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Abstract: Estrogen is an important class of environmental endocrine disruptors. Microbial
degradation is considered as one of the most greenest, environmentally friendly, and economical
methods to remove estrogens and remediate polluted environment. This paper analyzed the main
sources and hazards of estrogens, reviewed the reported estrogen-degrading microorganisms,
summarized the progress of genetic and genomics related to estrogen degradation, and described
the estrogen degradation pathways and mechanisms. Finally, the microbial degradation of
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environmental estrogens was summarized, and future research directions of estrogen

degradation was prospected.

Keywords: environmental estrogens; microorganism degradation; degrading enzymes; degradation

pathway; degradation mechanism
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Table 1 Physicochemical property of estrogen[7'10]
Name Molecular  Chemical structure Formula weight Water solubility 1g K,,, Melting H-bond capacity
formula (g/mol) (mg/L) point (°C)

El CisH»,0, 270.37 0.8-12.4 342 258-260 Strong OH donors
and acceptors, weak
T acceptor

E2 C,3H,,0, 5.4-13.3 3.94 175180 Strong OH donors
and acceptors, weak
T acceptor

E3 CisHy40; 288.38 3.2-133 2.81 280-282 Strong OH donors
and acceptors, weak
T acceptor

EE2  C,Hp40, 296.37 4.8 4.15 180-186 Strong OH donors
and acceptors, weak
T acceptor

DES  Cy3Hy00, 12.0 5.07 170-172 Strong OH donors

HO H,C

and acceptors, weak
T acceptor
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T e FE 4y 553 14.7 ng/L F1 8.8 ng/L, KV
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Table 2 Isolated estrogen-degrading bacteria

Class Organism Estrogen Concentration Degradation rate References

Bacterium Sphingomonas sp. CYH El, E2 500 mg/L 100% [10]
Microbial strain BH2-1 El - 89.5% (6 d) [11]
Serratia nematodiphila DH-S01 E1l - 93.47% (96 h) [12]
Spirulina sp. CPCC-695 El - 53.7%-94.5% [13]
Novosphingobium sp. El, E2, E3 1.75 pg/L 80.43%—-100% [14]
Nannochloris sp. El, E2, EE2 - 29%—-60% [15]
Acinetobacter sp. El, E2, E3, EE2 500 pg/L - [10]
Rhodococcus sp. El, E2 200 mg/L 90% (120 h) [3]
Fusarium sp. KY123915 E2 - 92.5% [16]
Bjerkandera adusta E2 - 88% [10]
Gordonia sp. E2 - 100% (48 h) [17]
Deinococcus actinosclerus SJTR1 E2 10 mg/L 90% (5 d) [18]
Stenotrophomonas maltophilia SJTH1 ~ E2 - 90% [18]
Pseudomonas putida E2, E3 - 90% [19]
Lysinibacillus sphaericus E2 - 97% [20]
Stenotrophomonas maltophilia Z1.1 E2 3.3 mg/L 100% (16 h) [21]
Nitrosomonas europaea EE2 1 mg/L - [22]
Pseudomonas citronellolis EE2 - - [19]
Serratia sp. DES - 68.3% (7 d) [23]
Serratia sp. AXJ-M DES 120 mg/L 76.89% (7 d) [24]
Serratia sp. DES - 90.0%—-96.7% [25]
Pseudomonas sp. J51 DES - 80% [26]
Bacillus subtilis JF DES 25-200 mg/L - [27]
Pycnoporus sp. E2 - 80% [28]
Pycnoporus sanguineus EE2 - 96.5% [29]

Fungi Phanerochaete sordida E1E2 - 98% (5 d) [20]
Mpyceliophthora thermophila El, E2, EE2 - 60%—-95% [30]
Aspergillus sp. M-4 DES 100 mg/L 93% (9 d) [31]
Aspergillus niger YAT DES 20 mg/L - [32]
Agaricus bisporus EE2 - 100% [33]
Lentinula edodes EE2 - 80%—100% [34]
Pleurotus ostreatus HK 35 El, E2, E3, EE2 - 90% [34]
Phoma sp. EE2 - - [35]

Algae Ankistrodesmus braunii EE2 - 40% [10]
Selenastrum capricornutum EE2 - 92% [10]
Raphidocelis subcapitata E2, DES 1.5 mg/L 54.1%-74.6% (96 h)  [36]
Scenedesmus dimorphus El - 85% [37]
Chlorella vulgaris El, EE2 - 52% [38]
Scenedesmus obliquus E1l - 91% [38]
Microcystis novacekii EE2 - - [39]

