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A B S T R A C T   

It is hard to achieve robustness in anaerobic biodegradation of trichlorophenol (TCP). We hypothesized that 
specific combinations of environmental factors determine phylogenetic diversity and play important roles in the 
decomposition and stability of TCP-biodegrading bacteria. The anaerobic bioreactor was operated at 35 ◦C (H 
condition) or 30 ◦C (L condition) and mainly fed with TCP (from 28 μM to 180 μM) and organic material. 
Metagenome sequencing was combined with 16S rRNA gene amplicon sequencing for the microbial community 
analysis. The results exhibited that the property of robustness occurred in specific conditions. The corresponding 
co-occurrence and diversity patterns suggest high collectivization, degree and evenness for robust communities. 
Two types of core functional taxa were recognized: dechlorinators (unclassified Anaerolineae, Thermanaerothrix 
and Desulfovibrio) and ring-opening members (unclassified Proteobacteria, Methanosarcina, Methanoperedens, and 
Rubrobacter). The deterministic process of the expansion of niche of syntrophic bacteria at higher temperatures 
was confirmed. The reductive and hydrolytic dechlorination mechanisms jointly lead to C–Cl bond cleavage. H 
ultimately adapted to the stress of high TCP loading, with more abundant ring-opening enzyme (EC 3.1.1.45, 
~55%) and hydrolytic dechlorinase (EC 3.8.1.5, 26.5%) genes than L (~47%, 10.5%). The functional structure 
(based on KEGG) in H was highly stable despite the high loading of TCP (up to 60 μM), but not in L. Furthermore, 
an unknown taxon with multiple functions (dechlorinating and ring-opening) was found based on genetic 
sequencing; its functional contribution of EC 3.8.1.5 in H (26.5%) was higher than that in L (10.5%), and it 
possessed a new metabolic pathway for biodegradation of halogenated aromatic compounds. This new finding is 
supplementary to the robust mechanisms underlying organic chlorine biodegradation, which can be used to 
support the engineering, regulation, and design of synthetic microbiomes.   
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Shanghai (23ZR1446900); and the Fundamental Research Funds for the 
Central Universities (No. B210204007) and PAPD. 

1. Introduction 

Chlorophenols (CPs) have attracted significant attention as relatively 
recalcitrant priority pollutants (EPA, 2015; Hou et al., 2022; Kravos 
et al., 2022; Lin et al., 2019; Yang et al., 2020). Owing to its strong 

electronegativity and resistance to oxidative cleavage, anaerobic 
dechlorination is more effective for biodegrading CPs (Diaz-Baez and 
Valderrama-Rincon., 2017; Ali et al., 2020; Limam et al., 2016). The 
anaerobic degradation of CPs relies on task specialization and resource 
exchange of diverse microbial communities, as well as other intrinsic 
trade-offs, to reduce the metabolic burden (Qi et al., 2021)and achieve 
mineralization. Owing to the toxicity of CPs and inefficient community 
collaboration, the efficiency and stability of self-assembled CP-degrad
ing microbiota are compromised (Lucas et al., 2018; Rittmann and 
McCarty, 2012; Yang and Speece, 1986). Therefore, characterizing the 
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long-term degradation, functional evolution, and stability of microbial 
communities, along with identifying core members, microbial in
teractions, and metabolic pathways, is crucial for an in-depth under
standing of community construction and maintenance mechanisms. 

