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range (2002000 mg/L). With the increase of Zn dosage from 200 mg/L to 500
mg/L, cumulative hydrogen production (hydrogen yield) decreased from 39 mL
(73.5 mL/g SCOD) to 8 mL (15.1 mL/g SCOD), corresponding to the increased
inhibition rate from 23.5% to 84.3%. When the Zn dosage was further increased to
10002000 mg/L, hydrogen production dropped to less than 5 mL (9.42 mL/g
SCOD), corresponding to the inhibition rate of over 90%. With the removal of Zn
stress, hydrogen-producing capacity in all groups were recovered, and the recovery rate
exhibited an increasing trend with the increase of Zn dosage. Microbial-community
analysis revealed that Zn addition markedly suppressed hydrogen-producing genera
such as Enterococcus and Clostridium_sensu_stricto_14. After stress removal, the
system partially reconstituted its hydrogen-producing ability by enriching Zn-tolerant
functional genera like Pseudomonas, Acinetobacter and Clostridium_sensu_stricto _13.
Metabolic analysis revealed that Zn inhibited hydrogen production by suppressing
glucose decomposing and ferredoxin-related hydrogen-producing pathways, and
formate decomposition served as the main hydrogen-producing pathway in the
presence of Zn stress. After stress removal, glucose decomposing and ferredoxin-
related hydrogen-producing pathways replaced formate-decomposing pathway as the
hydrogen-producing pathways. This study exhibited a long-term response of
microorganisms to Zn inhibition, and provided a theoretical basis for understanding
the metabolic mechanism of Zn inhibition on hydrogen production from actual
organic waste.
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1. Introduction

Hydrogen is considered one of the most promising fuel candidates due to its high calorific value (142 MJ/kg)
and clean combustion products [1]. With its high energy density and environmentally friendly byproducts,
hydrogen (H.) is an ideal energy carrier to replace fossil fuels. As the demand for a low-carbon society grows,
sustainable hydrogen production technologies have gained significant attention [2,3]. Biological technologies are
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developed for the mild reaction conditions and high environmental benefits, and dark fermentation is considered
the most applicable biological way for its high hydrogen production rate and easy operation [4,5]. In addition, dark
fermentation has exhibited great potential in turning organic wastes into hydrogen, thus achieving benefits in both
energy field and environment area [1,6].

However, due to the complex composition of organic wastes, there are many challenges to achieve an
efficient hydrogen production from actual organic wastes [5]. For example, the recalcitrant organics restricts the
biological degradation process, the inherent inhibitors may be toxic to hydrogen-producing microorganisms and
fail the fermentation system, etc. [7,8]. Among various inhibitors, heavy metals have exhibited more complex
impact: trace metal elements are crucial for microbial growth and metabolism, proper concentration of metal
elements could stimulate the metabolic activity [8—11], while excessive metal elements may be toxic to
microorganisms, thereby inhibiting the dark fermentation hydrogen production process [12,13].

Sewage sludge has exhibited a good potential as a substrate for hydrogen production for its high organic
content, large amount and readily available fermentation facilities in wastewater treatment plant. As the main
byproduct generated during wastewater treatment, residual sludge usually contains various heavy metals, which
pose great impact on hydrogen production performance. Among various heavy metals, heavy metal Zn is widely
present in wastewater. With the enrichment of wastewater treatment in residual sludge, the concentration of Zn in
residual sludge ranges from 42.1 to 3568.3 mg/kg [14], and can even reach as high as 30,000 mg/kg in some Zn-
rich sludge [15]. As one of the essential metals for microbial metabolism, moderate Zn can enhance fermentation
performance, while excessive concentration can inhibit microbial metabolic activity and even lead to microbial
death [16]. Previous studies have investigated the effect of Zn on hydrogen production during anaerobic
fermentation. The results showed that the inhibition threshold of Zn fluctuated widely in different fermentation
systems. Specifically, when sucrose was used as a substrate, the inhibition threshold of Zn inhibition was 1-40
mg/L [17,18]. In the dairy wastewater system, inhibition occurred when Zn concentration was 10-400 mg/L [9].
When glucose was used as substrate, the inhibitory concentration was further increased to 500-2000 mg/L [19,20].
When granular sludge was utilized to produce hydrogen from sucrose containing wastewater, the inhibition
threshold reached 1000-5000 mg/L [21]. Due to differences in substrate, inoculum and operating conditions, the
inhibition threshold of Zn varied significantly between 1 mg/L and 1000 mg/L [9,17-21]. Currently, research on
the impact of Zn on hydrogen production primarily focuses on short-term effects, typically within 48—72 h
[18,22,23], while the information about long-term response of microorganisms after a high-concentration Zn shock
is limited, especially for hydrogen production from actual organic wastes. In addition, in-depth mechanistic
research from the perspective of biological metabolism is still lacking.

This study aimed to investigate the effect of Zn on hydrogen production from sewage sludge. An 80-h
inhibition experiment was conducted to determine the Zn inhibition threshold in the sludge fermentation system.
Following this, an 80-h recovery experiment was performed after Zn removal to explore the long-term microbial
response to Zn inhibition. Volatile fatty acids (VFAs), the evolution of microbial community structure, and the
abundances of functional enzymes were examined to reveal the intrinsic working mechanism of Zn impacts. The
research results will deepen the understanding of the Zn impacts on fermentative hydrogen production, providing
reference for optimizing the hydrogen production performance from actual organic wastes.

2. Materials and Methods
2.1. Substrate and Inoculum

The sewage sludge was collected from the secondary sedimentation tank of a municipal sewage treatment
plant in Beijing, China. The total solids (TS), volatile solids (VS), and pH values of sewage sludge were 42.6 £+
1.6 g/L,24.6+ 1.1 g/L, and 6.7 + 0.2, respectively. Before being used as a substrate, sewage sludge was pretreated
in a high-pressure reactor at 121 °C for 30 min. After pretreatment, the soluble chemical oxygen demand (SCOD)
and pH value of sewage sludge were 5.9 g/L. and 6.5 £ 0.2, respectively. Pretreated sludge was filtered through
qualitative filter paper (rapid flow) and the supernatant of the heat-treated sewage sludge was collected, and stored
at 4 °C until being used as substrate.

Digested sludge collected from the primary digestion tank of the urban sewage treatment plant was used as
the inoculation source. The TS and VS of digested sludge were 47.8 + 2.4 g/L and 22.8 + 1.2 g/L, respectively.
Before inoculation, the collected sludge was boiled for 30 min to inhibit the methanogens [24].

