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Progress in the effects and molecular mechanisms of typical
heavy metals on the biotransformation of chlorobenzenes

GOU Fang, CHEN Hao, XING Zhilin*, ZHAO Tiantao

School of Chemistry and Chemical Engineering, Chongqing University of Technology, Chongqing 400054, China

Abstract: The co-pollution of heavy metals and organic compounds is one of the major environmental
issues today. Understanding the degradation and transformation characteristics of chlorobenzenes (CBs)
under the influence of heavy metals is of great significance for remediation of the co-pollution. We
summarized the current research status of CB biodegradation, clarified the main functional bacterial
genera including Burkholderia, Pseudomonas, Dehalobium, and Dehalococcoides involved in CB
degradation, and then outlined the co-pollution status of heavy metals and CBs. The co-pollution of
heavy metals and CBs exists in the vast majority of pollution cases. Further, we systematically
reviewed the effects of typical heavy metals on the biotransformation and degradation of CBs. Most
heavy metal ions exert inhibitory effects on the biotransformation and degradation of CBs under aerobic
or anaerobic conditions, and their inhibitory effects are significantly influenced by pH and the species,
concentration, and valence state of heavy metals. In addition, the mechanisms of CB transformation and
degradation under the influence of heavy metals were analyzed. A molecular mechanism model was
constructed with consideration to three influencing mechanisms. Finally, we analyzed the current
problems and limitations and prospected the future development direction, aiming to provide support
for the remediation of heavy metal-organic co-pollution.

Keywords: heavy metals; chlorobenzenes; biotransformation; influence mechanism model;
multi-omics
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Figure 1 Typical chlorobenzene organic pollution sources and hazards'*!. CBs are derived from sources such
as pharmaceutical intermediates, fossil fuel combustion, pesticide use, volcanic eruptions, and industrial leaks,
and after entering the environment, they cycle through the atmosphere, water, and soil media through processes
such as volatilization and settling. CBs can accumulate in the bodies of animals and plants, enter the human
body through the food chain, and the vast majority of them have teratogenic, carcinogenic, and mutagenic
characteristics.
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Table 1 Research progress in enhanced degradation of CBs by functional strains

Eubacterium Strain Source Degradation Degradation rate  References
mechanism constant

Lysinibacillus LWI3 Mature mud samples of chlorobenzene Assimilation 97.0 g/(m*-h) [17]

fusiformis long-term domestication

Ralstonia pickettii L2 Bacterial consortium samples collected in Assimilation 117.0 g/(m*-h) [18]

biotrickling reactor treating CB

contaminated gas streams

Delftia tsuruhatensis LW26 Biotrickling filter for CB contaminated ~ Assimilation 25h7! [19]
gas flow

Pseudomonas FYO01, FY04 Activated sludge in sewage treatment FY04 52.4% [20]
aeration tank of Fushun No. 2 petroleum FYO01 47.2%

Bacillus FY02, FY03 plant FYO02 44.8% [20]

FY03 42.6%

Microbacterium TASICB Gas station, garage and other hydrocarbon Assimilation 60.0% [21]
contaminated sites

Comamonas KT5 Soil, mud, river sediments, sewage sludge Assimilation [22]

testosteroni samples and industrial wastewater from

Bacillus subtilis DKT several hazardous waste treatment sites in
southern Vietnam were thoroughly mixed

Labrys portucalensis F11 Sediments collected from contaminated  Co-metabolism [23]
sites

Pandoraea MCBO032 Samples from bioreactors Assimilation [24]

pannomenusa

Ochrobactrum ZJUTCB-1  An activated sludge obtained from a Assimilation 170.9 pmol/(L-h) [25]
Hangzhou wastewater treatment plant

Sreptococcus WCB Petroleum contaminated soil in Liaohe Aerobic 93.2% [26]
oilfield

Pseudomonas LPO1 Activated sludge in sewage treatment 93.9% [27]
aeration tank of Fushun No. 2 petroleum
plant