The key function—dechlorination can be enhanced through “adap
tation” of active sludge community (Rittmann and McCarty, 2012; Yang 
and Speece, 1986). Recent studies have indicated the coexistence of 
reductive and hydrolytic dechlorination in anaerobic system (Chen 
et al., 2021; Temme et al., 2019). Similar to typical species of anaerobic 
reduction dechlorination, Dehalococcoidia (Adrian et al., 2000; Jugder 
et al., 2016; Payne et al., 2019; Kaya et al., 2019; Kruse et al., 2021; Yan 
et al., 2021; Assadi et al., 2021)and common taxa (e.g., Desulfomonile, 
Desulfovibrio, Desulfitobacterium) (Lin et al., 2019; Diaz-Baez and 
Valderrama-Rincon, 2017; Adrenz and Loffler, 2016)found that 
receiving CPs grew best in mixed microbial consortia, relying on 
non-dechlorinating members to provide H2 as an electron donor, along 
with essential micronutrients (Juteau et al., 1995; Zheng et al., 2021; 
Hug et al., 2012). These bacteria dechlorinate through reductive orga
nohalide respiration. For example, the pathway for 2,4,6-trichlorophe
nol (TCP)is TCP→ 2,4-DCP→ 4-CP→ phenol, which then can be 
converted to catechol and benzoate by mixed anaerobic microbial con
sortia whose structure and function have not been characterized 
(Mikesell and Boyd, 1986; Ghattas et al., 2017). Furthermore, previous 
studies have shown that the rearrangement of the catalytic residues of 
hydrolytic dichlorination enzymes (e.g., haloalkane dehalogenases and 
L-2-haloacid dehalogenase) predates the industrial revolution (Hasan 
et al., 2011; Jesenska et al., 2009; Li and Shao, 2014; Chovancova et al., 
2007; Chmelova et al., 2020), suggesting that hydrolytic dechlorination 
has a common metabolic capability in nature. These enzymes have been 
studied predominantly in aerobic environments; however, recent evi
dence indicates that their abundance increases when the environment is 
enriched with high concentrations of organic chlorine (Chen et al., 2021; 
Temme et al., 2019). It is currently unknown whether hydrolytic 
dehalogenases are active, and how they interact with reduction 
dechlorination during CPs degradation. 

Complete degradation requires the participation of microbial taxa in 
enzymes that can open ring structures. Further degradation of 4-CP 
proceeds via ring-cleavage pathways (Konovalova et al., 2009; Nordin 
et al., 2005; Solyanikova and Golovleva, 2004, 2011; Gaytan et al., 
2020; Semenova et al., 2022; Singh et al., 2018). Song et al. (2019) 
found that 38 ◦C led to higher TCP degradation efficiency in batch 
anaerobic system than lower temperature (30 ◦C). This can be attributed 
to the high abundances of Syntrophobacter (Syntrophy) and Ignavi
bacterium (degrading aromatic hydrocarbons), which facilitate 
cross-feeding between strains and promote complete degradation 
metabolism. It is not clear whether this rule also consisted to continuous 
flow conditions (Assadi et al., 2021; Song et al., 2019; Delgado et al., 
2017; Li et al., 2019; Mortan et al., 2017; Patel et al., 2022). Addition
ally, some studies have shown that hydrolytic dechlorination is posi
tively correlated with temperature (Xi et al., 2015). According to the 
latest research, the selection process of the active sludge system is 
obviously more advantageous than ecological drift due to the very high 
cell density and "specific" function (Vanwonterghem et al., 2016; Yu 
et al., 2021). Therefore, ecological interactions can be accurately 
inferred using environmental gradients (Sun et al., 2021), which are of 
great significance (Gralka et al., 2020) for promoting the biotransfor
mation of CPs. 

In summary, we propose the research assumption that a specific 
combination of environmental factors (temperature and TCP loading) 
determines the phylogenetic diversity, as well as the decomposition and 
stability of TCP-biodegrading community. In this study, we operated 
two upflow anaerobic bioreactors under high- and low-temperature 
conditions. Both reactors were continuously fed with TCP, non- 
chlorinated organic substrates, and essential nutrients. Their perfor
mances, communities, and metabolic pathways were characterized. The 
core members, auxiliary members, and their interactions in the 

communities were identified. This study proposes new pathways for TCP 
degradation that are promising for understanding the mechanisms, 
predictions, and operations of the collaborative biodegradation of 
various contaminants. 

