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Abstract: [ Objective] Enchytraeus crypticus is a model species widely used in toxicology studies and soil
environmental risk assessments. It is known for its low sensitivity to polycyclic aromatic hydrocarbons (PAHS)
which are prevalent soil contaminants. However, there remains a lack of toxicokinetic research on this species. This
study selected phenanthrene as a representative PAH to investigate its toxicokinetics on E. crypticus under different

exposure concentrations. [ Method ] Laboratory experiments were conducted to study the toxicokinetics of
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phenanthrene on E. crypticus at three concentrations: 20, 40, and 80 mg-kg. Phenanthrene uptake and elimination
were monitored over time. Toxicokinetic modeling was used to calculate the uptake rate constant, elimination rate
constant, and bioaccumulation factor (BAF). A comprehensive model was also fitted to assess the overall
phenanthrene dynamics. [Result] The results indicated that phenanthrene rapidly accumulated in E. crypticus
during the initial exposure phase and reached steady-state concentrations of 47.83+11.69, 106.8+15.52, and
364.1+51.11 mg-kg™ at exposure levels of 20, 40, and 80 mg-kg™, respectively. During the elimination phase,
phenanthrene was eliminated at a decreasing rate over time. The uptake rate constants increased significantly with
exposure concentration, while the elimination rate constants declined, resulting in elevated BAF values at higher
concentrations. E. crypticus exhibited high tolerance and bioaccumulation potential for phenanthrene, with
prolonged retention at high exposure levels, posing potential risks to soil ecosystems. [Conclusion] The study
concludes that the concentration-dependent toxicokinetics of phenanthrene, particularly differences in uptake,
accumulation, and elimination, could result in varied soil environmental risk assessments. These findings underscore
the need for careful consideration of such concentration-dependent dynamics in PAH risk evaluations. Furthermore,
low-sensitivity species like E. crypticus should receive special attention in environmental risk assessments to ensure
accurate evaluations of PAH-related risks.

Key words: Polycyclic aromatic hydrocarbons; Enchytraeids (Enchytraeus crypticus); Uptake and elimination;
Bioaccumulation factors; Toxicokinetics
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T RS ARADLIX LG DR SR B IS 8] PRI, AT 7 A % D81 3% A A s o A 25 40 SR E A A 9 IR AR R 7K
HAARBAET, il B FE A s A IR BT R 2R AT, S REGEAEAS A I [ 55 A A A 3 14k 2
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1.1 ZiREY

A58 K H el (Enchytraeus crypticus, @I 15 EBNLEIRD 1EAZIKEY. E
crypticus 7E & T 20 CHEAREIEFRA0 B a5 720k Db T RE 2 ANl . 8577 L I IR AN 4 FhoAS [
WRFE ER W (4359 : 1 mmol-L™t NaHCO3, 0.1 mmol-L* KCI, 2 mmol-L* CaCl,, 1 mmol-L™* MgSO,)
TRA VIR B LA N WA P IR o B 7] — I 3 B 58 1 /N — B HL S A B A5
N5 A R
1.2 ki

PR -39 R 4 T K2 S b, SR4E 0~20cm 2, B T BR K TS B
BRAFIEYIR REA, i 2mm §fi /575 80 C RHT 48h 2 Mo X IRIEAR IR i 9: pH
6.1, AHUKS & 16.59-kg™, FHE Fac#es (CEC) 25.7 cmol-kg?, % 1.24 g-cm®, H[a]&F/K
B 36%. {8 FHIOGRLEE A 2 R4 40 AT, PR (2 000~50 pm) 50.3%, ¥3kE (50~2 um) 24.4%,
FbL (<2 um) 25.3%, TIEFHCAMFEEEL.

PAPS B AR VA 3E (Sigma Aldrich, CAS#85-01-8, 411/ 98%) A ftik 115 LI 5
RI6 T 7 I P (R TS e 38, K I N FEVE TR E 3 2 DOR A B A, OB Rl R R, A
Pz R . B, A8 AR LI 5K &0 2 H (AR K & 1) 50% (180 mL-kg* 188, R /;MRE
B, RIS
1.3 iRt

