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O OE: AEATRA, AAVBRRRES S Z A T Lk S AR A FA Y, ARG TEN, BLL
A AR BACHT, A RS TRAEKM. Bk, AR GREDEMRRT 4 FOMTAE, BEFER
Rk, NEREEBRLALE B ERYTEEIN—NREARE (%5 H YC-BIL), FFEMEMISHE. RMDEAZMAT
AR S AN 3G mAT AT R MR, Z AR 5 A4 BB = KBS (Triphenyl phosphate, TPhP) Fu s =
¥ KB (Tricresyl phosphate, TCrP), 32 7« 4 d 44 52 ZLT 100 mg/L TPhP F= TCrP 44 2 A& fE , M fig 5 4 5] % 99.8%
Fo 91.9%. Mf4FHAR LI, ZRSGAHLA B ENAREREE S, RBERTOARELHT (BA 15-40 C,
pH 5.0-12.0, 0%—4%3E) #R3Fst TPhP 69 M fg bt /. R E AT LI, BB A YC-BIL #895 fg 3004 2A HLBk
FRKF], 3EF4d, stERBR= (1,3-—&FAA&) B (Tris(1,3-dichloroisopropyl) phosphate, TDCPP) #=#&82 = (2-
# T HK) B8 (Tris(2-chloroethyl) phosphate, TCEP) &9 % % 47| % 16.5%#= 22.0%. 16S rRNA MK B HAt %+t 5-
WA, BAEA YC-BIL T WA FE R G069 3ANE B o A2 4 L4 H & Hyphomicrobium (38.80%). 4 & AT H &
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Characterization and 16S rRNA gene-based metagenomic
analysis of the organophosphorous flame retardants
degrading consortium YC-BJ1

Junhuan Wang, Xianjun Li, Wei Wu, Shuanghu Fan, Yang Jia, Jiayi Wang, and Yanchun Yan

The Graduate School of Chinese Academy of Agricultural Sciences, Beijing 100081, China

Abstract: As flame retardants, organophosphate is recognized as a global environmental contaminant because of its wide
application. This contaminant is hardly degradable by hydrolysis in the environment due to its special physicochemical
properties. Therefore, it is of urgent needs to study the microbial degradation of organophosphate. Through continuous
enrichment, we isolated one bacterial consortium, named YC-BJ1, from leachate of waste treatment plant in Beijing. The
bacterial consortium YC-BJ1 could efficiently degrade 99.8% of triphenyl phosphate (TPhP) and 91.9% of tricresyl phosphate
(TCrP) with the concentration of 100 mg/L within 4 days. Besides aryl phosphates, it could degrade chloro-phosphates,
tris(1,3-dichloroisopropyl) phosphate (TDCPP) and tris(2-chloroethyl) phosphate (TCEP) by 16.5% and 22.0% respectively.
The degradation of the consortium on TPhP was optimized through a broad range of temperature (15-40 °C), pH (5.0-12.0)
and salinity (0%-4%). 16S rRNA gene-based metagenomic analysis revealed that Hyphomicrobium (38.80%),
Chryseobacterium (17.57%) and Sphingopyxis (17.46%) were the dominant genera of the consortium YC-BJ1. Compared with
the reported organophosphorus flame retardants (OPFRs) degrading bacteria and microflora, the mixed microflora YC-BJ1
exhibited great advantages in degradation efficiency and environmental adaptability, demonstrating its wide application
potential. The enrichment and isolation of highly efficient degrading flora can provide abundant microbial resources for the
degradation of OPFRs and the bioremediation towards OPFRs-contaminated environments, and also lay a solid foundation for
the exploration of its degradation mechanism.