2. Materials and methods 

2.1. Reactor operations 

As shown in Fig. S1, the two up-flow anaerobic sludge blanket re
actors were operated in parallel. The inoculum was collected from a 
secondary sedimentation tank at Shanghai Changqiao Sewage Treat
ment Plant. The sludge was inoculated into each reactor at the same 
volume (0.5 L). The influent was a synthetic medium composed of lactic 
acid, TCP, vitamins, and trace elements as described by Song et al. 
(2019) Feed water was pumped into the reactor using a peristaltic pump. 
TCP concentration in industrial wastewater is commonly 10–200 μ M, 
and can reach higher concentrations in accident leakage. The TCP 
concentrations in the study were increased stepwise over five phases: I 
(28 ± 2 μM), II (50 ± 5 μM), III (70 ± 5 μM), IV (120 ± 10 μM), and V 
(180 ± 10 μM). Sodium lactate was used as the electron donor at 10 mM. 
Microbial samples were taken regularly, frozen rapidly in a − 40 ◦C 
freezer, and subsequently subjected to DNA extraction and 
high-throughput sequencing. The two reactors used the same HRT, with 
26 h for 1-548d and 52 h thereafter. 

2.2. Chemicals and analytical methods 

Reference materials of TCP, DCP, 4CP, phenol (Dr.Ehrenstorfer, 
GER) were purchased from Shanghai Titan Technology Co., Ltd. COD 
was measured using a complete set of reagents (Hash, US). 

TCP and its intermediates (DCP, 4CP, phenol) were analyzed on a 
high performance liquid chromatograph (ThemoFisher Ultimate 3000, 
US) with a 250 nm UV absorbance meter. The CP determination column 
used was an Agilent 5HC-C18 (2) 150 mm × 4.6 mm column with a 
mobile phase of methanol: water (containing 1% acetic acid) at 80:20 
(v/v), flow rate 1.00 mL/min, detection wavelength 282 nm, a detection 
temperature of 25 ◦C, and injection volume 10 μL. COD was determined 
by using the potassium dichromate method and fast analyzer (Hash 
DRB200 and DR3900, US). All the test samples were passed through a 
0.22 μm water filter and then assayed. 

2.3. 16S rDNA gene sequencing and analysis 

High-throughput sequencing was performed by Shanghai Majorbio 
Pharm Technology Co., Ltd. Details of all the analysis methods are 
provided in the SI. The sequencing process included DNA extraction, 
primer design, primer connector synthesis, polymerase chain reaction 
(PCR) amplification, product purification, fluorescence quantification, 
construction of a MiSeq PE library, and MiSeq sequencing. After DNA 
was extracted, the DNA was broken into fragments of approximately 
400-bp fragments for double-ended sequencing (Covaris M220), con
struction of a PE library with recycled RCR products (NEXTFLEX Rapid 
DNA-Seq Kit), amplification of DNA clusters by bridge PCR (NovaSeq 
Reagent Kits/HiSeq X Reagent Kits), and sequencing (Illumina NovaSeq/ 
Hiseq Xten). the online platform Majorbio Cloud Platform (Ren et al., 
2022).The raw datasets of 16S rDNA gene sequencing datasets were 
deposited in NCBI as public data with the accession number SRP374461. 

2.4. Metagenome sequencing and analysis 

After DNA was extracted, the DNA was broken into ~400-bp frag
ments for double-ended sequencing (Covaris M220), construction of a 
PE library with recycled RCR products (NEXTFLEX Rapid DNA-Seq Kit), 
amplification of DNA clusters by bridge PCR (NovaSeq Reagent Kits/ 
HiSeq X Reagent Kits), and sequencing (Illumina NovaSeq/Hiseq Xten). 
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Details of all the analysis methods are provided in the SI. The raw 
metagenome sequencing datasets were deposited in NCBI as public data 
with accession number SRP374461. 