RIGAE 3 M REEIRE (20, 40, 80mg-kg™) NibAr, i 28d, GLHE 14d HIMISH Bo Al 14
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d BRI B, RIGTT IR, WES T 240 AN 100 mL FBRIEN, AN 10 25 FEHLGE B K,
FRERIEI AN 25 g ¥ e A3 O VAT FLYBRE 36 B B, DAORAIESURAS 3, RIS HLE TR BE e 20 °C
{1 S B IR A o B 8 I AR E A E K R R I I B KA 7R K 48 o FEA RIS [E] 500 2 s ik
AR TERURE: AEMRUC BE, T35 0 K (CKD. 6 /AL 12 /AL 1R, 2R, 4R, 7R, 10 K
14 KIEATEURE . 7E58 14 RIGWISCRY B4 TR 5 WCER T 0 ) 2] 6 4% 28 O R i e 1 45
() 55— B AT W R Boilier . AEVHBRPTEL, TA 12 /8P 1R 2R, 4R\ 7T R, 10
RAN 14 RAATERE . BEAIREEFIICRERT (8] S 31 8 5 NEE . RUIFER, R AT N 135
W ZRiE 2R B K = . £ R BRI AR IR R R, WA
20 JE I B AR LT B, R RISTRON AR R, SERITER A A, JEiE/F(E-80 C
UKFE AL J5 22 7087 o [ B USCEE IR WA B B P 338 i, A7 7E-20 "CUKFE A T 3 SE & &= il 5
1.4 HSECESNUENE

FIF G 8 75 R A 2] ok 3 R SERS) ., 1 e LRI A 2 B 22 )5 4y 2 — R°F (LC-FA2004, 7
JeBH, Bifg) BRE, ZEHBE 2mL BREAE, I 500 UL ZJE . KA S RE EVK S
AbFE 90 min, FIE FNE 24h, ZJEE-20 C RA 240, FEZE FRE 24h, 55 HEGFE
AR AL EE 90 min, LIEWRAE-80 C FRERFIN . I Z 53R IR i JER, 7F 19 Wi
TR AmL 20, =il T 200 r-mint 4Rk 24 h, 25 LA 3000 r-mint B0 5 min, W b
TH, ARAFARI

S| S R S A A HE & B I AU E BUE BCAH AC (GCMS-QP2010, Shimadzu &,
HAD BT 0 e . i fpE &S5 5 NP5 . {EH Supelco Omegawax 320 E4HE 4
TEREHT 2, BEREECN 1oL, A 10, BAONES, BE 22.7 mL-mint, FEfE 1.79
mL-min?, #EAERESN 220 C, FHERMEFRENVIGIEEZ 50 CFRFF 2 min, 5L
20.0 ‘C-mint ff)EZ T2 240 °C, #3F 3.5 min, JFiXAE 70 eV T REARR T TE, B
TR E A 250 °C, 4 MHRER 240°C, EFREFIIN (SIM) BT TAE. SR sk
HBR A 0.86~2.17 mg-kg?, & FEFE A 2.85~7.04 mg-kg™; 3L 5 b SE AR R 4 0.09~0.41 mg-kg-
L, IR 0.37~1.47 mg-kgte I A A 525 Gl ) IR LR | B S IO\ CURVR BE R, D E [
W AT I AR R A ], 2RI R SRR EISCR N 92.5%~114.5%, TIRFES AR IR A
94.3%~115.4%.
1.5 HESHR

S — B 3l A R SR B 3 v SE ) P

C(t) = Coe kot (1)

A, CONFRBEITE, d; C(O)NREBEN B Dven LI SERKREE, mg-kgts Co LI IER
WIBEHEE, mg-kg?ts ko N LB SRR R R T, dt,

K —B = A R SEAE Sk Y I B A BRI A2

2 = kOO - keQ(D) ?
X (2 5 (DO B9, B2 BB
QD) = 24 X Coxp X (67h0te — g 7hett) .
FEH BRI B
000 = £ Gy 8 - ) w0 o

A, Q) N FRIN B Ui FEAE LRI R A IR, mg-kg?s A RS AR HEL, kg-kgt-d-
L ke THBREREEL, dt ko A IR SRR R AR R AL d Y Coxp AR BOT AR
MR IERIREL, mg-kg?s ¢ ALRIIFRE BT AR, d.
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VR4 2% (BAF, bioaccumulation factor) & XCNTEFaZS N ZRll 4R N ik 5 5 11 rh
WREEMILLAE, AT 3RR IR SO 5 Bk, 5 Y B 26 ke, 1R LUAEL

_ Cuw K,
BAF = b )

ffH R 4.1.3 WETARB SR, R XRUALLAE K (Generalized likelihood ratio test,
GLRT) LSS E 2 B & ZR, 4 H Office 2021 A1 SPSS 23.0 A3k Hidi &
HOMIFER, B BE S R UL E a2 R R E R