Keywords:  organophosphorus flame retardants, triphenyl phosphate, biodegradation, bacterial consortium, 16S rRNA
gene-based metagenomic analysis
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OPFRs HAj I Fiz i 68 1) H-#E 4> 3R Bl P 383 A7
E[lQ-ZO]O
TEFTA ) OPFRs H1, 7% TCPP F1 TDCPP
BEL A S v, BEER = T WE (Tri-n-butyl
phosphate, TnBP), TBEP £l TCEP I X} 3 5 4 %) iy
HAT M2 P R0 20 B T 1) S 3K
B], —#& OPFRs (TDCPP. TPhP. TCrP) H.A W
ST BE I BE A R R Ik A R S A A s
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Table 1 Reported OPFRs-degrading microorganisms

PP R B AP e AR B AEE) . 500 pg/L TPhP
K B KR 3 HA R B D R AR PO A
HiE 15 ) TDCPP B8 & il E A M. i,
PRI JCAE ASTER) OPFRs Xof A ZSfa R — KU

ELRIE Y OPFRs LB AT Gk wsk
FA T S o O R W R e B 4
Fir, e, AEYMEE LAWK, k. A
ik, HEEALF. HED, CRIER OPFRs MR A
%, HEZNIRGHEREC, g R LR, BT
1#J& Roseobacter®) #% i¥ ¥ i Sphingomonas
FWSASTE)E SphingobiumBo4ON L & 4 45 2F H AT 1
Brevibacillus brevis™™, 3 1 %112 T #843 C 4438 19
RA TR LU, AR . AR IS L I

B%ﬁ’i E[=

o F LB T RIRA RIRERE i OPFRs

B, HA 3 RHRR) T HARR R R, Hop

Year Source & microorganisms Substrates & degradation efficiency Reference
1975 A mixed bacterial population isolated from mud TCrP, TPhP, trixylenyl phosphate (TXP) [31]
sample of Shell Lake, Canada
1979 Naturally occurring mixed-microbial populations TPhP, TCrP, TXP, TEHP, cresyl diphenyl [32]
present in activated sludge and river water phosphate (CDP), tert-butylphenyl diphenyl
phosphate (t-BPDP), isodecyl diphenyl phosphate
(IDDP), 2-ethylhexyl diphenyl phosphate (EHDP)
1984 Mixed sediment microflora collected from Missouri, US Isopropylphenyl diphenyl phosphate (IPDP) [33]
1986 Microcosms containing Over 37% of t-BPDP (5-55mg/L) was mineralized [34]
sediment and water from five different ecosystems in US after 8 weeks
2002 Leachate from a sea-based solid waste disposal site, ~ Aryl-phosphates (TCrP, TPhP), alkyl-phosphates  [35]
osaka North Port, Japan (TnBP), chloro-alkylphosphates (TCEP, TDCPP)
2008 Mixed bacterial cultures 67E and 45D enriched from  Completely degraded 20 pmol/L TCEP and [36]
soil and sediment samples, Niigata, Japan TDCPP within 6 h
2014 Activated sludge from either the Amsterdam West or ~ Aromatic organophosphorus flame retardants TPhP  [37]
the Amstelveen sewage treatment plants, US (20 mg/L, 99.0%z+24.3% within 28 h), resorcinol bis
diphenyl phosphate (PBDPP or RDP) and bisphenol-
A bis diphenyl phosphate (BPABDPP or BDP)
2004 Roseobacter YS-57, isolated from the leachate of a TCrP, TPhP (0.5 mg/L, over 99% within 3 days) [38]
seabased waste disposal site, Osaka North Port, Japan
2010 Sphingomonas sp. TCM1 and Sphingobium sp. TDK1, TCEP and TDCPP (20 pmol/L, 100%, as the sole  [39]
isolated from soil and sediment samples, Niigata, Japan  phosphorus source within 6 h)
2018 Brevibacillus brevis, isolated from an e-waste TPhP (the highest degradation efficiency of 3 umol/L [41]
dismantling area in Guiyu, Guangdong Province, China  TPhP by B. brevis reached 92.1% at pH 7 and 30 C)
2019 Sphingomonas sp., isolated from the tailing sand of TnBP could be utilized as the sole carbon source  [40]

Hechi City, Guangxi Province, China

(375 umol/L, over 90%, 63 h)
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o e 1 R A3 B SR NG K AR IS PETRTE . 28 h
IAREASIG 20 mg/L 1) TPhP & 99.0%+24.3%57;
F 1 402% T EARGE 43 5 ¥k OPFRs FEff i, H
HhE e R R & — 4Kk Sphingomonas sp., REMETE
63 h PSR # g 90%MY TnBP (100 mg/L), 3 H. &
L 2 38 1 ME— —#R BB A% F1] FH OPFRs A4 Jhy M — Rk 52
A K EBEY; 438 H HACE Sphingomonas sp.
TCML1 #1 Sphingobium sp. TDK1 R[4 f#% TDCPP
HTCEP, fEAME—MEN, 5537 6 h gl 100%KF
fi# TCEP (5.7 mg/L) 1 TDCPP (8.6 mg/L)®, H
A O A28 1Y) OPFRSs R IME WA UE ML, IR
ez Xt HL AR AR ) SR A PEAR RS X AR
kT 52 RE T -