Sreptococcus JHO2 Activated sludge in sewage treatment 94.7% [27]

aeration tank of Jihua Group sewage
treatment workshop
Acinetobacter CB001 Jilin petrochemical company sewage [28]
treatment plant aerobic activated sludge,
surface sediment near the sewage outlet

and river water

Ralstonia pickettii L2 Biofilm on filler surface of biotrickling 99.0% [29]
bed for purifying chlorobenzene waste gas

Lysinibacillus LWI13 Mature sludge of long-term acclimated 93.8% [30]
chlorobenzene

Enterobacter CB-2 Activated sludge samples from Dalian 82.0% [31]
chemical plant

Flavobacterium DEB-1 Activated sludge in a sewage treatment 94.5% [32]

aeration tank

(%)

http://journals.im.ac.cn/actamicrocn
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iR 1)
Eubacterium Strain Source Degradation Degradation rate  References
mechanism constant
Bacillus cereus DL-1 Yancheng reed wetland rhizosphere soil 80.3% [33]
Pseudomonas THSL-1 Soil of chlorobenzene production [34]
stutzeri workshop in Tianjin chemical plant
Bordetella E3, F2 chlorobenzene contaminated soil >90.0% [35]
Trametes versicolor 91.1% [36]
(1,2,3-TCB),
79.6%
(1,2,4-TCB)
Ral stoniapickettii H2 Biotrickling bed filler for purifying 97.5% [37]
strain chlorobenzene waste gas
Sphingobium HC3 Collection of contaminated soil samples  Aerobic 44.9% [38]
fuliginis in areas long-term contaminated by PCBs
Delftiatsuruhatensis LW26 Activated sludge in wastewater treatment [39]
tank of a pharmaceutical factory in
Zhejiang
Pseudomonas HD-1 Waste pesticide factory soil 59.6% [40]
mosselii
Ochrobacterum ZJUTCB-1  Activated sludge in Hangzhou Qige Aerobic 19.6 mg/(L-h) [41]
wastewater treatment plant Anaerobic 23.6 mg/(L-h)
Kocuria KD139 Sludge from sewage outlet of Tianjin 39.0% [42]
Rhodococcus KD140, chemical plant 32.0%-40.0% [42]
KD142
Bacillusd KD178 54.0% [42]
Arthrobacter KD230 7.8%—-47.0% [42]
Sentrophomonas KD237 60.78% [42]
Paenibacillus ORNaP1 Obertro Lagoon on the Tyrrhenian coast, Aerobic 87.0% [43]
Pseudomona ORNaP2 central Italy Aerobic 92.0% [43]
Acinetobacter WH-L1 River system near Changzhou City, 94.1% [44]
Microbacterium WH-L2 Jiangsu Province 72.7% [44]
oxydans
Serratia marcescens WH-L3 67.8% [44]
Bacillus subtilis GY1 Water samples collected from Guilin 61.6% [45]
Bacillus megaterium GY2 pharmaceutical factory, dye factory, 62.7% [45]
Bacillus anthraci GY3 Lijiang River and Taohua River 60.9% [45]
Bacillus GY4 62.5% [45]
stratosphericus
Dehal ococcoides CBDBI A medium containing 15 pmol/L Anaerobic [46]
1,2,3-trichlorobenzene and 15 pmol/L
1,2,4-trichlorobenzene as electron
acceptors
Dehalobacter An industrial pollution site in Liuhe, Anaerobic (3.240.4) umol/d  [47]
Nanjing
Dehalobium Homsbush Bay pollution source srea Anaerobic [48]

<l actamicro@im.ac.cn, & 010-64807516
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CBs biodegradation pathway and key enzyme genes . CB aerobic transformation and

degradation occurs gradually under the action of a series of enzymes, such as dioxygenases,
dihydroxychlorophenol dehydrogenases, and mutases. The type of microorganisms and experimental conditions
have a significant impact on HCB anaerobic dechlorination, and different strains can produce different isomers.