2.2. Experimental Design

This experiment was composed of inhibition sets and a recovery sets. For the inhibition sets, flasks with
working volume of 100 mL were used, 90 mL collected sludge supernatant was used as substrate and 10 mL
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pretreated digested sludge was used as inoculum. Based on the reported Zn thresholds [9,20,21], Zn dosage of
200-2000 mg/L (200, 500, 1000, 1500, and 2000 mg/L) was adopted in this study, and ZnCl, was used as Zn
source. Experimental set without Zn addition was set as control group. Initial pH of all experimental sets were
adjusted to be 7.0 + 0.1 with 0.1 mol /L NaOH and HCI, and nitrogen gas was flushed for 5 min to remove residual
oxygen. Then, sealed flasks were placed in a water bath shaker at 36 °C and 120 rpm. The experiments were
performed until the termination of hydrogen production. Each experiment was conducted in triplicate.

The recovery sets were performed after the inhibition sets. By the termination of inhibition sets, mixtures in
different fermentation groups were centrifuged to collect the microorganisms, and the microorganisms were
washed by normal saline for 3 times to wash off the residual Zn. Then, the washed microorganisms were inoculated
in fresh sludge supernatant that was prepared from pretreated sludge. Working volume of the recovery sets was
100 mL, containing 90 mL sludge supernatant and 10 mL microorganisms that was washed and re-suspended.
Then, pH of all sets were adjusted to be 7.0 + 0.1 with 0.1 mol /L. NaOH and HCI, and nitrogen gas was flushed
for 5 min to remove residual oxygen. Then, sealed flasks were placed in a water bath shaker at 36 °C and 120 rpm.
Each experiment was conducted in triplicate.

2.3. Analytical Methods

TS and VS were determined according to the standard method of the American Public Health Association
(APHA, 1995). Volume of biogas was measured by water displacement method. A gas chromatograph (model
112A, Shanghai, China) equipped with a thermal conductivity detector (TCD) was used to analyse the content of
hydrogen in biogas. Gas volumes were normalized to standard temperature and pressure. For hydrogen analysis,
a gas chromatograph (model 112A, Shanghai, China) equipped with a thermal conductivity detector (TCD) and a
TDX-01 packed column (3 m long, 3 mm in diameter) was used. The column, detector, and injector temperatures
were set to 160 °C, 110 °C, and 180 °C, respectively. Argon was used as the carrier gas, and the pre-column
pressure was set at 0.2 MPa. All gas production data were converted to standard conditions (0 °C, 760 mm Hg).
Polysaccharides were determined using the phenol sulfate method, and protein was measured using Lowry method.
For the analysis of VFAs and alcohols, an HP 7890 gas chromatograph (Agilent, Santa Clara, CA, USA) equipped
with a flame ionization detector (FID) and a DB-FFAP column was used. A 0.8 pL sample was injected, and the
column flow rate was 2.2 mL/min (helium). The inlet temperature was set at 160 °C with a split ratio of 15:1. The
oven temperature was initially set to 80 °C for 1 min, then increased to 230 °C at a rate of 15°C/min, with the
detector temperature set to 250 °C. Before analysis, all liquid-phase parameters were filtered through a 0.45 um
membrane to ensure sample purity and analytical accuracy. In order to analyse the kinetic model of the hydrogen
production process, a modified Gompertz model was applied [25]:

H =P-exp{—exp[Rm-e(A — t)/P + 1]}

The meanings of parameters H, t, P, Ry, and A in the model are cumulative hydrogen production (mL), reaction
time (h), hydrogen production potential (mL), maximum hydrogen production rate (mL/h), and lag time (h).

After each fermentation stage, microbial samples were collected and analyzed using high-throughput
sequencing. Detailed analysis conditions can refer to Yin and Wang [26]. Microbial samples were labeled
according to the Zn dosage. For example, the fermentation group with a Zn dosage of 0 mg/L for the inhibition set
was labeled as I 0. Fermentation group for recovery set with a Zn dosage of 200 mg/L was labeled as R_200.

This experiment employed principal component analysis (PCA) to analyse the beta diversity of microbial
communities and visualized the results using a two-dimensional scatter plot. Bray curtis was adopted as the
distance algorithm based on genus level. Additionally, dbRDA was used to analyze the relationship between
environmental factors and microbial community structure. dbRDA allows for the simultaneous display of the
relationships between samples, environmental factors, and microorganisms, helping to identify key environmental
drivers influencing sample distribution, as well as key species associated with environmental changes. Correlation
heatmap analysis was performed to calculate the correlation coefficients between dominant microorganisms and
environmental factors, revealing the relationships between microbes and environmental factors. Spearman was
adopted as the relative coefficient. PICRUSt was adopted to elucidate the abundance of functional enzymes
involved in hydrogen production process. Hydrogen-producing metabolism pathways was constructed based on
the Kyoto Encyclopedia of Genes and Genomes (KEGG) database and obtained the abundance of related
functional genes by comparing with the MetaCyc database [27,28].

3 of 18



Lietal. Environ. Microb. Technol. 2026, 1(1),7
3. Results
3.1. Inhibitory Effect of Zn on Fermentation Process

For the inhibition sets, the results showed that the produced biogas was only composed of hydrogen and
carbon dioxide, methane was not detected. Different Zn dosages had significant impacts on the fermentation
performance (Figure 1). Zn played an important regulatory role in hydrogen production during anaerobic
fermentation, and its impact varied significantly along with different dosages [29]. As shown in Figure 1A, the
control group without Zn addition exhibited specific hydrogen production capacity, with a maximum cumulative
hydrogen production of 51 mL and hydrogen yield of 96.05 mL/g SCOD. The addition of 200 mg/L Zn inhibited
hydrogen production by 23.5% compared to the control group, resulted in a maximum cumulative hydrogen
production of 39 mL and hydrogen yield of 73.5 mL/g SCOD. When the Zn dosage was further increased to 500—
2000 mg/L, hydrogen production was severely inhibited, with cumulative hydrogen production dropped to 4—8
mL and hydrogen yield decreased to 7.53—15.1 mL/g SCOD. The inhibition rates exceeded 84.3% (Figure 1B).
These results exhibited substantial toxicity of Zn to hydrogen-producing microorganisms, resulted in significant
inhibition to hydrogen production. The inhibition rate of hydrogen production increased with the increase of Zn
dosage. It is important to note that, in addition to Zn**, ZnCl, also introduces chloride ions (CI7) into the system,
which may potentially affect microbial activity due to its impact on ionic strength. The CI” concentration range
corresponding to the ZnCl, concentrations used in this study was 217-2170 mg/L. Previous studies have shown
that microbial activity can be maintained when chloride ion concentrations are below 9250 mg/L [30]. Therefore,
the inhibition of hydrogen production observed in this study was mainly contributed by Zn ions.
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Figure 1. The effect of Zn concentration on hydrogen production is as follows: (A) the variation of hydrogen
production over time; (B) Dissolved Zn concentration and hydrogen production inhibition rate; (C) Polysaccharide
concentration and degradation rate; (D) Protein concentration and degradation rate.