3. Results and discussion 

3.1. Reactor performance 

The reactor performance is shown in Fig. 1. It exhibited that stable 
and efficient performance occurred under L (low TCP loading) and H 
(high TCP loading) conditions. 

After a disorderly start-up phase, the indicators tended to stabilize 
based on the observations of COD removal. In phases I and II, L and H 
achieved similar COD removal efficiencies, with >95% removal of the 
influent COD. For the CPs, the performance was better in L than in H: 
effluent CP concentrations of 0.4–8.1 μM for L and 6.2–18 μM for H. 
With a higher TCP-loading in phase III (days 260–419), H continued to 
show good performance stability (COD removal close to 95%), but L 
began to show erratic COD removal (50–70%) and the accumulation of 
4-CP, as high as 62 μM. After a long period of time, some recovery was 
observed at the end of this phase. At the beginning of phase IV (days 
420–626), both reactors experienced instability, although H was 
significantly less affected than was L. Although the H effluent transito
rily contained TCP (8.1 μM), other phenols still were rarely detected. In 
contrast, the effluent of L contained substantial phenol and 4-CP, around 
60 μM. The increase in hydraulic retention time on day 555 led to a 
significant recovery in the performance of H, but not L. In phase V (days 
627–670), the performance of the two reactors deteriorated significantly 
due to the still higher input concentration of TCP (180 μM). However, 
the performance of H improved over time, while the performance of L 

continually deteriorated, eventually leading to a 4-CP concentration of 
120 μM, as well as incomplete removals of TCP and DCP. 

3.2. Abundant species and structures by 16S rDNA gene-sequencing 

The microbial diversity obtained by 16S rDNA gene sequencing is 
shown in Fig. 2a (genus level) and Fig. S2 (class-level). LEfSe analysis 
(LDA score >3.5) was used to compare species differences and to 
identify potential core species in the late stages (Fig. S3). Canonical 
Correspondence Analysis (CCA) was used to rank the importance of 
these potential core species (Fig. 2b). 

Overall, with increasing TCP loading, the climax community patterns 
in both systems exhibited continuous variations. According to LEfse and 
CCA analyses, the potential core species with high abundance were 
Thermodesulfovibrionia (Tdb, in L), Syntrophbacter (in H), Unclassified 
Anaerolineae (in H), Desulfovibrio (in L), and SBR1031 (in H). 

Tdb was a key taxon in both reactors (average abundance of 25% in 
H and 37% in L). Tdb has been associated with stimulation of metha
nogen growth, CH4 generation, and reducing sulfate (Bai et al., 2022; He 
et al., 2021). Tdb was found in a system undergoing long-term CP stress 
but did not show dechlorination. The lack of dechlorination by Tdb 
might explain the relatively low dechlorination efficiency of L (Wang 
et al., 2021). 

The second most abundant taxon in H was Syntrophobacter (17% in 
RL and 4% in RL), belonging to the class Syntrophobacteria (class 17%). 
It is generally believed that Syntrophobacter can ferment organic matter 
to produce H2, which is an electron donor in reductive dechlorination 
(Wang et al., 2021; Li et al., 2018; Mai and Stuckey, 2018; Wu et al., 
2021). Higher temperatures may have contributed to the relatively 
higher abundance of Syntrophbacter in H (Song et al., 2019). 

Fig. 1. Concentrations of CPs and phenol in the influent and effluent and COD removel efficiency for H (a) and L (b). Total biogas productions were 0.31 and 0.24 
m3/kg COD for H and L, respectively. 
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Another abundant taxon in L was Desulfovibrio (genus: 6.1% in L but 
only 0.39% in H). Many studies have shown that its abundance increases 
in environments containing chlorinated organics and that it can remove 

chlorine atoms through extracellular respiration (Anam et al., 2019; 
Chattopadhyay et al., 2022). Given that Desulfovibrio has exhibited 
enrichment at lower temperatures (Song et al., 2019), it is speculated 

