation [39]. On the other hand, this study hypothesized that the
additional GAC provided conductive surfaces that may have facilitated
DIET, which reinforced syntrophic associations and improved degra-
dation efficiency [24].
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3.2.2. GAC-facilitated propionate degradation under high HPP

As shown in Fig. 3b and d, the Hy-GAC group exhibited slightly
higher propionate degradation rates and Rmax than the Hy-CON group,
although these differences were not statistically significant (p > 0.05).
However, a significant reduction in the lag phase was observed in the
H2-GAC group compared to the Hy-CON group, with a 46.1 % decrease
(Fig. 3c), suggesting that long-term GAC exposure may accelerate mi-
crobial activation under high HPP stress. Similar stimulatory effects of
carbon materials on the lag phase reduction during AD have been re-
ported. For example, biochar and activated carbon amendments have
been shown to enhance microbial activation and shorten lag phases
across a variety of substrates, likely due to strengthened microbial in-
teractions and improved extracellular electron transfer (EET) [40-42].

Previous studies have shown that the addition of CMs can enhance
the adaptive capacity of anaerobic digesters to environmental stresses,
such as high temperature and elevated HPP [43,44]. In this study,
short-term GAC supplementation further promoted methanogenic pro-
pionate degradation under high HPP stress in sludges from both
UASBcon and UASBga reactors. Propionate degradation rates and Rpgy
increased by 46.4 % and 49.8 % in the Hy-CON,gac group, and by
71.8 % and 90.8 % in the Hy-GAC, gac group, respectively, compared
with their un-supplemented controls. These results suggest that
short-term GAC addition may facilitate EET, thereby enhancing propi-
onate degradation. Lag phases were slightly extended in Hp-CON,gac
(3.6 h) and Hy-GAC, gac (2.9 h) groups likely due to transient disruption
of microbe-substrate contact caused by fresh GAC addition, which may
temporarily restrict mass transfer and delay microbial adaptation under
stress [45]. Notably, the stimulatory effect was more pronounced in
sludge previously acclimated to GAC, with degradation rates and Rpqx
increased by 16.2% and 33.9 % in Hy-GAC, gac compared with
H3-CON_gac, accompanied by a 19.3 % reduction in the lag phase.
These findings highlight the importance of long-term GAC-induced mi-
crobial acclimation in promoting propionate degradation under envi-
ronmental stress.

3.2.3. GAC effects under stress versus non-stress conditions

As shown in Figs. S1 and S2, high HPP (Section 3.2.2) severely
inhibited propionate methanogenesis compared with the Nj-purged
headspace (Section 3.2.1). Propionate degradation rates and Rpgx
decreased by 34.7-42.5 % and 31.6-35.9 %, respectively, in the Hy-
CON and H,-GAC groups relative to the Np-purged treatments. However,
the inhibitory effect was alleviated by short-term GAC amendment,
where the reductions in degradation rates and Rjq, were limited to
6.4-189% and 4.59.4% in HZ'CON+GAC and HZ‘GAC+GAC,
respectively.

Notably, negligible benefits of short-term GAC addition were
observed in sludge from the UASB¢on reactor under Ny-purged head-
space. The contrasting responses under Ny-purged and high HPP con-
ditions may arise from different operational conditions. Under the high
HPP condition, thermodynamic stress was likely imposed on syntrophic
propionate metabolism. GAC supplementation has been shown to pro-
mote anaerobic degradation of sludge, potentially by enhancing DIET
and mitigating oxidative stress [46]. In this scenario, short-term GAC

Table 1
Long-term operational performance of UASBcon and UASBgac reactors.
Parameters Phase I Phase II Phase III Phase IV
(Day 1-25) (Day 26-39) (Day 40-54) (Day 55-88)
UASBcon UASBgac UASBcon UASBgac UASBcon UASBgac UASBcon UASBgac
OLR (g COD/L/d) 4 5 6 7
Influent COD (mg/L) 2023.3 £ 33.5 2606.8 £+ 69.8 3079.3 £4.3 3630.6 + 21.4
Effluent COD (mg/L) 130.1 £5.2 172.3 £+ 35.6 274.7 +18.3 97.2 £ 24.0 384.1+7.2 133.7 £ 42.7 676.0 + 11.0 195.8 +£16.8
COD removal percentage (%) 93.6 £ 0.3 915+1.8 89.4 +£ 1.0 96.3 +£ 0.9 87.5+0.2 95.7 + 1.4 81.4+0.4 94.6 £ 0.4
Organic removal rate (g COD/L/d) 3.8+0.1 3.7+0.1 47 +£0.2 5.0+0.1 5.4+0.0 59+0.1 59+0.1 6.9+ 0.0
Recovery duration (d) 0 0 2 1 2 1 3 3
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supplementation may enhance propionate degradation through mech-
anisms in addition to DIET, potentially including mitigation of oxidative
stress.