The inhibitory impact of Zn observed in this study exhibited great variance comparing with the system
adopted glucose as substrate [19], which demonstrated a significant higher tolerance to Zn inhibition at lower Zn
concentrations. In the system performing hydrogen production from glucose, hydrogen production was stimulated
by 75% in the presence of 200 mg/L Zn, and the inhibition rate of 67.5% was observed when Zn dosage reached
500 mg/L. However, when Zn dosage was increased to 1000—1500 mg/L, hydrogen production was completely
inhibited in glucose system, but remained active in this study, implied the better tolerance of sewage sludge system
to high Zn concentrations. Both studies observed complete hydrogen production inhibition in the presence of 2000
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mg/L Zn. This difference may be attributed to the complex composition of sludge. From one side, organic matter,
solid particles and other components in sewage sludge may alter the bioavailability of Zn through binding or
adsorption, thus relieving the inhibitory effect of Zn; on the other side, some other coexisting inhibitory factors in
the system may synergistically amplify the toxic effects of Zn. Both sides contributed to the more complex impact
of Zn on hydrogen production from sewage sludge.

Kinetic analysis of the hydrogen production process was performed to obtain the hydrogen production
potential, lag time and maximum hydrogen production rate (Table 1). Typically, the addition of heavy metals can
prolong the lag time (A) of hydrogen generation. Previous studies have shown that the lag time increased with the
increase of metal concentration [21]. A similar initial trend was also observed in this study. As shown in Table 1,
with the addition of Zn, the lag time was significantly prolonged from 7 h to approximately 22 h when Zn dosage
was 200 mg/L. This is because in the presence of 200 mg/L Zn, more time is needed for hydrogen-producing
microorganisms to adapt. However, contrary to the general rule mentioned above, with the further increase of Zn
dosage to 5002000 mg/L, lag time exhibited decreased trend, implied the more complex inhibiting mechanism
of Zn in sewage sludge fermentation system.

Table 1. Kinetic analysis of hydrogen production in different fermentation groups.

Zn Dosage H (mL) A (h) Rm (mL/h) R?

0 inhibition 51.1 6.9 7.18 0.9895
recovery 66.1 35 11.70 0.9999
200 inhibition 39.0 21.7 14.28 0.9874
recovery 42.0 27.0 10.75 0.9999
500 inhibition 8.0 9.0 0.86 0.9822
recovery 5.5 30.0 0.41 0.8770
1000 inhibition 4.0 9.0 0.34 0.9799
recovery 6.0 0 0.85 0.9085
1500 inhibition 5.0 4.9 13.57 0.9999
recovery 8.0 0 1.07 0.9600

inhibition / / / /
2000 recovery 2.0 0.8 4.54 0.9999

The impact of Zn on hydrogen-producing lag time also varied in different studies. In studies using sucrose as
a substrate, the lag time was extended from 4.6 h to 29.9 h when the Zn dosage increased from 0 to 5000 mg/L
[21]. However, in studies using glucose as a substrate, 200 mg/L Zn shortened the lag time and promoted hydrogen
production [19], further proved the significant impact of substrate type on Zn toxicity expression. Similarly, other
heavy metal ions showed different impact on the lag time. In different substrate systems, the effects of nickel (Ni)
and lead (Pb) also show similar trends: when using brewery wastewater as the substrate, the increase of the
concentration of Ni oxide nanoparticles to 20 mg/L prolongs the lag time to 13 h [31]. When using waste-activated
sludge as a substrate, adding 5 mg/L Ni** extended the lag time of the control group from 2.03 h to 20.39 h [32].
When organic portion of urban solid waste was used as substrate, the lag time was increased from 12.5 £ 2.8 h to
23.8 + 2.8 h with the increase of Pb concentration from 0 to 100 mg/L [33]. These comparisons indicated that
although most heavy metals consistently prolonged the lag time, Zn exhibited a more complex impact pattern
under different concentrations and substrate conditions. This provided important clues for further elucidating the
specific inhibitory mechanism of Zn on hydrogen production performance.

Dissolved Zn in the liquid phase in the fermentation system was examined. It can be seen that Zn
concentration in the liquid phase was significantly lower than the added Zn dosage (Figure 1B). Due to the high
complexity of the sludge system, externally added Zn could be quickly fixed through various pathways, including
adsorption on microbial cell surfaces, precipitation with sulfides or phosphates in the sludge, and complex
reactions with organic components such as extracellular polymers [34]. Specific data showed that in the control
group without added Zn, the concentration of dissolved Zn was under detection. In the experimental group with a
Zn dosage of 200 mg/L, the dissolved Zn concentration was only 16 mg/L, accounted for 8.22% of the total dosage.
With the increase of Zn dosage, the absolute concentration of dissolved Zn increased, and its proportion in the
total amount gradually increased to 30%. This may be due to the saturation of adsorption sites. Similar phenomena
were also reported in studies exploring other heavy metals. The study explore the influence of iron (Fe) on sludge
fermentation, the actual measured Fe?* concentration in the liquid phase was significantly lower than the addition.
This was mainly due to the complex composition of the sludge, and the added Fe** could be consumed through
various pathways, including adsorption on sludge particles, precipitation, and oxidation [35]. In the co-
fermentation system of algae and different pretreated sludges, a large amount of Fe** was lost during the
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fermentation process due to oxidation and precipitation. The monitoring data of residual Fe?* in the liquid phase
of the system showed that, under the condition of Fe*" dosage of 0—~1000 mg/L, the concentration of residual Fe?*
in the liquid phase ranged from 8.75 mg/L to 324.65 mg/L, and exhibited an upward trend with the increase of
dosage [36]. Similar phenomenon was also observed for copper (Cu): when Cu dosage was in the range of 0—1000
mg/L, most of the added Cu was separated from the liquid phase. With the increase of Cu dosage, soluble Cu
content also showed an upward trend [34].