R, AW 2 H I S RS = A%
fift OPFRs A=, F1 D34 7T R 52 M o gk 3003 1)
WEHF . Wb b B i h & £ 58— 4
IRGWHE YC-BI1, BEME=RUf%fM OPFRs, JfXf
R | YIS LA R R A R AT T A3
1 ®HBR57%
1.1 ##
111 ZyEh

Fi A2 50 E BRI . % 2 51 T At
5 H 5 I ) OPFRs. #5ifEfh TnBP (99.25%) . TBEP
(93.0%). TEHP(98.74%). TCEP (98.73%). TDCPP
(95.44%) . TCPP (99.65%). TCrP (98.6%) #il TPhP
(98%) ¥ 1 Dr. Ehrenstorfer GmbH /A /] (ffi[E,

&2 KARPH RGBT
Table 2 OPFRs involved in this paper

EHTER), WA TFHBESCE N (i), ok
J 7 2x10% mg/L fRE
1.1.2 BFE

BRI TEM fid )y : 1.0 L /K Hasm
2.0 g (NH,),S04. 1.5 g NaHPO412H,0. 15 g
K,HPO,4.0.2 g MgS0,-7H,0.,0.01 g CaCl, 1 100 uL
TES 47 - TES i -2 1% FeSO,7H,0 (5 g/L).
ZnS0O,7H,0 (2.2 g/L). CuSO45H,0 (0.3 glL).
MnSO,-2H,0 (14.3 g/L). CoSO,7H,0 (1.2 g/L).
Na;Mo042H,0 (0.2 g/L) #1 Na;WO,2H,0 (2.3 g/L).
A NaOH ={# HCI (2 mol/L) P 533 pH hy
7.240.2, s HALT EM pH. Prf 855 A
121 C FEEKEE 20 min, [Ef#sz8 4, 18 TEM
B IR FEH N OPFRs A Ay e — B .
1.2 7%
1.21  ZMaAE KRR

il R Ab-0T WA T (SRR, ThEHiE %
M, FEEBRRLEL) K0 600 nm T IOEEE (ODgo),
DA A A
1.2.2 EXBAHEE

il OB EEAL (e, M, AL
Rl TPhP ¥, HAKFLEANT : Cis #E (Agilent
Eclipse XDB, 5 um, 4.6 mmx150 mm), #4551
Krmigs, 205 nm, PERERE 10 uL, WshAl (ZHEFIK
9:1), W 1 mL/min, 25 'C. FN TPhP iy
VERREEIAIG, BT AFEAAH M ASE R 20, 1R’
5], 022 um B (EiE, Z23) RS AR BORIAS I

Type IUPAC name Abbreviation CAS

Alkyl-phosphates Tri-n-butyl phosphate TnBP 126-73-8
Tris(2-ethylhexyl) phosphate TEHP 78-42-2
Tris(2-butoxyethyl) phosphate TBEP 78-51-3

Chloro-alkyl-phosphates Tris(2-chloroethyl) phosphate TCEP 115-96-8
Tris(1,3-dichloroisopropyl) phosphate TDCPP 13674-87-8
Tris(1-chloro-2-propyl) phosphate TCPP 13674-84-5

Aryl-phosphates Tricresyl phosphate TCrP 1330-78-5
Triphenyl phosphate TPhP 115-86-6

% : 010-64807509 B<: cjb@im.ac.cn
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1.23 SAMHiE

2 2 526 A9 HAy OPFRs NI FFAUHH (a3 AU
M, HAEH: GC-2010 R4E, FEWT, HP-5E
HAEHE (N4 0.25 mm, £ 30 m, flJE 0.25 um),
KIGES TR IS (300 C), #EAER 5 uL, ZAK Ny,
ik 1.51 mL/min, FEHLL 10 C/min {93 5
160 ‘CZEHIHIME 280 ‘C, FFAE 280 CI%F;
4 min, FMEREAHN Hy (40 mL/min) FizS
(400 mL/min), 7KAI9 ) OPFRs ¥ J¢ s 2 &4
FUEC e WA NI, SR 5 ARSI
1.2.4 OPFRs AREMNEE