Taken together, these results suggest that GAC has the potential to
enhance propionate degradation under stressed conditions, including
high OLR and HPP stress. Long-term GAC exposure appears to enrich
microbial consortia with enhanced syntrophic capacity. In addition,
GAC may additionally promote resilience through stress-mitigation
mechanisms. Overall, these findings highlight that GAC stimulates
propionate degradation via complementary mechanisms involving mi-
crobial adaptation, conductive electron transfer, and possible stress
mitigation. Nevertheless, these mechanistic interpretations remain
speculative and warrant further validation through microbial commu-
nity profiling and functional gene analysis.

3.3. Microbial responses to increasing OLRs

In response to environmental stress, microbial communities often
undergo compositional and functional shifts that enhance anaerobic
system stability and resilience [47,48]. GAC has been suggested to
modulate microbial community structure and promote functional resil-
ience under stress conditions [49,50]. To examine the role of GAC in
microbial dynamics, microbial community composition and metabolic
pathways are analyzed in the following section.

3.3.1. Diversity and phylum-level community changes
Alpha-diversity analysis indicated that community richness peaked

at Phase II, with slightly higher Chaol values in the UASBgac reactor at
267 compared with 240 in the UASBcon reactor (Table 2). Although
richness declined to 218 in the UASBcoy reactor by Phase IV, it recov-
ered slightly to 241 in the UASBgxc reactor. These findings suggest that
excessive OLR suppresses microbial richness in anaerobic systems [51,
52]. Similarly, Khafipour et al. [53] reported that elevating the OLR
from 2.8 to 6.1 g COD/L/d, induced by propionic acid addition, led to a
decline in microbial diversity in a manure digester. However, GAC
supplementation can alleviate such inhibition, thus enhancing system
resilience and stability [54-56]. Additionally, Beta diversity analysis
showed that the first principal coordinate (PCoA1l) explained 49.9 % of
the variation (Fig. S3), implying that OLR could be an important driver
of community succession.

At the phylum level (Fig. 4a), Halobacterota, Euryarchaeota, and
Firmicutes dominated in both systems. Halobacterota, which includes
anaerobic methanogens, increased from 24.5 % in the inoculum to over
30 % in two UASB reactors under 7 g COD/L/d, indicating adaptation to
elevated OLRs [57,58]. Euryarchaeota encompass diverse methanogens
responsible for acetate and hydrogen scavenging [13,59]. Their relative
abundance was higher in UASBgac (up to 15.6 %) than in UASBcon
during Phases I-III, but this trend reversed in Phase IV (16.2 % vs.
11.6 %), reflecting a dynamic response to operational conditions. Fir-
micutes, involved in hydrolysis and acidogenesis, declined substantially
with increasing OLRs, from 15.5% to 4.2 % in UASB¢on and from
13.8 % to 5.4 % in UASBgac [60]. Overall, these results suggest that the
microbial community structure in the two UASB reactors changed
dynamically during the operation.
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Table 2
Alpha diversity indices of microbial communities across operational phases in
UASBcon and UASBgac reactors.

Reactors Phases Alpha diversity index
Chaol Shannon_2 Simpson

UASBcon 1 220 3.96 0.13

I 240 4.19 0.12

111 231 4.17 0.13

v 218 4.04 0.16
UASBgac I 221 4.00 0.14

I 267 4.74 0.09

11 203 3.95 0.15

v 241 4.44 0.13

3.3.2. Dynamics of syntrophic propionate-oxidizing bacteria (SPOB)

At the genus level, key SPOB including Syntrophobacter and Smithella
[61], showed distinct responses to increasing OLR and GAC supple-
mentation. As shown in Fig. 4b, the relative abundance of Syntropho-
bacter decreased from 9.8 % to 3.7 % in the UASBon reactor and from
7.5 % to 3.2 % in the UASBgac reactor with increasing OLRs, suggesting
its sensitivity to substrate overloading. This aligns with previous

observations of Syntrophobacter suppression under high OLRs [62].