When using complex organic waste as substrate for anaerobic fermentation, polysaccharides are typical
carbon source for microbial metabolism [34]. The degradation efficiency of polysaccharides had a significant
impact on hydrogen production, as they constituted the primary available carbon source in the process [37]. The
addition of Zn significantly affected the degradation behaviour of polysaccharides. As shown in Figure 1C, the
initial polysaccharide concentration in the substrate was 3570 mg/L. In the control group, polysaccharide
concentration decreased to 585 mg/L by the end of the reaction, achieved a degradation rate of 83%. With the
addition of 200 mg/L Zn, although hydrogen production was inhibited by 23.5%, the degradation rate of
polysaccharides still reached 82.9%, which was essentially equivalent to that of the control group. This
phenomenon of “high degradation, low hydrogen production” indicates that, at this concentration, the inhibitory
effect of Zn mainly occurs during the acidification stage, rather than the hydrolysis process. Microorganisms might
reorganize the carbon flow and electrons produced from polysaccharide degradation to maintain cellular
homeostasis and other life activities instead of producing hydrogen. In addition, the active performance on
substrate degradation indicated that microorganisms remained active, Zn only induced the change of metabolic
pathways. When the Zn concentration was further increased to 500-2000 mg/L, the polysaccharide degradation
rate sharply decreased to less than 1%, indicating the excessive concentrations of Zn had severely inhibited the
overall metabolic activity of microorganisms.

Protein is an important nitrogen and carbon source, could directly participate in anaerobic metabolism.
Besides, during the fermentation, extracellular polymeric substances (EPS) can be formed and contribute to protein
content in liquid phase. In addition, with the death and division of microbial cells, intra-cellular protein could be
released to liquid phase. Therefore, the concentration of soluble proteins in the system is the balance between their
release and consumption by microorganisms [19]. In this study, soluble proteins were derived from both the
substrate itself and the release of inoculated microorganisms. As shown in Figure 1D, the initial concentration of
soluble protein in the substrate was 2827 mg/L. In the control group, protein concentration decreased to 1472 mg/L
(47.9%). Instead, in the presence of 200 mg/L Zn, protein concentration after reaction was 1914 mg/L (decrease
value of 32.3%), indicating that 200 mg/L Zn posed significantly impact on the release and utilization of proteins
by microorganisms. When Zn dosage was further increased to 500 mg/L, protein degradation was only 0.3%.

The observed trend of protein degradation was consistent with the study which explored the effect of ZnO
nanomaterials on protein degradation in anaerobic fermentation systems [38]. Although protein degradation was
strongly inhibited when the Zn concentration increased to 500 mg/L, the degradation rate was still positive,
indicating that the metabolic function of the microbial system was not completely lost and that the microbial
community structure might remain relatively intact. When Zn dosage was further increased up to 2000 mg/L, the
protein degradation rate showed an inevitable rebound, reaching 12.6% at 2000 mg/L Zn. This change might be
due to adaptive adjustments in the structure and function of the microbial community, with some tolerant bacterial
groups gradually gaining dominance and restoring limited metabolic capacity.

Throughout the entire reaction process, the protein degradation rate remained positive. This phenomenon
suggested that the inhibitory effect of Zn on microorganisms was likely functional and reversible, rather than
irreversible and due to cellular structural damage, as also validated through subsequent recovery experiments.

3.2. Recovery Test of Fermentation Performance after Zn Removal
3.2.1. Recovery of Hydrogen Production

During the recovery stage, the generated biogas consisted only of hydrogen and carbon dioxide, with no
methane detected. This indicated that throughout the entire recovery process, the metabolic type of the
fermentation system remained dominated by hydrogen production, and the activity of methane bacteria was
effectively inhibited. The hydrogen production along with time in the recovery experiment are shown in Figure
2A. After replacing the fresh culture medium, microorganisms in different Zn dosage groups exhibited a recovery
of hydrogen-producing activity; however, significant differences were observed in the degree of recovery and
start-up speed. The microorganisms in the 200 mg/L Zn group resumed hydrogen production after 26 h and reached
a peak within the following 6 h, with a cumulative hydrogen production of 42 mL and hydrogen yield of 79.1
mL/g SCOD. However, the 500 mg/L Zn group began to recover after 32 h and only reached 6 mL of cumulative
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hydrogen production, and hydrogen yield of 11.3 mL/g SCOD after 4 h. It is worth noting that the 1000-2000
mg/L Zn group exhibited hydrogen production activity in the early stages of the recovery period (2 h), exhibited
shorter lag time than other groups, which might be related to the accelerated initiation of basal metabolic activities
by microorganisms to maintain survival under high Zn stress.
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Figure 2. (A) Hydrogen production over time during the recovery experiment; (B) Accumulated hydrogen
production and hydrogen production efficiency under inhibition and recovery.; (C) VFA in different concentrations
of Zn after fermentation; (D,E) Correlations among Zn dosage, VFA, and fermentation groups revealed by db-
RDA analysis.

Further comparison of the hydrogen production performance between the inhibition experiment and the
recovery experiment is shown in Figure 2B and Table 1, revealed that the control group maintained high hydrogen
production and efficiency in both inhibition and recovery experiments, and hydrogen production in the recovery
experiment was further strengthened, indicated that after the first round of fermentation, hydrogen-producing
microorganisms were enriched and remained highly active, with their metabolic potential fully released after
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obtaining fresh nutrients. In the recovery group of 200 mg/L Zn, hydrogen production was only 63.6% of that in
the control group, which was even lower than the hydrogen production in inhibition group (76.5%). Similarly, in
the recovery group of 500 mg/L Zn, hydrogen production was only 9% of that in the control group and 15.7%
lower than the inhibition group. This indicated that under lower Zn concentration conditions, the recovery
experiment did not show metabolic recovery advantages, and its inhibition rate was higher than that of the
inhibition group, suggesting the persistent inhibitory effect of Zn on hydrogen-producing microorganisms. In
contrast, in the recovery group of 1000-2000 mg/L Zn, the recovery groups showed advantage in hydrogen
production than the inhibition groups. Further demonstrated the reversibility of high-dose Zn in inhibiting
microorganisms.