2 #h B

2.1 HIEPIFERRETL

TEMR Y BE T 4R, 20, 40 F1 80 mg-kg® & #5 ¥ B T L3 R JE IRy 20.27+1.10, 41.42
+2.33 f1 82.63+£3.22mg-kg?, MHZIEARFRIKIE . 78 14 d PR B, LI i3RIk EE 2218 R BF
(B 1), ANFERFRE LR SERP IR RN 17%~25%, — 3 172A BRI & 15 3 5% R FR K
FER 3B R SRR PR IR R A (ko) BB REIANER 1o

L
100 [ Phenanthrene exposure
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80 mg-kg!
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i 80 mm 20 mg-kg!
A
an
£
28 60 |
25
o
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g 40 F
3
=
S
o
8 .
5 20 Py
£ "W v - . —8
3
~
0 .
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i) 6] Time/d

VE: B AARKR SRR, SRR sl 1R A 455 . T [H. Note: The dots represent the measured
concentrations and the solid lines represent the results of fitting the first-order kinetic model. The same as below.
1 AN [F) 2 8 R T W Wi B A - 3 v ) e i
Fig.1 Decrease of phenanthrene in the soil during the uptake phase at different exposure concentrations
#* 1 FERBRETHIEPIENERRE (k) FIE=H

Table 1 Degradation rate (ko) and half-life of phenanthrene in soil at different exposure concentrations

RFEWE(mg-kgh) ko/dt P R2 2 /d
20 0.0116 <<0.001 0.813 60
40 0.0158 <<0.001 0.701 44
80 0.0173 <<0.001 0.759 40

s Ko MFELE IR A AR R A PO AL B MK REABEIIA LA . R 1A . Note: ko is the degradation coefficient

of phenanthrene in soil. P is the model significance level; R? is the model goodness of fit. The same as below. (WExposure
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concentration, @Half-life.
2.2 FEELEBIRRAIRYL,. FRRFNTHR

FiA B ERIREETT, 15 14.d BIWRSORT 14 d FITH BRI B, 2l i BOR I R4, ¥R M RIIET,
TERTA KRR AL, ZRIBSRIIVERR, BB T LB MG, fFeabraEEkR44{(0ECD)
JR AR AR AER2 . JETE 2] 4 A AR SR BT 2 o R F8E V1 % R B[] o %I [ st e i) Ak Py SV B2 B
FERRFERIG I (B 2). BABT, JEELEAN AR 2B MES, £)
VB B IR, JEAE 2ol ok NIRRT IOERR R, B S RO 2R E , AR N SEIREEAESE 4 R
LFIRAS TG (B 2); FEMUB B ZE R, 20, 40 1 80 mg-kgt 5 75 v B T k] ¢4 P SR 4>
5l 47.83+11.69. 106.8+15.52 Fi1 364.1+51.11 mg-kgt. 7EVHMRMBL,  SEAE Ll 4 P (3 4t
SIS IREZ NS, Zelsl i Py 365 BAETH R BRI TR, B S ERR IR R IR, B
ZIHPRMY B, SRR T Al P I 3ESS D 58 A R, 20, 40 1 80 mg-kgt IR
JE R 2R 851 4K N HE S B4 5108 0.5440.32. 0.32+0.05 A1 1.8241.65 mg-kg™ (/& 2),

500 FEEERIE
Phenanthrene exposure
concentration

400 80 mg-kg'!
40 mg-kg!
i I 20 mg-kg!
= 300 e R
= All date fit
=
?: 200

100

Phenanthrene concentration in E. crypticus/(mg-kg')

0 5 10 15 20 25 30

i) 6] Time/d

e B ARREIIREE, SELRRR B I F ARG 45 5 . Note: The dots represent the measured
concentrations and the solid lines represent the results of fitting the toxicokinetics model.
2 WRHSTIFY BRI BR B B i) 4k A SE VA 2
Fig.2 The concentration of phenanthrene in Enchytraeus crypticus in the uptake and elimination phase