In contrast, Smithella increased from 0.3 % in the seed sludge to
3.2% and 2.6 % in UASBcon and UASBgac reactors, respectively, at
Phase IV, indicating their greater tolerance to high OLR conditions
(Fig. S4a). Due to its tolerance, Smithella likely plays a central role in
propionate syntrophic degradation under overloading conditions. The
dismutation pathway harbored by Smithella provides a thermodynamic
advantage over the traditional methylmalonyl-CoA (MMC) pathway
[63], which may contribute to its advantage under high OLR. Notably,
Smithella showed consistently higher levels in the UASBgac reactor
during Phases I-1I1 (14.4-82.9 % increase), implying that GAC facilitates
its enrichment under moderate loading. Smithella has been reported to
engage in DIET in the presence of CMs, potentially enhancing its
ecological competitiveness and contributing to improved system per-
formance [20,64]. Taken together, these observations suggest that GAC
may stimulate DIET between Smithella and its syntrophic partners,
contributing to stable propionate degradation under high OLRs,
consistent with Zhang et al. [65].

Propionate degradation occurs via multiple pathways, including
MMC, lactate, hydroxypropionyl, and dismutation routes [66]. The
MMC pathway is employed by most known SPOB such as Syntropho-
bacter and Pelotomaculum, whereas Smithella is the only genus reported
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Fig. 4. Microbial community composition at the (a) phylum and (b) genus levels in UASBcon and UASBgac reactors at the end of Phases I-IV. “Sludge” represents the
inoculum. CON1 to CON4 and GAC1 to GAC4 indicate samples collected at the end of each phase. Only taxa with relative abundances > 1 % are shown.

to utilize the dismutation pathway [63,67]. The metabolic pathways and
key enzymes involved in propionate-to-methane conversion were
reconstructed based on previous studies [68,69], as shown in Fig. 5. In
this study, Syntrophobacter and Smithella dominated both reactors,
indicating the coexistence of MMC and dismutation pathways mediated
by these taxa, respectively. Enzymes involved in the MMC path-
way—EC:2.7.2.15, EC:6.2.1.17, EC:2.8.3.1, EC:6.4.1.3, EC:1.1.5.4,
EC:1.1.1.82 and EC:1.8.1.4—were highly enriched in the UASBgac

reactor at Phase II, with EC:1.8.1.4 reaching the highest relative abun-
dance (0.19 %, Table S2). Although their relative abundances decreased
with increasing OLRs, the UASBgac reactor consistently maintained
values 1.0-5.3 times those in the UASBon reactor at Phase IV.

In the dismutation pathway, propionate is initially converted into
acetate and butyrate, with butyrate subsequently degraded via
p-oxidation [63]. As shown in Fig. 5, GAC supplementation slightly
increased the relative abundances of these genes. In Phase IV, the
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relative abundances of EC:2.8.3.8 and EC:1.3.1.86 were 25.3 % and
63.8 % higher, respectively, in the UASBgac reactor than in the UASB-
con reactor (Table S2). These results suggest that GAC may enhance the
dismutation pathway, consistent with previous reports showing that
CMs (e.g., magnetite and carbon nanotubes) promote this pathway
through the enrichment of Smithella [64]. Additionally, dismutation
offers thermodynamic advantages under environmental stress [66,70,
71] and has been observed as the dominant propionate oxidation route
at 20°C, accompanied by Smithellaceae enrichment and upregulation of
functional genes [72]. Consequently, the dismutation pathway stimu-
lated by GAC may provide both metabolic and stability benefits under
stressed conditions in anaerobic propionate degradation.

3.3.3. Dynamics of syntrophic acetate-oxidizing bacteria (SAOB)

SAORB is critical in syntrophic propionate degradation by consuming
acetate intermediates, thereby relieving thermodynamic constraints.
Mesotoga has recently been identified as a putative SAOB enriched in
anaerobic systems [69,73,74]. As shown in Fig. 4b, the relative abun-
dance of Mesotoga increased steadily with increasing OLRs, reaching
5.1 % in the UASBgpc reactor at Phase IV, which represents a 53.3 %
increase relative to the UASBgon reactor. This trend is consistent with
Zhou et al. [75], who reported that nano-zero-valent iron could stimu-
late  Mesotoga  growth  during anaerobic  treatment  of
antibiotic-containing wastewater. Notably, Mesotoga has been classified
as an electro-syntrophic microorganism capable of EET [76,77] and may

potentially participate in DIET within methanogenic systems [78].
Consequently, these results suggest that GAC promotes the enrichment
of electro-syntrophic taxa, potentially enhancing DIET-mediated in-
teractions in the UASBgac reactor.