AL AL REEB B, 4 Chfifr.
£ 100 mL pHEE T, JIA 30 mL 9 TEM 15
. ¥shn 20 mg/L 19 TPhP 1 5 mL ZKAE, 30 C.
180 r/min £53% 7.d, BU1 mLiZEiFmk, ¥E300
(1) TEM B532 5L 343 40 mg/L (¥ TPhP, 4[]
ST AREERE SR 7 do WL ER 5K, E TPhP ()
WRERAIN A 100 mo/L. AR n] RENS /D RE H 5
AT, A A b sl RV T R R 2 ) B
W 234 35d WEEMYIML, 53] 7T IR,
WGBSR A4 YC-BI1, f81EAE 4 CLIEE
o FEIRSLBEfR LI, s R A E ARl
W, HERHBIN 1%,

e R R 1% M B & A 100 mo/L
OPFRs [ 10 mL TEM #5575k, 30 *C. 180 r/min
oIt 4d, BB S 3 NEE, XN
A, AR 1.2.2 01 1.2. 3 Fl A 9y A R ik B
KoM E%(ES 5 OPFRs MM HAZLIMERR (3L
ARGV, FrLL OPFRs (R At S AR X B I S2 56
2z ) IS5 S R
1.2.5 TPhP F¥f#EBERI AN E DL

GR35 VR R 240 L B BB P R A B T o B 1 mL
B3 5d YRR SR, 12 000 r/min 5.0 5 min,
i 0.22 pm I E BIEIFT 4 CIRAF, Wik
HEVEIE 1 mL L) TEM B53adidh, B nime
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4 At 2 W ARV W, 12 000 r/min 5.0 5 min, I I
BIY y 240 B B B o AE L RN 40 B O o A
20 mg/L TPhP, 30 “C. 180 r/min #k¥7%£53%E 12 h,
Xof B U NG S I R 5 TEM 557 2 . g d1ik
3N, i 1.2.2 Pk Iy ks MR B
1.2.6 FFEEEFXT TPhP FEfE MR

R PR AL PRSI 22 M, R OR [R) BR 8 I X
TPhP (100 mg/L) HYFEf#ESZN, fLF5IREE (15 C.
20 ‘C, 25 °C, 30 ‘C. 35 ‘C. 40 C). pH(4. 5.
6.7.8.9, 10, 11, 12) ML (0%. 2%. 4%,
6%. 8% g/mL NaCl ). 557 4d, B4k 31
HA L 4% 1.2.2 Frd iR R
127 EHEEWNFTE RSB AN

fii /] TaKaRa &t FARBULF & (B, K
#, FHEEYRAR) RBUREGHERE S DNA, It
3AEA, A IFNY . P74 16S rRNA ARl 42
TRAFIXEL (V3+V4), F X/ i B, it
Ilumina HiSeq 2500 =53 & 77 40 7 . @ §f
¥ (UCHIME v4.2), #43E (Trimmomatic v0.33) #l
AR (UCHIME v4.2), WIS T AL T
B PR AR IR A RO o 181 QUMEN (version
1.8.0) Ty UCLUST REHRUTHI, DL 97%HIHH
I 3545 ia 543 25 By, (Operational taxonomic
units, OTUs). FEF Silva (410 5288048 %) *f
OTUs #4143 2 # . 1 1 Mothur (version v.1.30)
AT alpha ZFEE 20T
13 #ZEEFIIRS

PR AHERE YC-BIL Y 16S rRNA LK AL/
P %3] NCBI R, J¥51145h SRS4436212,

2 BREMT

21 HEHEEREX TPhP HIPERE

AT 5T AL 5 b A PR T 3808 W 4R 5]
—AMRA TR, IR BTSRRI A 4 0 YC-BIL,
MR KB, TRAHEE YC-BIL REME AL 4 fi
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TPhP (100 mg/L), 1537 4 d HYREA#R 55 99.55%,
1d WA B —F 0 TPhP 8RR (& 1),