Although the hydrogen production in the recovery experiment did not return to the control group level, there
was a significant increase in cumulative hydrogen production compared to the inhibition stage. This “incomplete
recovery” phenomenon was consistent with the recovery patterns of microbial metabolic functions under various
environmental stresses. For example, in a fermentation hydrogen production system using glucose as a substrate,
the hydrogen production capacity of microorganisms could be partially restored at Zn concentrations of 500—2000
mg/L, and the recovery kinetics trend was highly consistent with the results obtained in this study [19]. Similarly,
in the study of the inhibitory mechanism of free organic acids on hydrogenotrophic methanogens,
Methanobacterium formalicum was found to restore methane activity when the concentration of free acetic acid
was below 0.97 g/L, but irreversible inhibition occurred beyond this threshold. Similarly, under the stress of
propionic acid and butyrate, the specific methanogenic activity of hydrogenotrophic methanogens could not be
fully restored even at concentrations higher than 0.69 g/L and 0.61 g/L, respectively [39,40]. The different recovery
performance indicated the different microbial response to inhibition stress in different fermentation systems.

By comparing the fermentation performance of inhibition and recovery processes, it can be seen that although
Zn had a significant inhibitory effect on the hydrogen production process, this inhibition was not achieved by
completely inactivating the microorganisms. Under high Zn stress, a certain number of microorganisms can
maintain their survival through various adaptive mechanisms. This may be due to the unique cell membrane
structure or ion transport system of certain microorganisms, which enables them to resist the toxicity of high Zn
concentrations or adapt to harsh environments by regulating their gene expression and altering their metabolic
pathways. Therefore, the presence of Zn mainly inhibited the process of hydrogen production, rather than directly
killing all microorganisms involved in fermentation. In the recovery experiment, the microbial community
demonstrated strong adaptability after the Zn was washed away from the system. Over time, microorganisms
gradually adapted to the altered nutritional environment resulting from the removal of Zn. They gradually restored
their hydrogen production capacity by adjusting the metabolic network, reactivating the expression of suppressed
genes related to hydrogen production, and restoring the activity of key enzymes involved in this process [19].

In the system with glucose as the sole substrate [19], the recovery degree of hydrogen production capacity
was significantly better than in the system with sludge cracking solution as the substrate. This difference might be
due to several reasons: firstly, the composition of the sewage sludge was complex, and other inhibitory substances
or competitive microorganisms might remain active in the presence of Zn, which continuously interfered with the
recovery of hydrogen-producing communities. Secondly, glucose, as a easily degradable carbon source, could
provide energy and carbon sources to microorganisms more quickly and efficiently, promoting the recovery of
their metabolic activity. The low availability of organic components in the sludge cracking solution might limit
the growth and metabolism of microorganisms during the recovery period. Additionally, microbial communities
exposed to complex substrates for an extended period may undergo structural changes, resulting in lower
functional redundancy and resilience compared to those cultured on a single substrate. This discovery further
emphasized the important role of substrate composition on microbial stress resistance and functional recovery. It
provided a theoretical basis for optimizing the stability and impact resistance of actual organic waste in hydrogen
production systems.

3.2.2. Recovery of VFAs Formation

In the anaerobic fermentation process, the production of hydrogen was usually accompanied with volatile
fatty acids (VFAs) formation. VFAs composition is an important indicator for evaluating the characteristics of
fermentation processes [41,42]. Figure 2C showed the concentration changes of VFAs in the fermentation system
with different Zn dosages. Acetic acid, as the main fermentation product, was considered one of the most effective
hydrogen-producing metabolic types [43]. Butyrate was also a typical liquid end product of hydrogen production
by some obligate anaerobic bacteria [44,45]. The more acetic acid and butyrate produced, the more hydrogen gas
was produced. Before fermentation, VFAs present in the substrate were mainly composed of acetic acid and
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propionic acid. In the inhibition experiment, the total amount of VFAs produced in the control group was 2860
mg/L, comprised acetic acid of 2012 mg/L, propionic acid of 368 mg/L, butyrate of 365 mg/L, and ethanol of 113
mg/L. The proportion of acetic acid was 70.3 %, indicating that the metabolism of the control group was dominated
by the acetic acid type fermentation. In the group with 200 mg/L Zn, the total amount of VFAs remained basically
unchanged. However, its composition underwent significant changes: the acetic acid content decreased to 1512
mg/L, the propionic acid content increased, the butyrate remained stable, and the ethanol content decreased
significantly. Fermentation type favorable for hydrogen production (acetic-type) was inhibited, and the
fermentation type unfavorable for hydrogen production (propionic-type) was strengthened, contributed to the
impaired hydrogen production in the group with 200 mg/L Zn.

When the Zn dosage was further increased to 500-2000 mg/L, the total amount of VFAs sharply decreased
to approximately 350 mg/L, primarily consisted of acetic acid and propionic acid, indicating that high
concentrations of Zn severely inhibited the overall acidification process. This phenomenon was consistent with
existing research: in the study of hydrogen production from glucose, it was mentioned that 500-2000mg/L Zn
inhibited acid production activity, resulted in a significant decrease in VFAs production from 2839 mg/L to 100—
200 mg/L [19]. In the recovery experiment, the total amount of VFAs in the 0-500 mg/L Zn group was restored
to about 700 mg/L, still mainly composed of acetic acid, accompanied by a small amount of propionic acid, and
the hydrogen production capacity was correspondingly restored to a certain extent. In the 1000-2000 mg/L Zn
group, the ability of microorganisms to generate VFAs was still weak, and the level of hydrogen recovery was
limited. Throughout the entire inhibition recovery experiment, acetic acid fermentation consistently dominated
[34]. Therefore, by regulating the Zn concentration, it was possible to achieve targeted guidance of the
fermentation pathway, thereby optimizing the yield distribution of volatile fatty acids and hydrogen gas.