2.3 FEELBHFANSKHNHFERR

] — i B 3 MR DL AN ) e R K 1 el Ak oA S 25 RN R) ) 24K, IR BT B AT
Ziaa, WEERINE 2 for, 3B FSHINER 2 R, $8GEKRE DR SRE G -2
YLE RE (R?) 439)]y 0.884, 0.914, 0.905 Fi1 0.889, & MH—i &l 3 2 A5 7 e vhE 1 41 ik 2 s
WHE S RN ) A a 3 o WRACIE 30 K BE R BRI T RO I 2. %% BT (GLRT,  20mg-kg™?
vs 40 mg-kg?, P<<0.05; 20mg-kg'vs80mg-kg', P<<0.05; 40mg-kg?lvs80mg-kg?!, P<
0.05), ##&T 20. 40 #1180 mg-kg™ B ky 7373l 4 3.63+0.35. 4.16+0.28 F 4.78 +0.36 kg-kg*t-d-
L GREINE R k(B9 4.7240.28 kg-kgt-dto i BRI A H EL ke B A B FE R L AOHG N IR B
# (GLRT, 20mg-kgtvs40mg-kg?, P>0.05; 20mg-kglvs80mg-kg?l, P<<0.05; 40mg-kg
lvs 80 mg-kg?, P<<0.05), ZFT 20. 40 F1 80 mg-kgt i} ke 7354 1.52+0.15. 1.43+0.10 Fll
1.00+£0.07d?, ZEAMLA ke fH 1.1520.07 d™o Ky Fl ke Bl 45 22 i 90 52 109 1 2 T HH AH R PR AR 4K B
%, IR B BAF (HFEH 25K R R R, BAF 73509 2.39+0.29, 2.9240.29 1 4.78
+0.54, ZiG &1 BAF {4 4.100.41.

http://pedologica.issas.ac.cn



+ ok
Acta Pedologica Sinica

%2 FTRIRERE THELBIHRAMNSRIANNIFESH

Table 2 Toxicokinetic indices of phenanthrene in Enchytraeus crypticus at different exposure concentrations

RFEWREI(mg-kg?)  ki/(kg-kgt-d?) ke/d P R? BAF
20 3.63+0.25 1.52+0.15 <0.001 0.884 2.39+0.29
40 4.1640.28 1.43+0.10 <0.001 0.914 2.92+0.29
80 4.784+0.36 1.00+0.07 <0.001 0.905 4.784+0.54
G—WE° 4.7240.28 1.1540.07 <0.001 0.889 4.104+0.41

sk RSO HH R ke J9VH BRI R E AL, BAF AV E B2 R4 Note: k, is the uptake rate constant, ke is the elimination

rate constant, and BAF is the bioaccumulation factor. (DExposure concentration, @Al date fit.

3 9 it

AR FIRTT T AR R FEIRE T E. crypticus Xt 3E I LR A BRI Sh B RHE, 45 RN,
W& BRI E T, FEMMRISCER A I, JHRRE R TR, SBEERREEENMN (B 2). ZikE
N, E. crypticus XJIEIF RANHE BRI RILH BTG RIS (B 2). AN, ARBFFIER T
BEIEHAT T 06 MG, DIEATE S — MEI SR B S HVE I G A/ s . 327k, &
SCRRT 8 b 45 SR PR KU PPl e 1 55

E. crypticus AH#: T HAl IR MESIYD, Xt PAHSs B H 53 0 = (i 52 P AN A= i B3 1o
(25201, KWFFerh, #FE TRk E 80 mg-kg! FHF, E.crypticus 785 BURERS 8] fUR S RIF, B4
RS A R M BN IE TR . M2 T, HARI R anZkisl Enchytraeus albidus ]
Eisenia fetida xJ SERMY 32 1 W1 BB CAHEITFREY], E88 14 d FENKH, E. albidus 1
E. fetida [ EEGEIE (LCso) 4394 135 Fll 40.64 mg-kg 12334, Jij7E /515 v 1) 28 d A1 21 d (¥
Mk, E. crypticus [ LCso i 1 708 A1 2 000 mg-kgt, #t—LiEH] 7 iZME KR E T &
P 3 e TR A2 (8. 32 H|T, 55T E. crypticus XF PAHs AEMAR Bk T M AR IE BN
FR. Arp Z5B8LKg E. crypticus & T PAHs M j5 42 3 (16 F PAHSs & & 5 mii& 2 651 mg-kg™h)
PRI A AR B Hy, 45 R EoR, E20 7 14d WIS BOR 14 d (RS REY BRI 80%
IR R FRAFE, AR 16 Fh PAHS [ BIA S T 95.70 mg-kgt. A7+, E. crypticus 4
P R A B [ o o 5 R A P 385 g Y 5 19, 7E 80 mg-kgt R EE AR, IR B G A
E. crypticus & P JEK T 734 364.1+51.11 mg-kgt (& 2). iXEH, fEmis 43 5 F, E. crypticus
AIRE R I B E A E SRR ). SHARIFAILL, E. crypticus 75 PAHs % & 5% 1F T AL 2
RN AT RERE NS . FIREE R, TEABREEEAG R T AR ) B AT A
ARESARAY E. crypticus 7EAEPIBORE R P £ 2 RGBT TE B, AR 5T RLE— 2556
A FYIFE SN Z A AR G0 LR ESR, DUt PAHSs I8 KU A 0 v Aff 14