Fig. 2. (a) Relative abundances at the genus level during community evolution. The numbers after H and L are running days. The blue arrows indicate Syntro
phobacter to appear; the red arrows indicate Tdb to appear. The brown arrows indicates that Syntrophobacter started to expand in H; the green arrow indicates that 
Desulfovibrio started to expand in L. *means start-up phase. (b) Canonical correspondence analysis of potential core species. The arrows in the figure represent 
different species, and the length of the arrow indicates the importance of that species. The acute angle between two arrows indicates a positive correlation with two 
species, while the obtuse angle signifies a negative correlation. 

Fig. 3. Co-occurrence networks of communities in H and L, “a” means early phases and “b” means late phases. The size of nodes in the figure indicates the abundance 
of species, and colors indicate different Phyla. The colors of the edges (lines) represent positive and negative correlations: a pink color represents a positive cor
relation, and a green color represents a negative correlation. The four red numbers near each network graph represent the Clustering Coefficient, Diameter, Average 
Shortest Path Length and number of Edges, respectively (from left to right). The blue dashed arrow represents the directions of evolution. 
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that high content of Desulfovibrio in L would be the result of environ
mental selection. 

Anaerolineae, a member of Chloroflexi, had similar abundances in 
both systems:21% in H and 24% in L. Its phylogenetic location was on 
the branch of a tree with Dhc and other species known to conduct 
reductive dechlorination (Yang et al., 2020). This microbial taxon is 
often found in anaerobic systems, including those exposed to organo
chlorine compounds (Matturro et al., 2016; Zerva et al., 2021). Un
classified Anaerolineae in H and SBR1031 in L, the two species with the 
highest abundance among Anaerolineae, have not been reported to be 
dechlorinators before. 

It is noteworthy that the syntrophic taxa (Syntrophobacter, Syntropi
corhabdus, and Syntropicales) were gradually enriched in H with high 
proportions and diversity, and strengthened syntrophy. Comparing 
these findings with those of a previous work (Song et al., 2019), despite 
different cultivation methods and seed sludges, the preference for syn
trophic species was consistent with these results. The behavior of these 
species can follow a repeatable trajectory under specific conditions. 

3.3. Co-occurrence networks of communities 

The connectivity patterns of the abundant taxa (top 15, Fig. 3 and 
Table S1) in early and late phases were obtained to determine the core 
species by calculating the Spearman correlation coefficient (R ≥ 0.6, P 
≤ 0.05). 

Efficient microbiomes often consist of small-world networks (Kuli
kova and Perminova, 2021; Watts and Strogatz, 1998), which have small 
characteristic path lengths and large clustering coefficients. According 
to Fig. 3 and Table S1, both systems are small-world networks. L of the 
early phases and H of the late phase had a higher Average Cluster Co
efficient, lower diameter, shorter Average Path Lengths and more Edges, 
indicating a higher degree of clustering of core species with robust 
function. This demonstrates the significance of the community network 
structure, which corroborates that higher connectivity, a more compact 
community structure, and greater collectivization could be beneficial 
attribute (Saleem et al., 2019). According to the network coefficients 
(Table S1), we reiterated that the taxa mentioned above —Tdb, Syn
trophbacter, Unclassified Anaerolineae, Desulfovibrio and SBR1031–were 
core taxa because of their high network degree and clustering coefficient 
in the community nodes. The significance of Zixibacteria and Latesci
bacterota, which exhibited exceptionally high network coefficients, is 
also highlighted. A study of the Earth’s microbial co-occurrence network 
reported that Latescibacterota is present in specialist hubs in a wide 
range of habitats and is considered an important and widespread hub 
species (Coskun et al., 2019). Zixibacteria (Gao and Wang, 2007), a 
relatively understudied microbiota, poses challenges for cultivation, but 
harbors highly functional genes related to iron redox metabolism. These 
two species are postulated to be potential dechlorinating species (Iasa
kov et al., 2022; Kapoor et al., 2021) or core taxa according to their 
identification in CCA (Fig. 2b). The importance of Zixibacteria was 
significant because the arrow was considerably long. 