Dehalococcoides, Dehalobacter, and Dehalobium are the most typical dechlorinating strains.
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Table 2 Effects of heavy metals on biodegradation of chlorinated aromatic hydrocarbons under aerobic
conditions

Metal  Organic Lowest metal concentration Microbe pH References
As™ DDT 5 mg/L* Indigenous community NR [61]
Cu**  2,4-DME 0.027 mg/L? Indigenous community 5.0 [62]
Cu? 2,4-DME 0.076 mg/L? Indigenous community 6.1 [62]
Cu**  4-CP,3-CB,2,4-D,XYL,IPB,  <14.3-71.6 mg/L*" Alcaligenes sp., Pseudomonassp., 7.0 [63]
NAPH, BP Moraxella sp.
Cu’* PHB 8 mg/L* Acidovorax del afiel dii 6.9 [64]
Cu? Crude oil 6.30 mg/L*? Pseudomonas sp. 7.2 [65]
Cu®* Crude oil 11.25 mg/L* Micrococcus sp. 7.2 [65]
Cu** PH 0.01 mg/L* Acinetobacter calcoaceticus AH 7.8 [66]
cd** 24D 24 mg/L* Alcaligenes eutrophus JIMP134 6.0 [67]
cd* 24D 0.000 06 mg/L? Alcaligenes eutrophus JMP134 82 [67]
cd** 24D 0.000 06 mg/L* Alcaligenes eutrophus JIMP134 8.2 [67]
cd* 2,4-DME 0.100 mg/L* Indigenous community 6.5 [62]
Cd** 2,4-DME 0.629 mg/L? Indigenous community 5.6 [62]
cd** 24D >3 mg/L* Alcaligenes eutrophus JIMP134 6.0 [67]
cd* 24D 24 mg/L? Alcaligenes eutrophus JMP134 6.0 [67]
Cd**  4-CP,3-CB, 2,4-D <25.3-50.6 mg/L ** Alcaligenes spp., Pseudomonas spp., 7.0 [62]
Moraxella sp.
cd* PHEN 1 mg/L* Indigenous community 7.6 [68]
Ccd**  TOL 37 mg/L* Bacillus sp. 59 [69]
Co**  4-CP,3-CB, 2,4-D, XYL, IPB,  <13.3-1.330 mg/L*" Alcaligenes spp., Pseudomonasspp., 7.0 [64]
NAPH, BP Moraxella sp.
cr*t 2,4-DME 0.177 mg/L* Indigenous community 6.1 [62]
Cr®  4-CP,3-CB,2,4-D, XYL, IPB, <131 mg/L*® Alcaligenes spp., Pseudomonas spp., 7.0 [62]
NAPH, BP Moraxella sp.
Hg**  2,4-DME 0.002 mg/L? Indigenous community 6.8 [62]
Hg2+ 4-CP, 3-CB, 2,4-D, XYL, IPB, <45.2-226 mg/L ab Alcaligenes spp., Pseudomonasspp., 7.0 [62]
NAPH, BP Moraxella sp.
Mn®"  Crude oil 317.0 mg/L* Pseudomonas sp. 7.2 [65]
Mn®>"  Crude oil 28.2 mg/L*? Micrococcus sp. 7.2 [65]
Ni** 4-CP, 3-CB, 2,4-D, XYL, IPB, 5.18-10.3 mg/L*® Alcaligenes spp., Pseudomonas spp., 7.0 [63]
NAPH, BP Moraxella sp.
Ni**  TOL 20 mg/L? Bacillus sp. 5.9 [69]
Pb** Crude oil 2.8mg/L? Pseudomonas sp. 7.2 [65]
Pb>*  Crude oil 1.41 mg/L? Micrococcus sp. 7.2 [65]
Zn** 2,4-DME 0.006 mg/L? Indigenous community 6.4 [63]
Zn** 2,4-DME 0.041 mg/L* Indigenous community 5.6 [63]
Zn* 4-CP, 3-CB, 2,4-D, XYL, IPB, <29.5-736 mg/L*® Alcaligenes spp., Pseudomonasspp., 7.0 [63]
NAPH, BP Moraxella sp.
Zn*"  pH 10 mg/L? Acinetobacter calcoaceticus, AH 7.8 [66]
Zn*"  Crude oil 0.43 mg/L? Pseudomonas sp. 7.2 [65]
Zn*  Crude oil 0.46 mg/L* Micrococcus sp. 7.2 [70]
Zn** TOL 2.8 mg/L? Bacillus sp. 5.9 [69]