REfE R TPhP IR G WHFC AME., — 18
B AR BIR G R T4 RE % 1 TPhP A5 Ay o —fik
WA K, AR R AR RET AR
T BRI E IR T4 RE S AE 7 d INRR AR IR FE i ik
91 mg/L ) TPhP, [N 93%+11%, £ iH
FRIGHEIRTERENS 7E 28 h PKE TPhP (20 mg/L) 584
TALIFRIL CO,, MfRET 60%°1, ST ikiH
IR AL, ABFRE P IR G W YC-BIL
AR H S TPhP [FfiGtE, HTTE 4 d ik
g SEBINT 100 mg/L TPhP RS , B ff-K 5 T 99%.

2.2 RAESR TPhP EiRESE(L

HPLC Kl iS4 TPhP (82, DLt Hg 1iE
I AR B A R R TS o 5 AR BURAR e,
HXF TPhP JLTPIA M (% 3), RUNRG AT
YC-BJL H1 i) TPhP 7K fiff Big 1% A B 2 4 A1 .
PAFERIRFSE B, TPhP JK B REA M AMEE, A7
ML . Roseobacter sp. YS-57 H1f#% TPhP /K fif it
AN T E 4 E NS TPhP AR 1
K AR B g I Y B TR SE S, BT
TPhP /KT 2 IR ABIBESY , fdhalifh . ik
B2 L LR 5T

100y

90¢ —o—Control
80+ ——YC-BJ1
——Cell growth

701
60r
50r
40¢
307
201
107

0

TPhP concentration (mg/L)
Cell growth (ODy)

Time (d)

B 1 EAHEE YC-BJL X TPhP (100 mg/L) Hip%fE
Fig. 1 Biodegradation curve of 100 mg/L TPhP by
bacterial consortium YC-BJ1 and cell growth curve. Each
data point represents the mean of three replicates.
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*3 RA®EEE YC-BIL f TPhP KIREGAY E L

Table 3 Localization of TPhP hydrolases in the OPFRs-

degrading consortium YC-BJ1
Hydrolases source

Degradation rate (%) ®

Supernatant 0.27+0.28
Cell extract 97.22+2.62

a: each value represents average (n=3) + STEDV.

2.3 INEETFX TPhP PEARAY SN

N T AR A HRE YC-BIL UPREE Bk, 2
R, ZEARRI S50 T AT 1 — FR A 0 R 52
5, fWiEpH (4. 5. 6. 7. 8, 9, 10, 11, 12),
Y (15 C.20 C.25 C.30 C.35 C.40 C)
FIELRE (0%, 2%. 4%. 6%. 8% g/mL NaCl %5/).
SE TR DL R, R IR G T YC-BIL
Fiff: TPhP G S pH 7. 25 °C, Jehifn.,
I HIRAERE YC-BIL FEUH T L i R 88E  1:
REMSTEAL ST PAEE I N ORIFAS =Y TPhP RfdlG
P, pH (5.0-12.0). I (15-40 C) FIELE (0%-
4%) (& 2), 7 FRFETLEN, IREHRE YC-BIL
Xif TPhP [IREAfR I UERFTE 40%L) I, FeBL AR 1)
W2 Re ), UWHEA T Z i Vg e

R TR B LA, JRATTEXT B 2 BREff
BARAE T ANHERE ) AT 1) SRR R
MRS, 76 pH 4-12, JEJE (15-40 C) FIEhpE
(0%—6%) M iz T, 3 4 d J5, IREHEH
YC-BJ1 X} TPhP £ I %% (One-way ANOVA,
P<0.05); 2) Xt[Rl—¥EEHE T F BRI TN
XF, RBGZIE AN, 7E pH 6-10 XAy (& 2A,
“c”bRiE), 15-30 CHREXIEIN (K 2B, “a”tpi),
0%—2% L LRI (& 2C, “a"briE), IRAHRE
YC-BJ1 Xf TPhP WREM A o255 o Wkt
FW, WA YC-BIL MR 12 BB 5%
1T S TPhP, B RIS DR AL i R A0

pH | T LA R 3 BE R AR W i BAG A iR 1Y) 52
i A1) (EE: H R B PR DR TS BES X TPhP
R s . BRI R KA — 0 SCE T T — A
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A [—1Degradation rate
-mCell growth
100k s —([:— < . 0.40
90} ] — 10.35
s 80 1030 3
g 70 ¢ 1025 9
g 60 H '
: . =
g 50t b pri 020 %
= | ™~ 2
b 40 0.15 &
& 30, W o103
o 20t k:

1ol 10.05
T35 6 7 8 9 10 11 120
pH

B [JDegradation rate
a a a -=-Cell growth
100r 3 _I_ = 10.7
90t b lo6
3 80} N 3
o 70t i - 10.5
ER ¢ 2
o o 104 =
S 50 z
= I = 103 &
g 40 \\ g
& 307 /}/ 1023
a 20t o
10l .// \. 10.1
: 15 20 25 30 35 40 00
Temperature (°C)
C [IDegradation rate
100l &4 & b -#-Cell growth
_ 10.5
90
L Q
& 60 103 %
g 50 S
T 40 {02 g
= C
£ 30 \ | %
] 20 TR 10.1 O
10 d
=% —2 —4 6 8§ 00

Salt concentration (%)

B2 IEEFIESER YC-BILERE TPhP By S0
Fig. 2 Effect of environmental factors on degradation
of TPhP by bacterial consortium YC-BJ1. (A) Effect of
pH (4,5, 6, 7, 8,9, 10, 11, 12). (B) Effect of temperature
(15 °C, 20 °C, 25 °C, 30 °C, 35 °C, 40 °C). (C) Effect of
salinity (0%, 2%, 4%, 6%, 8% g/mL NaCl addition). The
initial concentration of TPhP is 100 mg/L. Each data
point represents the mean of three replicates. The
different letters represent significant differences at P<

0.05 (One-way ANOVA).
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B4 A K ATR A T RE SWO AYBREEIE N1, %8
KREMS 7E pH 4.0-9.0, JRJ¥ 25-37 C fIikh &
0%—10% 3t [l 1N [ i 22 31 95 e 1. 538 4 1
SWO #itk, BRTHE, IRAWME YC-BIL XfRE
1 pH #BA B SERI T 2 a5 S SWO H4EA
WK, T YC-BIL W& 4 A BB e W, KR
1935 v RE 71 55 T I #E SWO.

2.4 REBEE YC-BJL X OPFRs HYP&#7

FHR G R YC-BIL A0 254 100 mg/L A
[ OPFRs i TEM $555kH, K558 4 d S5 R IIIK
YR fe, B IE 3. IRA TR YC-BIL %
PR D S SV A e O -, A v L R iy L
BRlE, X TPhP HI TCrP WM 478 90%LA |,
Xof % SRR g 1) R RCRBLAIR, % TCEP #1 TDCPP
RE#STE 20% 4547, B T TEHP (10%F%f#), JL
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Fig. 3 OPFRs degradation by the consortium YC-BJ1
within 4 days. The initial concentration of each OPFRs is
100 mg/L. Each data point represents the mean of three
replicates. Double asterisks (**) indicate a statistical
significance of P<<0.01 (One-way ANOVA) compared with

the uninoculated control.
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Table 4 Bacterial diversity of the OPFRs-degrading consortium YC-BJ1

Samples Number of sequences

Observed OTUs Chaol ACE

Simpson Shannon  Coverage

YC-BJ1_01
YC-BJ1_02
YC-BJ1_03

57 257 41
56 818 40
57 214 40

42.50 43.327 2
40.00 40.399 3
40.33 41.104 3

2.202 2 0.999 9
2.2128 1
2.228 6 1

0.154 2
0.152 8
0.1519

A B

Sphingobacterium|().
Rhodopseudomonas|).
Others[f0.
Kaistia)0.44
Rhizobium[().52
Bradyrhizobium 0.52
Ochrobacttrum()(.63
Uncultured30.76
Unclassified[21.10
Dysgonomnas|31.15
hodococcus|31.73
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Fig. 4 Diversity and composition of the bacterial consortium YC-BJ1. (A) Rarefaction curve of observed OTUs (=97%

sequence identity) over the number of sequences. (B) Relative abundance of genus. The Y-axis represents the genera
over 1% relative abundance, with other genera classified as “Others” and the unclassified genera referred to as
“Unclassified”. The uncultured bacterium clone JG30-KF-CM45 was simplified as “Uncultured”.
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