3.4. Diversity characteristics during community evolution 

PCoA was performed using the unweighted UniFrac distance algo
rithm. Fig. 4 shows that the H community separated from the L com
munity along the PC2 axis. This demonstrated that temperature frames 
the community structure. Each group moved chronologically from left to 
right along the PC1 axis. The two communities were more similar along 
the PC2 axis in the early phases (I and II), when both systems had similar 
and good performances. The communities then gradually separated after 
about day 260 (phases III), when the higher input of TCP (70 μm) lead to 
much more significantly deteriorated performance in L. The distance 
along the PC2 axis increased dramatically in phases III – V. Although the 
communities were separated in the early phases based on the tempera
ture, both communities evolved in similar patterns (Fig. 2a). In 

particular, core taxa—Tdb, Anaerolineae, Syntrophobacter with high TCP 
stress tolerance—began to emerge and gradually expanded their niches 
over time. 

As shown in Fig. 5a, in the early phases, the community in H 
exhibited higher Shannon and Simpson indices but lower Simpsoneven 
and functional levels than in L. In the late phases (Fig. 5b), the com
munity in L had a higher Chao and Simpson index, a lower Simpson 
index, and higher efficiency and stability than that in H. These results 
indicate the importance of community evenness. The communities in 
both L (early phase) and H (late phase) formed a multi-dominant pop
ulation distribution pattern (high evenness and low ecological domi
nance), which may facilitate better division of labor and resource 
allocation, resulting in higher functional levels. Conversely, when the 
community exhibited a single-dominant pattern (low evenness and high 
ecological dominance), efficiency and stability decreased accordingly. 

3.5. Genes, functional contributions, and metabolic pathways 

Based on their 16S rRNA gene sequences, the samples were screened 
using MicoPITA for genes encoding key functional genes; changing 
trends and correlation analysis of key genes and TCP amount are shown 
in Fig. 6. A comparison of these differences is shown in Fig. 7a. The NR 
species (subset) annotated to the enzymes and the average value of the 
functional contribution of the enzymes in the late phases are summa
rized in Fig. 7b for further identification of the core species. The profile 
of the assembly process was illustrated by the dynamics of the functional 
contributions of the species (Fig. S4). The functional structure (based on 
KEGG) in H was highly stable despite the high loading of TCP, but not in 
L. Fig. 8 integrates all the information into the TCP metabolic pathways 
that require the coordinated action of several different microorganisms, 
similar to lindane biodegradation. 

As shown in Fig. 6, the genes EC 3.1.1.45 (in H & L) and EC 3.8.1.5 
(in H) exhibited a strong positive correlation with TCP loading 
throughout the process, indicating the role of core metabolic pathways 
in the stable biodegradation of TCP. On the other hand, the genes EC 
3.8.1.5 (in L), EC 3.8.1.2 and EC 1.3.11.2 (in H & L) show a significant 
positive correlation with low TCP loadings (<70 μM) following by a 
significant decline, suggesting their intolerance to high TCP loadings. 
However, due to the interaction between the substrates and the genes, 
the TCP abundance of all functional genes either ceased to increase or 
decreased after reaching to 70 μM. This finding is consistent with the 
drastic changes observed in community patterns (Fig. 2a) and PCoA 

Fig. 4. PCoA analysis (unweighted unifrac) on genus level in which the 
numbers are the running days. The ellipses are the confidence intervals (95%). 
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analysis (Fig. 4), indicating that 70 μM TCP represents a critical 
threshold. 