3.2.3. Correlations among Vital Factors at Different Fermentation Stages

The relationship between environmental factors and microbial community structure was further analyzed
through dbRDA. Various environmental factors were represented by arrows, and the angle between the arrows
reflected the correlation between variables: variables pointing in similar directions had a positive correlation. In
contrast, those pointing in opposite directions had a negative correlation [19]. Figure 3D showed the correlation
between Zn dosage, substrate degradation rate, VFAs, and hydrogen production. The results showed that Zn
dosage was significantly negatively correlated with substrate degradation rate, VFAs, and hydrogen production,
indicating that with an increase of Zn dosage, the hydrolysis and acidification processes, as well as hydrogen
production metabolism were all significantly inhibited. There was a significant positive correlation between
substrate degradation rate, VFAs, and hydrogen production, indicating that these metabolic processes were
synergistic. The increase in substrate degradation rate induced the generation of VFAs. At the same time, the
accumulation of VFAs especially when acetic acid and butyrate were the primary products, was typically
accompanied with higher hydrogen production, forming a positive coupling in metabolism. Figure 3E further
illustrated the relationship between dominant factors in the recovery stage. There was a positive correlation
between Zn dosage and recovery rate; that is, the higher the Zn dosage, the more significant the recovery of the
metabolic activity after removing Zn stress. This phenomenon might be due to the more potent initial inhibition of
microbial communities caused by high Zn stress. After the stress was relieved, the surviving tolerant bacterial
community or metabolic potential could be more fully expressed, thereby exhibiting higher relative recovery
potential. At the same time, Zn dosage was still negatively correlated with VFAs and hydrogen production, further
confirmed the sustained inhibitory effect of Zn on VFAs and hydrogen metabolism. The above correlation was
highly consistent with the trend observed in the research of Zn inhibition on hydrogen production from glucose,
indicating that the inhibition and recovery laws of Zn on anaerobic fermentation systems had certain universality
in different substrates and systems.
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Figure 3. (A) Horizontal distribution of microorganisms; (B) PCA of different concentrations of Zn in the inhibited
group and recovery group; (C) Genera was significantly affected by Zn dosage; (D) Correlations between the
dominant genera and fermentation characteristics during Inhibition; (E) Correlations between the dominant genera
and fermentation characteristics during Recovery. * represents 0.01 <p < 0.05, ** represents 0.001 <p <0.01, ***
represents p << 0.001.

3.3. Variance of Microbial Distribution at Different Fermentation Stages

Figure 4A showed the microbial composition (genus level) under different Zn stress at different fermentation
stages. In the inoculum, Alkaliphilus was the main genus, accounted for 95%. After the fermentation reaction in
the control group, the microorganisms was mainly consisted of Clostridium_sensu_stricto 7 (18.3%),
Clostridium_sensu_stricto_15 (17.5%), Clostridium_sensu_stricto_18 (11.4%),
unclassified [ Peptostreptococcaceae (9.7%), Clostridium_sensu_stricto 1 (7.4%), all other bacterial genera
were below 7%. Clostridium was considered the primary hydrogen-producing bacterium in various fermentation
environments [46,47]. Studies have reported that Clostridium became dominant after dark fermentation showed a
strong correlation with hydrogen production [1,48,49]. Hydrogen production from sludge fermentation in other
studies also demonstrated high abundance of Clostridium [49]. The main microorganisms in the control group of

10 of 18




Liet al. Environ. Microb. Technol. 2026, 1(1), 7

the recovery experiment were changed to Acinetobacter (32.1%), Pseudomonas (14.4%), Klebsiella (12.4%), and
Clostridium_sensu_stricto 15 (6.1%). The rest were all below 6%. Acinetobacter was a hydrolysis and acid-
producing microorganism widely present in fermentation systems with complex organic substrates [34,50]. Its
enrichment was related to the accumulation of propionates. Pseudomonas has been shown to contribute to the
aggregation of hydrogen-producing microorganisms, as confirmed in the literature. This strain could turn proteins
and carbohydrates into acetate, accompany with hydrogen production [S51-55]. Klebsiella [56] and Clostridium
[46] were both hydrogen-producing bacteria, contributed to hydrogen production in recovery experiments. In the
200mg/L Zn inhibition group, Clostridium still accounted for a high abundance. At the same time, Pseudomonas
(14.4%) was enriched, contributed to the aggregation of hydrogen-producing microorganisms [51-55]. Therefore,
the system maintained hydrogen-producing activity However, although the total abundance of hydrogen-
producing bacteria did not show significant changes, the addition of Zn still led to a decrease in hydrogen
production, indicating that it might directly inhibit hydrogen production by affecting microbial metabolic activity
rather than population structure. In the recovery experiment, the abundance of Enterococcus increased to 25.1%.
Enterococcus was a facultative anaerobic, Gram-positive, non-motile, and spore-forming bacterium that could
produce hydrogen [57,58]. After removing Zn stress, Enterococcus was significantly enriched, indicating that it
could not compete with Zn-tolerant bacteria due to toxicity inhibition in the presence of Zn. Once the inhibition
was relieved, Enterococcus quickly occupied the vacant ecological niche due to its rapid growth ability. Although
the hydrogen production increased compared to the inhibition group at this concentration, the overall hydrogen
production capacity of the system was not fully recover to the level of control group. When the Zn concentration
reached 500 mg/L, the community structure underwent significant changes, and the microorganisms primarily
consisted of Methylloversatilis (84.1%) and Alkaliphilus (14.3%). Methyloversatilis belongs to acid-producing
bacteria and contributed to VFAs production [59]. Alkaliphilus was an acid-producing bacterium associated with
the proteins degradation. It can grow in seawater salt concentrations up to 33 g/L and produce hydrogen sulfide as
the primary gas product in the presence of sulfides, resulting in severe inhibition to hydrogen production process
[60]. After relieving Zn stress, Acetobacter (41.8%) and Klebsiella (15.5%) became the dominant genera, and
Klebsiella had been confirmed to be hydrogen-producing bacteria [61]. Therefore, their hydrogen production
ability was partially restored at this stage. When Zn dosage further increased to high stress conditions of 1000—
2000 mg/L, the microbial community structure tended to simplify, dominated by Alkaliphilus, and its composition
was most similar to that of the inoculum. At this time, microbial activity was weak or even inactive, and the system
had essentially lost its ability to produce hydrogen. The microbial community did not undergo significant changes
during the fermentation process, further verified the inhibition of microbial growth and metabolism by high
concentration. After relieving Zn stress, the community was dominated by Pseudomonas and supplemented by
Clostridium, both of which belonged to hydrogen-producing bacteria. However, due to the metabolic function
changes of microorganisms under high-concentration Zn stress, even if hydrogen-producing bacteria were
enriched, hydrogen production ability was limited recovered. Comparing with other heavy metals such as Cu and
Ni, the toxic effect of Zn on microorganisms was more manifested as reversible metabolic inhibition rather than
irreversible cell damage. Microorganisms can adapt to Zn stress through changes in population structure and
adjustments in metabolic function, and subsequently restore partial biological activity after stress relief. This
provided a new theoretical perspective for understanding the adaptive response of microorganisms to heavy metal
stress and the long-term stability of fermentation hydrogen production systems.