As shown in Fig. 5, EC:2.7.2.1 and EC:2.3.1.8, which are shared by
both syntrophic acetate oxidation and acetoclastic methanogenesis,
were enriched by 18.1 % and 8.6 %, respectively, in the UASBgac
reactor compared with the UASB¢oy reactor at Phase IV (Table S3). For
SAOB, additional key genes, including EC:1.5.1.5 and EC:6.3.4.3,
exhibited a 6.9-16.1 % higher relative abundance in the UASBgac
reactor compared to the UASBoy reactor, suggesting that GAC addition
may enhance SAOB activity under high OLR stress. Such an improve-
ment aligns with previous reports. Pinela et al. [79] showed that iron
oxide supplementation increased SAOB relative abundance and activity,
facilitating propionate-to-methane conversion under high-ammonia
stress. Similarly, Huang et al. [80] demonstrated that the co-addition
of GAC and hydrogen stimulated the syntrophic acetate oxidation,
thereby enhancing the anaerobic degradation of phenolic wastewater
under hypersaline stress.

3.3.4. Dynamics of methanogenic archaea

The acetoclastic methanogen Methanothrix (formerly Methanosaeta)
became the dominant archaeal genus in both reactors as OLR increased
(Fig. 4b). Its relative abundance increased from 24.0 % in the seed
sludge to 34.2 % and 31.7 % in the UASBcon and UASBgac reactors,
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respectively, at Phase IV. This dominance reflects its tolerance to
elevated substrate concentrations [81]. However, the hydrogenotrophic
methanogen Methanobacterium maintained a stable relative abundance
throughout the operation, with ranges of 12.0-16.1 % in the UASBcon
reactor and 11.6-15.6 % in the UASBgac reactor (Fig. S4b). This sta-
bility highlights its resilient hydrogen-scavenging function under
elevated OLRs, supporting syntrophic propionate oxidation by main-
taining favorable thermodynamics.

Regarding methanogenesis, EC:2.7.2.1 and EC:2.3.1.8 are key en-
zymes in the conversion of acetate to acetyl-CoA, and their enrichment
in the UASBgac reactor further indicates that GAC stimulated the acetate
consumption under high OLR conditions. Conversely, hydrogenotrophic
methanogenesis-related genes—including EC:2.3.1.101, EC:3.5.4.27,
EC:1.5.98.1 and EC:1.5.98.2—were 11.0-18.2 % more abundant in the
UASBcon reactor than in the UASBgac reactor (Table S4). Although
previous studies have reported that GAC can enhance Methanothrix-
mediated pathway by increasing the abundance of mer (EC:1.5.98.2)

(]
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1. Stress response
ROS detoxification
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and mtd (EC:1.5.98.2) genes [18,38], this effect was not evident in the
present study. Therefore, the effects of GAC on acetoclastic and hydro-
genotrophic methanogenic pathways during propionate degradation
warrant further elucidation through metagenomic or metatran-
scriptomic analyses.

3.4. Microbial functional responses to oxidative and electron transfer
stressors

High concentrations of propionate can disrupt intracellular homeo-
stasis and impair metabolic cooperation, imposing oxidative stress on
microbes [6,82,83]. As shown in Fig. 6, genes associated with both ROS
generation (e.g., mdh and adh) and ROS detoxification (e.g., gpx1, ahpF,
grxA, and oxyR) were analyzed to assess oxidative stress responses in
both reactors [6,20,72]. The relative abundance of mdh remained stable
(~0.035 %) across all operational phases in both reactors, whereas adh
gradually increased with increasing OLRs, particularly in the UASBcon

Cell membrane
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Fig. 6. Microbial response to propionate stress based on the Z-score normalized abundance of genes associated with ROS generation and defense, pili formation,
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reactor (Table S5). Similar upregulation of ROS-associated genes under
environmental stressors, such as microplastic exposure, acetate accu-
mulation, and overloading, has been reported [7,84], supporting a link
between stress and oxidative responses. During Phase IV, adh reached
approximately 0.0097 % in the UASB¢oy reactor—1.3 times higher than
that in the UASBgac reactor—suggesting elevated oxidative stress
without GAC supplementation. In contrast, GAC addition increased the
abundances of ROS detoxification genes by 10.1-101.0 % compared
with the UASBoy reactor at Phase IV. Notably, oxyR showed a 119.4 %
increase in Phase II in the UASBgxc reactor compared with the UASB¢on
reactor. Consistently, the coenzyme F45 level, involved in ROS reduc-
tion [85,86], was 8.3 % higher in the UASBgac reactor than in the
UASBcon reactor (Fig. S5). These results indicate that GAC could both
suppress ROS production and strengthen microbial antioxidant defenses
under environmental stress.