As shown in Fig. 7a, EC 3.1.1.45, and EC 3.8.1.5, had higher abun
dances in H (~55% and 26.5%, respectively) than in L (~47% and 
10.5%, respectively) (P < 0.05). EC 3.1.1.45 is associated with the 
cleavage of the cyclic structure. The high abundance and increasing 
trend for this gene were detected mainly from δ-Proteobacteria, Meth
anosarcina, and Methanoperedens (Fig. 7b). Ring-opening genes have 
previously been detected in methanogens previously (Sandhu et al., 
2022; Chen et al., 2016). Unclassified δ-Proteobacteria (18.7%/35.2%, 
NR species abundance/functional contribution, the same hereinafter) in 

H was the most dominant taxon annotated to EC 3.1.1.45. In L, the 
species annotated as EC 3.1.1.45 were mainly Methanoperedens 
(8.4%/17.6%), Ardenticatena (6.1%/11.5%), and Methanosarcina 
(4.7%/9.1%). EC 3.8.1.5 catalyzes hydrolytic cleavage (Chaloupkova 
et al., 2019). Hou et al. (2022) reported the removal of Cl from hexa
chloride using this enzyme. The species with the enzyme in both systems 
were consistent, namely, an unclassified Bacteria (genus), Mycobacte
rium, and Hahella, but the abundance and functional contribution in H 
(4.9%/26.1%, 2.7%/6.7%, and 3.0%/19.7%) were significantly higher 
(P < 0.05) than those in L (2.5%/10.5%, 0.8%/3.4%, and 0.3%/3.8%). 
The higher abundances of these two genes may explain the stronger 

Fig. 5. Comparative analysis of alpha diversity index in early phases (a) and late phases (b). P < 0.001***, 0.001 < P ≤ 0.01**, 0.01 < P ≤ 0.05*.  

Fig. 6. Correlation analysis between key genes and TCP concentration. R is the correlation coefficient, and is generally considered: when |R| > 0.7: strong corre
lation; 0.5 < |R| < 0.7: moderate correlation; 0.3 < |R| < 0.5: weak correlation; |R| < 0.3: no correlation. R2 > 0.75 indicating excellent fit of the model and high 
interpretability. K01061: EC 3.1.1.45 gene; K01560: EC 3.8.1.2 gene; K07104: EC 1.3.11.2 gene; K01563: EC 3.8.1.5 gene. 
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dechlorination ability of the H system. 
EC 3.8.1.2, which is considered the key enzyme for hydrolytic 

dechlorination, was highly abundant over time in both systems (no 
significant difference). This enzyme catalyzes the hydrolytic removal of 
chlorine. EC 3.8.1.2, in prokaryotes, can biotransform a wide spectrum 
of chlorinated compounds with high catalytic efficiency and chiral res
olution (Adamu et al., 2017; Oyewusi et al., 2021). In H, EC 3.8.1.2 
mainly clustered into two genera of the class Anaerolineae: Therma
naerothrix (3.1%/17.3%) and unclassified Anaerolineae (2.9%/15.1%). 
Anaerolineae is responsible for fermentation (Gregoire et al., 2011) but 
also performs dechlorination via the hydrolytic enzyme EC 3.8.1.2. 

EC 1.13.11.2 converts the benzene ring of catechol into 2-hydroxyl 
mucilagaldehyde (Zeng et al., 2020), and this is a rate-limiting 
enzyme for aromatic ring degradation that reduces the harmful effects 
of catechol accumulation on bacterial cells (Zhang et al., 2022). The 
functional contributor of this enzyme was Rubrobacter, and its functional 
contribution to H (2.3%/20.9%) was twice (P < 0.05) that to L 
(1.7%/9.4%). 

An unknown genus with multiple functions (dechlorinating (EC 
3.8.1.5) and ring-opening (EC 3.1.1.45, EC 1.13.11.2)) and unclassified 
Bacteria (Fig. 7b, marked with*, identified in Fig. 2b) had a higher (P <
0.05) abundance and contribution of EC 3.8.1.5 in H (4.9%/26.1%) than 
in L (2.5%/10.5%). This implies that this single bacterium may have 
been able to realize the completely degraded TCP, which is rare occur
rence in nature (Saleem et al., 2019). 