E. crypticus X JE M SN BR R I LAY (R e S R I B RrE (B 2), X 5T AR
g B3, S B FE R OIS AN, E. crypticus 14 P JE T B 2 BUCIR B B i IO T 28 K o ASHF
Firp, 20mg-kgt BB T, FEHBRIBLEE 1 K45 RIS, E. crypticus 78 N FE OB HEH T 95%LA
F, BRI N 1.72+1.11 mg-kg; T7E 40 mg-kgt #FE K P F, E. crypticus 77 B H K (1}
[FRHE AR PR B IIAE, B MR B 7 KA, RN IEKREN 1.0540.79 mg-kgts FRFE
T80 mg-kgt 5], E. crypticus A& A (R FE I 75 EEAE T BRI BUE 14 RARERE 2 — MRARKIKE,
AR N JEP R N 1.82+1.65 mg-kg™ (] 2). XK, B2 BN, JE/E E. crypticus
P Y AR B I TR A, K 5 B0 R AR AR BN, 3 T B A ek £ R A 32 ) U . TERA
BER PPl o, U R 2R R PAHS IREE TN, BRI DG PAHSs HIK TR BY K LT et 4278 R4t
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FEAE R

AR TR T B i R BAR AT T 406G, BEME— G T IS &R 4 5 M
A, DUEEA AN PAHs 2 FEIRE T E. crypticus HIWRISC. THBRAEN ZARIE . ARAEILA S50, R
G A K B =R A R IR S, 7E 80 mg-kg? B R T, ZEATLA A HML A1 Kk
EHZERICH 1.3% (R 2), XRFALEEINEHIITE Sk R TR T e R e SE R flodE R . 48
MM, TEARKERMET, W20mg-kgt BEE T, LEAIEEG TIRIBGER, S2PRaE 2 i sl &
AR R A, ZRA AL T 30.1%. 5 — AT, LRGN ke fE7E 20 mg-kg™ F11 40 mg-kg®
VR N BMEAE T 24%F01 20%, [M7E 80 mg-kg! i FNINIEfh T 15%. ZRa 7K B 704
FEWRE LSBT RE R TR (R 2), mTRES S8 PAHS A [ES YLk B 46 1F T IR 5 KU VP
FEIARHER . R ZE SR TR 1 E. crypticus X SEAE M ORI B i A2 b S e B 18 I Bh 254
fE, (HLE Rk R &M, PAHs (IR SUKFRTBERE A (B 2), N FRINRET S,
XATRERMATAE R RGBT . 27 b, BAREGEAI A BEWS BT i R Bk ka3, (BAEIREER
BVt e, U s G DU PRl v, R S R LA B4 SR DU DRRT iR B V5 e X
I8 PR AE R T o

AW RN T AR R AKT T IEAE E. crypticus 78 A (I EARE) 12445 E, IX 28 % B PAHSs 78
HIEAES RGP RS RS ISR AE T 2% 5 . E. crypticus X PAHSs 23 H f AU M: 1 2 %
9 [F) 2 e (R R, ASHIE 5% Bt v VA B U B )9 80 mg-kg L, AEL7E 2 75 Gl i 7 B FR i IX, 3% b PAHS
SE B EIA 2 634 mg-kg ), AT HEFI A, E. crypticus £E AN 25 AT T HRKAR AR S IR
FERR AT R, DR A 0 B AE B0 R R 2 ACF e AR R B BR, 108 AT Bh T /AR5
X 5T AL I VP AL PAHS BURREE XS . Ak, AR FUIE N ML Z TR AR E. crypticus Xt
PAHs K I HARBURPERI B, X ACH B TR HARF IR TN 32 68 /0, I B8 N AR (1 20
BRSPS

4 ZEn

E. crypticus 75 AN 7] PAHSs % i I (18530 1124 R R FEAR A ERAALE - 4 138 PAHS
IREERIBG AN, E. crypticus Xf PAHs FIMRGHE R INtR, T FRE R B, FEAN PAHS 14
Ve R R L. fERIREEREE T, PAHS 7E E. crypticus 14 P IRI5R BE B[R] ZE K, I HFE A
PEBR B RONE, R WY EE PAHS V5 4L T REXS 3T MESh IR R AE S IR 70, IS RS
(RIPE A AL o £ B LA 4 SR AR RENS AT R MR B AR T AXBh J) 22 e %, (BAE R T Yedh B v p BEAT XU
PRAGIT R SN 1H . %T E. crypticus X PAHs AOfRESUEE, AR OR A 33 158 UG VA B2 78 7 25
JEIXIRFBIE L, LLER T PAHS 75 G 78 25 25 XU PRAG A AE AR 4
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