—: Not mentioned in the literature.
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Table 3 Genomic characteristics of estrogen-degrading bacteria

GC content (%) Total number of Chr and Pla References

Name Gene length (bp) Total genes
Rhodococcus sp. RHA1 9702 737 9 145
Klebsiella sp. K5-3 5978 730 6 047
Comamonas testosteroni JLU460ET 5 497 097 8939
Serratia nematodiphila DH-S01 5256 558 4874
Rhodococcus sp. DSSKP-R-001 ~5.4 Mb 5180
Acinetobacter sp. A.D-01 3132 860 2982
Burkholderia sp. CQ001 7 660 596 8 758
Rhodococcus sp. P14 5669 990 5501
Sphingomonas sp. KC8 4074 265 3950
Novosphingobium sp. Cholll 3 660 000 3532

67.00 Chr (1), Pla (3) [4]
55.94 Chr (1), Pla (1) [44]
61.37 Chr (1) [45]
59.53 Chr (1) [46]
68.72 Chr (1), Pla (2) [47]
41.61 Chr (1) [48]
66.90 Chr (1) [49]
70.42 Chr (1) [10]
63.70 Chr (1) [50]
62.44 Chr (2), Pla (2) [51]

Chr: Chromosomes; Pla: Plasmids.
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Table 4 The studies of estrogen degrading enzymes

JE S IRACHAR G AR R R R 2 S B H TR
U SRS S gt . ioh, B4
MR TR ER | ZARER . FSER R
WEASHS S TR MR

Categories Structure  Abbreviation Enzyme Encoding Degradation Strains References
gene substrates
Dehydrogenase Most HSD 3p/17B-hydroxysteroid- Asd4A  E2, El, Mpycobacterium sp., [55-56]
consist of dehydrogenase testosterone Nocardia sp.,
250-300 Rhodococcus sp. P14
amino acid HSD 3a-hydroxysteroid- hsd/hsd4H Acting on the  Mycobacterium sp., [53]
residues, dehydrogenase CH-OH group  Nocardia sp.,
most of donors Rhodococcus sp.,
contain at Pseudomonas sp.
leasttwo  KSTD 3-oxosteroid kstD Synergy with  Rhodococcus [57]
structural 1-dehydrogenase KSH, acting on erythropolis SQ1,
domains, the CH-CH Comamonas
the first group of donors testosterone
bound to the
coenzyme
and the
second to
the substrate
Hydroxylase — KSH 3-ketosteroid kshA, Cutting the C-C Selenastrum [10]
9a-monooxygenase  kshB double bond at  capricornutum,
C9 and C10, the Scenedesmus
core pathway for quadricauda,
aerobic Ankistrodesmus
degradation braunii,
Rhodococcus sp.,
Mpycobacterium sp.
Comamonas
testosteroni TA441
Less CYP Cytochrome P450 cyp450  Catalytic Bacillus megaterium, [58]
similarity hydroxylation of Nocardia sp.,
in primary aromatic and Streptomyces griseus
structure, aliphatic groups
all highly
conserved
in spatial
structure,
high
similarity
Dioxygenase — HAS 4,5-dioxygenase hsaAB  Cutting of the  Sphingomonas sp. [4]
A/B ring of KC8
estradiol
intermediates
HAS 2,3-dihydroxybiphenyl hsaC - Mpycobacterium [57]
1,2-dioxygenase tuberculosis

—: Represents it is not reported in the literature.
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iR %, R — AR 3y AL Wi
24k k. KRR RAR (B 2),

(1) E2 7 17p-F22K MIBE i AE T, D
W C17 REUE A E1, KRG C15. Cl6 fiifzkk
TRAE BN , PR R — 25 A% ) Scenedesmus
quadricauda Ff# B2 8 i S AR AR E2 5%
1k} E1 Fi1 4-OH-E2!°°! [ (2) E2 4 Rhodococcus sp.
oY, Sphingomonas sp.[&f#, A IRFRFAL WAl A=

Haematococcus pluvialis
Sphingomonas sp.

2-hydroxy-E1

Haematococcus pluvialis

Haematococcus pluvialis

EO0-generation

CH,
(8]

Haematococcus pluvialis

Estrolactone

Degradation pathway of E1 by microorganisms.
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Figure 2 Degradation pathway of E2 by microorganisms.
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Figure 3 Degradation pathway of E3 by microorganisms.
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Figure 4 Degradation pathways of EE2 by microorganisms.
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Figure 5 Degradation pathway of diethylstilbestrol DES by microorganisms.
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