Overall, the ring-opening process, catalyzed by EC 3.1.1.45, is 
important for TCP-biodegrading is associated with the biodegradation of 
various halogenated aromatic hydrocarbons (Gaytan et al., 2020; Arora 
and Bae, 2014; Solyanikova et al., 2003). Hydrolytic dechlorination 
bacteria are related to the effectiveness of the system, similar to the 
non-respiratory dechlorination of chlorinated natural organic matter in 
uncontaminated anaerobic soils (Temme et al., 2019). 

As shown in Fig. 8, while each group in H occupied a specific func
tional niche, they jointly performed the reactions required to completely 
biotransform TCP. Although RDases are not annotated here, reductive 
dechlorination was performed in the initial steps (green arrows) based 
on the detected products. Respiratory dechlorination is a common 
mechanism in anaerobic chlorine-contaminated environment (Adrenz 
and Loffler., 2016; Ni et al., 1995), and involves a variety of species. 
Annotated hydrolytic dehalogenases (EC 3.8.1.X) were present and 
likely responsible for some dechlorination. HLDs are widely distributed 
under aerobic condition (Bhattarai et al., 2022; Fetzner, 1998). The 

common outcome of the reduction and hydrolytic enzyme activities is 
the removal of Cl atoms from the chain or cyclic organic backbone 
molecules, liberating carbon for common metabolic steps carried out by 
fermentation bacteria and, ultimately, methanogens. The evidence 
herein supports the idea that HLDs are important in anaerobic systems, 
as reductive and hydrolytic dechlorination jointly produce products that 
can serve as growth substrates for bacteria, as has been seen before 
(Temme et al., 2019; Adamu et al., 2017). 

Due to sustained environmental pressure, microbial communities 
realign and “assemble” novel metabolic pathways. The pathways for 
TCP in Fig. 8 show how the H community adapted to simultaneously 
tolerate the high toxicity of TCP and ultimately biotransform TCP. The 
TCP → 4-CP step of H was more complete than that of L, indicating that 
H had a high functional level for reductive dechlorination. Key for the H 
community was EC 3.8.1.5, which catalyzes hydrolytic dechlorination, a 
nucleophilic substitution (Verschueren et al., 1993), and which has 
shown a positive correlation with temperature (35–50 ◦C) (Xi et al., 
2015). This gene and its related microorganisms were clustered in H, 
strengthening the functionality and stability of the H community. 

4. Conclusion 

It was demonstrated that robust communities grew under some 
specific combinations of environmental factors, posing high collectivi
zation, degree, and evenness. Core taxa include dechlorinators (un
classified Anaerolineae, Thermanaerothrix and Desulfovibrio), ring- 
opening microorganisms (unclassified δ-Proteobacteria, Meth
anosarcina, Methanoperedens, and Rubrobacter) and dominant species of 
climax communities (Thermodesulfovibrionia, Syntrophbacter). We 
emphasized the significance of syntrophic bacteria especially for the 
deterministically ecological process—the expansion of niches under high 
temperatures. We also discovered a positive correlation between the 
abundance of genes involved in hydrolysis dechlorination and ring- 
opening and TCP loading. The relevant microorganisms were anno
tated, whose metabolic pathways were simultaneously predicted. 

The new findings provided some evidences to the engineering, 
regulation, and design of synthetic microbiomes, which would help 
understand the mechanisms, predictions, and operations of the collab
orative biodegradation for various contaminants. 

Fig. 7. (a) Relative abundances of key functional genes according to metagenome sequencing. The top 4 genes for abundance are shown. Red stars (*) represent a 
significant difference (P < 0.05). (b) Functional contributions of enzymes. The top 5 enzyme functions and top 15 genera are shown. Red stars (*) represent un
classified Bacteria. 
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