Beyond oxidative stress, cell membrane integrity is also critical for
microbial survival and function under variable environmental condi-
tions [87]. Environmental stress can alter membrane architecture,
modify lipid composition, and compromise viability [88]. As illustrated
in Fig. 6, membrane biosynthesis genes exhibited distinct responses
between bacteria and archaea in the two reactors. In the UASBgac
reactor, genes related to bacterial outer membrane formation (IpxD,
waaC, waaF, and waaG) were highly increased under high OLR condi-
tions. Their relative abundances ranged from 0.0055 % to 0.035 %
during Phase IV, reflecting 8.6-42.9 % increases in the UASBga reactor
compared with the UASBcon reactor. This may reflect an adaptive
mechanism to enhance membrane integrity and mechanical stability
under environmental stress. Conversely, archaeal membrane biosyn-
thesis genes (hmgcs, MVK, ipk, and idsA) showed moderate enrichment in
the UASB¢on reactor, with abundances 7.6-10.0 % higher than those in
the UASBgac reactor at Phase IV. This suggests that GAC may selectively
promote bacterial membrane resilience rather than archaeal membrane
remodeling.

Additionally, under high OLR conditions, the UASBgac reactor
exhibited notable enrichment of EET-associated genes, including those
encoding conductive pili (pilA, pilB, pilC, and pilM) and cytochrome c
maturation proteins (CYTB, ccp, ccmE, and ccmF) [89]. At Phase IV, pilA,
PpilB, pilC, and pilM reached 0.0049 %, 0.043 %, 0.040 %, and 0.015 %,
respectively, in the UASBgac reactor, corresponding to 14.3-41.0 %
increases over the UASB¢oy reactor. In parallel, the relative abundances
of CYTB, ccp, ccmE, and ccmF increased by 14.3 %, 65.8 %, 39.2 %, and
34.2 %, respectively, in the UASBgac reactor compared with the
UASBcon reactor. The consistent upregulation of these EET-associated
genes, together with the enrichment of electroactive microbial pop-
ulations, may support the involvement of DIET-mediated syntrophic
propionate oxidation in the UASBga( reactor.

3.5. Implications and perspectives

In full-scale anaerobic digesters, feedstock variability and shock
loading frequently induce propionate accumulation, undermining pro-
cess stability and methane productivity [20]. This study demonstrates
that GAC supplementation improves system performance and biogas
yield under such environmental stresses, possibly by mitigating oxida-
tive stress, reinforcing bacterial membranes, and promoting DIET. These
findings underscore its potential as a viable additive for process stabi-
lization in practical applications.

Despite these promising outcomes, several key challenges remain for
large-scale deployment. In particular, the relatively high GAC dosage
could pose economic constraints for industrial applications. Therefore,
optimizing GAC dosing, retention, and recovery is crucial to enhance
cost-effectiveness and ensure practical feasibility [44]. Economic as-
sessments considering material costs, GAC lifespan, and potential for
regeneration are necessary to guide industrial-scale implementation.
Additionally, elucidating the respective contributions of MMC and dis-
mutation pathways is critical for refining operational strategies and
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guiding GAC dosing under different loading scenarios. Identifying
keystone microbial taxa that underpin GAC-driven process stability will
further provide mechanistic insights for the selective enrichment of
electroactive and syntrophic propionate-oxidizing populations.

Future research integrating multi-omics approaches (metagenomics,
metatranscriptomics, and metabolomics) with reactor-scale engineering
trials is warranted to develop scalable and economically viable GAC
application protocols. In addition, exploring the interactions between
GAC, microbial consortia, and reactor hydrodynamics will inform tar-
geted interventions for enhancing microbial resilience under dynamic
and stressed conditions.

4. Conclusion

This study suggests that GAC supplementation can enhance methane
yield (7.4 % increase) and propionate degradation efficiency (94.6 % vs.
81.4 %) at the OLR of 7 g COD/L/d. With increasing OLRs, GAC miti-
gated microbial diversity loss (Chaol: 241 in UASBgac vs. 218 in
UASBcon), and enhanced the relative abundance of Smithella by
14.4-82.9 % during Phases I-III and Mesotoga by 53.3 % at Phase IV
comparing to UASBcon. Mechanistically, GAC potentially (i) stimulated
propionate degradation and acetate conversion, (ii) alleviated oxidative
stress while reinforcing bacterial membrane resilience, and (iii) pro-
moted DIET via upregulation of EET genes. Collectively, these effects
improved propionate removal and system resilience, providing mecha-
nistic insights for the practical application of GAC to enhance stable
performance under dynamic or stressed conditions.
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