Principal Component Analysis (PCA) is an effective method for analyzing beta diversity in microbial
communities, which can visually display the differences in community structure between different samples. As
shown in Figure 4B, based on the PCA analysis results, all samples could be clearly divided into three main
clusters, indicating a significant impact of Zn concentration on microbial community composition. In the inhibition
experiment, the control groups were located in the fourth quadrant. Samples with 200 mg/L Zn were clustered in
the third quadrant. When the Zn concentration increased to 500 mg/L, the sample position shifted to the first
quadrant. The sample with 10002000 mg/L Zn were concentrated in the second quadrant, in the same quadrant
as the inoculum. This result further confirmed that the microbial community structure was closest to the inoculum
at this high Zn concentration, and no significant changes had occurred. The above distribution pattern indicated
that Zn concentration was a key environmental factor driving the evolution of microbial community structure, and
there was a significant difference in community composition between different Zn concentration treatment groups
in the inhibition experiment. In the recovery experiment, all samples under Zn stress (0—2000 mg/L) were clustered
in the first quadrant. Compared with the inhibition experiment, the PCA results from the recovery experiment were
more concentrated, indicating that after relieving Zn inhibition, the microbial community structures of the different
treatment groups tended to be similar, and the differences between communities were significantly reduced.
Compared to the initial inoculum, significant differences in community structure persisted in the recovery
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experiment. The microorganisms in the inoculum were scattered and would form new dominant microbial
communities under certain fermentation conditions, indicating that the fermentation was effective and the
microorganisms were active. This further suggested that Zn stress did not cause irreversible community collapse.

By comparing and analysing the microbial communities in the inhibition and recovery experiments, several
species that showed significant differences under Zn stress and removal conditions were identified. At the species
level, Zn was a key environmental factor driving changes in microbial distribution and composition, as shown in
Figure 4C. Pseudomonas and Delftia were significantly enriched in the recovery experiment, indicating that
although they were initially inhibited, they were still able to recover. In a dormant state in the presence of Zn, they
could quickly resume growth and reproduction after Zn was removed. Research has shown that a particular
concentration of Zn could induce Pseudomonas to synthesise specific enzyme proteins or stress factors, thereby
endowing it with the ability to resist Zn stress [62]. Delftia was resistant to various heavy metal ions and could
alleviate heavy metal toxicity by secreting extracellular polymeric substances (EPS) that facilitated adsorption and
complexation, promoted metal precipitation, and participated in nanoscale metal transformation mechanisms [63].
After relieving Zn inhibition, Pseudomonas and Delftia quickly regained their dominant bacterial communities
due to their strong environmental adaptability and rapid growth characteristics. By contrast, Bacillus,
Acetomicrobium, norank f _norank o __norank c¢__D8A-2, Candidatus _Caldatribacterium,
norank [ _Dethiobacteraceae, Thermovirga, Proteiniphilum, and groups such as
norank f _norank o __norank c¢__norank p _Firmicutes were able to maintain a particular abundance under Zn
inhibition conditions but were eliminated in the recovery experiment.

Correlation heatmap analysis was adopted to reveal the correlation between main environmental factors and
top 20 genera. In the inhibition experiment (Figure 4D), Zn dosage and norank f Dethiobacteraceae,
Candidatus Caldatribacterium, norank f norank o norank ¢ D8A-2 and Alkaliphilus showed a significant
positive correlation, indicating that these bacterial genera had strong tolerance to Zn stress, and their abundance
increased with the increase of Zn dosage. On the contrary, Zn dosage was significantly negatively correlated with
Enterococcus and Clostridium, indicating that these two bacterial genera were more sensitive to Zn and their
growth and metabolic activities were efficiently inhibited by Zn [64]. Hydrogen was significantly negatively
correlated with the aforementioned Zn tolerant bacterial genera (norank f Dethiobacteraceae,
Candidatus Caldatribacterium, norank f norank o norank cDS8A-2, Alkalihilus), indicating that these groups
did not possess or only had weak hydrogen production capabilities. It showed a significant positive correlation
with Enterococcus and Clostridium-sensu-stricto 14, which served as the main hydrogen-producing bacteria in
this fermentation system [48]. Among them, Clostridium sensu stricto 14 was the most important hydrogen-
producing group within Clostridium, further confirmed the close relationship between hydrogen production and
Clostridium species. The accumulation of VFAs showed a significant positive correlation with
unclassified_Clostridiaceae,  Burkholderia-Caballeronia-Paraburkholderia,  Clostridium_sensu_stricto_10,
Clostridium_sensu_stricto_13, Pseudomonas, and Clostridium-sensu-stricto_I, indicating that these genera
played a key role in the acidification process and highlighted their critical contribution to VFAs production, a
pattern consistent with previous studies [65—67]. The substrate degradation rate was significantly negatively
correlated with the Zn tolerant bacterial genera (norank f Dethiobacteraceae, Candidatus Caldatribacteria,
norank_f norank o norank cD8A-2, Alkalihilus), and significantly positively correlated with the hydrogen
producing bacterial genera Enterococcus and Clostridium_sensu_stricto_14. The trend of substrate degradation
rate was highly consistent with that of hydrogen. It was opposite to the effect of Zn dosage: as the Zn dosage
increased, the abundance of Zn-tolerant groups increased. At the same time, the substrate degradation rate and
hydrogen production both decreased. Conversely, when the Zn dosage was low, hydrogen-producing bacteria
dominated, exhibiting higher substrate degradation rates and hydrogen production. This result, confirmed from the
perspective of community ecology, suggests that Zn primarily regulates the metabolic function and product
distribution of the system by screening for Zn-tolerant and Zn-sensitive groups.