DDT: 1,1,1-trichloro-2,2-bis (4-chlorophenyl)ethane; 2,4-DME: 2,4-dichloro-phenoxyacetic acid methyl ester; 4-CP:
4-chlorophenol; 3-CB, 3-chlorobenzoate; 2,4-D: 2,4-dichlorophenoxyacetic acid; XYL: Xylene; IPB: Isopropyl benzene; NAPH:
Naphthalene; BP: Biphenyl; PHB: Polyhydroxy butyrate; PH: Phenol; PHEN: Phenanthrene; TOL: Toluene; MTC: Maximum
total concentration; NR: Not reported; * Value represents total metal added to system; °: Value represents MIC calculated by
multiplying MTC by a factor of 2.25.
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Table 3 Effects of heavy metals on biodegradation of chlorinated aromatic hydrocarbons under anaerobic

conditions

Metal Organic Lowest metal concentration ~ Microbe pH References
cd* 2-CP, PH, BEN, 3-CB 0.5-1.0 mg/L® Indigenous community 7.0 [71]
cd* 2-CP, 3-CP 20 mg/L° Indigenous community 7.0 [72]
cd* TCA 0.01 mg/L*? Indigenous community 6.9-7.4 [73]
cd* TCA 0.2 mg/L*? Indigenous community 6.8 [73]
cd* HCB 0.75 mg/L*? Indigenous community NR [11]
cr® 2-CP, 3-CP 20 mg/L° Indigenous community 7.0 [72]
cr® 2-CP, PH, BEN, 3-CB 0.01-0.5 mg/L® Indigenous community 7.0 [71]
cu? 2-CP, PH, BEN, 3-CB 0.1-1.0 mg/L® Indigenous community 7.0 [71]
Cu? 2,4-DANT, RDX 4 mg/LP Indigenous community 6.5 [74]
Cu? 4-ADNT 8 mg/L° Indigenous community 6.5 [74]
Cu? 2-CP, 3-CP 20 mg/L® Indigenous community 7.0 [72]
cr® 2-CP, 3-CP 20 mg/L° Indigenous community 7.0 [72]
Pb** HCB 0.75 mg/L® Indigenous community NR [11]
Pb** 2,4-DANT, RDX >0.001 mg/L° Indigenous community 6.5 [74]
Hg* 2-CP, PH, BEN, 3-CB 0.1-1.0 mg/L® Indigenous community 7.0 [71]
Zn** PCP 2 mg/LP Indigenous community NR [75]
Zn* 2,4-DANT 0.001 mg/L Indigenous community 6.5 [74]

2-CP: 2-chlorophenol; BEN: Benzoate; 3-CP: 3-chlorophenol; TCA: Trichloroaniline; HCB: Hexachlorobenzene;
2,4-DANT: 2,4-dinitroanisole; RDX: Cyclonite; 4-ADNT: 4-amino-3,5-dinitrotoluene; PCP: Pentachlorophenol; NR: Not
reported; *: Value represents solution-phase concentration of metal present in system; °: Value represents total metal added

to system.
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Figure 3 Molecular mechanism prediction model for the effect of heavy metals on CBs biodegradation. Heavy
metals can bind to the active site of the enzyme, hinder the binding between the enzyme and the substrate, or
interfere with the metal ions required for the enzyme-catalyzed reaction. Heavy metals can also bind to
substrates or reaction products, thereby changing the reaction equilibrium and further inhibiting the conversion
process. Or form stable complexes to inhibit the catalytic activity of the enzyme by competitively inhibiting the
binding of metal ions to the enzyme.
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Figure 4 Multi-omit techniques analyzes the molecular mechanism of the effect of toxic substances on
microorganisms. By combining genomics, transcriptomics, proteomics, and metabolomics, the analysis of the
DNA, RNA, proteins, and metabolites of functional microorganisms under the influence of toxic factors
reveals the composition of functional genomes, differences in gene expression, secondary metabolites and
their metabolic pathways, ultimately elucidating the transformation pathways of CBs in complex
environments.
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