In the recovery experiment, correlation analysis further revealed the complex relationship between the
residual effects of Zn stress and microbial functional recovery (Figure 4E). Zn dosage showed a significant
negative correlation with Clostridium_sensu_stricto 7, norank_f_Caloramatoraceae,
Clostridium_sensu_stricto_15 and Tissierella, indicating that these genera are highly sensitive to Zn stress. The
damage they suffered during the inhibition stage increased with the increase in Zn concentration, resulting in a
continuous decrease in their abundance during the recovery experiment. At the same time, the above-mentioned
bacterial genera were significantly positively correlated with VFA content. Combined with the phenomenon of
generally low VFA total in the recovery experiment shown in Figure 2C, it can be inferred that high concentrations
of Zn caused irreversible or difficult-to-repair damage to these acid-producing bacteria, thereby limiting the
recovery of the overall acidification capacity of the system. Hydrogen was significantly positively correlated with
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Clostridium-sensu-stricto_10, norank f Caloramatoraceae, and Tissierella, indicating that these bacterial
genera were key groups in promoting the recovery of hydrogen production function. However, there was a
significant negative correlation between hydrogen production and Clostridium_sensu-stricto_2, indicating that
although both species/genera were Clostridium, there was differentiation in functional expression during the
recovery process. Some groups may undergo metabolic pathway changes or lose their hydrogen production
capacity due to Zn stress, which is one reason why the hydrogen production performance of the system has not
been fully restored to its initial level. The recovery rate was significantly negatively correlated with Comamonas
and Acetobacter. Based on Figure 3A, it could be further observed that after washing away 200 mg/L and 500
mg/L Zn, the abundance of these two bacterial genera significantly increased, inhibiting the recovery of other
functional bacterial groups or their own metabolic direction, which was not conducive to hydrogen production.
Ultimately, this led to the overall recovery effect of washing away Zn within this concentration range, failing to
reach the expected level.
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Figure 4. Analysis of key enzymes involved in hydrogen production.

3.4. Analysis of Key Enzymes Involved in Hydrogen Production

Figure 4 showed the abundances of key functional genes related to hydrogen production. The functional
genes directly involved in hydrogen production included K00845, K00850, and K00873 (No.1-3), which were
key enzymes in the process of glucose degradation; K00532 (No.15) was ferredoxin hydrogenase, a core catalytic
unit responsible for electron transfer and proton reduction to generate hydrogen gas; K15830 and K00123 (No.17-
18) were involved in the hydrogen production pathway through formate decomposition. In addition to the
metabolic processes that promoted hydrogen production mentioned above, some competitive or hydrogen-
consuming metabolic pathways also had a significant impact on net hydrogen production. For example, K00016
(No.11) promoted lactate production, while the expression of K00443 (No.12) led to the reduction of hydrogen
and carbon dioxide to produce acetate, thus consuming hydrogen gas [68]. In addition, K17760 (No.19) could
promote the generation of ethanol, further divert carbon sources, and reduce hydrogen production potential.

During the inhibition experiment, the control group exhibited the highest abundances of K00845, K00850,
and K00873 (No.1-3). Meanwhile, K00532 (No.15) and K00123 (No.18) also maintained a particular high
abundance, jointly ensuring the good performance in hydrogen production. In addition, the increase in abundance
of K04069 (No.16) promoted the formation of formate. In contrast, the increase in abundance of K00248 (No.7)
was beneficial for the synthesis of butyrate, which was consistent with the trend of increasing butyrate content in
Figure 2C. When 200 mg/L Zn was added, the abundance of K00845, K00850, and K00873 (No.1-3) showed an
upward trend and remained the main hydrogen-producing pathway; At the same time, the abundance of K00123
(No.18) increased, indicating that the pathway of formate dehydrogenase catalyzing the decomposition of formate
into hydrogen and carbon dioxide was enhanced, thereby maintained hydrogen production to a certain extent. On
the other hand, the increase in abundance of K00626 (No.5) might interfere with the normal metabolism of acetyl-
CoA by promoting its conversion to acetyl-CoA, thereby inhibiting hydrogen synthesis. Previous studies had
shown that this pathway could inhibit hydrogen production by disrupting the formation of acetyl-CoA and
enhancing its oxidation process [69]. When 500 mg/L Zn was added, the abundances of K00845, K00850, K00873
(No.1-3) and K00532 (No.15) all decreased, indicating significant inhibition of the glucose decomposition
hydrogen production pathway and the ferredoxin hydrogenase pathway. At this point, the abundance of K00123
(No.18) further increased, and formate decomposition became the main hydrogen production pathway. However,
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the hydrogen production capacity of this pathway was limited, resulting in a decrease in overall hydrogen
production. Meanwhile, K00626 (No.5) maintained a high abundance and continued to inhibit hydrogen synthesis.
When Zn dosage was further increased to 1000-2000 mg/L, there was no significant difference in the abundance
of all detected genes compared to the initial state of the inoculum, indicating that microbial metabolic activity was
basically stagnant, and hydrogen and acid production processes were almost completely stopped.

In the recovery experiment, key functional genes related to hydrogen metabolism, K00845, K00850, KO0873
(No.1-3), K00532 (No.15), and K00123 (No.18), were all restored to a certain abundance level after removing Zn
stress of 200-2000 mg/L. Among them, the abundance of K00845, K00850, and K00873 (No.1-3) was relatively
high, indicating that the glucose decomposition hydrogen production pathway became the dominant hydrogen
production mechanism during the recovery stage. At the same time, an increase in the abundance of K00626
(No.5), K00016 (No.11), and K17760 (No.19) was also observed in the recovery experiment. K00626 (No.5) was
responsible for catalyzing the conversion of acetyl-CoA. Previous studies have shown that enhancing this
metabolic branch disrupts the normal metabolic flow of acetyl-CoA and promotes its oxidation process, thereby
inhibiting hydrogen production [69]. KO0016 (No.11) promoted the generation of lactate, forming a competitive
metabolic shunt for the hydrogen production pathway; K17760 (No.19) promoted the synthesis of ethanol, further
consuming available carbon sources. The enhancement of these competitive metabolic pathways might be one of
the important reasons for the incomplete recovery of hydrogen production capacity to its initial level during the
recovery phase.

4. Conclusions

This study provides valuable insights into the inhibitory effects of Zn on hydrogen production from sewage
sludge. Our results indicate that Zn concentrations in the range of 200-2000 mg/L significantly suppressed
hydrogen generation, with inhibition rates increased with the increase of Zn concentration. While hydrogen
production was severely inhibited at higher Zn levels, microbial community analysis revealed that Zn exposure
primarily affected key hydrogen-producing genera, reducing their abundance. During the recovery phase, the
microbial community showed a partial restoration of hydrogen production, driven by the enrichment of Zn-tolerant
genera. Metabolic pathway analysis identified that Zn hindered hydrogen production by disrupting glucose and
ferredoxin-related pathways, with formate decomposition emerging as the dominant pathway under Zn stress.
Upon removal of Zn, the glucose and ferredoxin pathways were recovered, underscoring the microbial system’s
ability to adapt. This study not only improves our understanding of the long-term microbial response to Zn stress
but also contributes to optimizing strategies for hydrogen production from organic waste in environments with Zn
contamination.
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