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Abstract: To explore; the removal efficiency of characteristi¢ pollulanfs n hvesl(mk"m astewater by horizontal subsurface flow constructed wetlands (CWs), this study selected
tetracycline (TC) and Cu®%, a familiar antibiotic and a typical heavy metal in livestock wastewater, respectively, to build the following four groups of CWs: control (CK
group) , Wmg+L ™" TC in influent (TC group), 5 mg+L ™" Cu®* in influent (Cu group) , and both 1 mg-L=" TC and 5 mg-L~" Cu** in influent (“TC +Cu” group).
The average removal rates for control CWs were (84.3 £7.2)% for total organic carbon (TOC), (78.6 £7.0)% for total nitrogen (TN), (82.1+4.4)% for ammonia
nitrogen (NH,” -N), and (88.0 £6.0)% for PO; ™ -P in a long-term operation. Compared with that in the CK group, the removal rate of TN in the TC group, Cu group, and
“TC +Cu” group decreased by 0.4%-21.7%, 2.8%-25.5%, and 4.3%-27.0%, respectively, and the removal rate of NH,” -N decreased by 1.6%-15.7%, 2.5%-
17.8%, and 8. 4% -23. 0%, respectively. TC or Cu>* in the influent significantly inhibited the removal of TN and NH," -N in livestock wastewater by CWs. The removal of
TOC, TN, NH," -N, and PO}~ -P by the CWs mainly occurred in the front section of the CWs. The removal rates for TC and Cu®* were above 99. 9% and 91.4% in the
effluent of both CWis treated with TC, Cu®* respectively and CWs treated with TC and Cu®* . The resulis showed that influent had a higher abundance of 11 fet genes than
effluent by approximately two to three orders of magnitude through all CWs, suggesting that the CWs may play a dominant role in antibiotic resistance genes (ARGs) and the
bacteria removal process. The relative abundances of seven tet genes (tetd, tetC, tetk, tetO, tetQ, tetT, and tetBp) in effluent were lower than those in influent, and seven
tet genes were reduced by 43.3% (1etC)-96.3% (tetd) in the CK. Compared to that in the CK, the addition of TC or Cu’ * to the influent increased the relative abundance
of TRGs in the effluent of CWs. The relative abundances of TRGs in the effluent of the TC group, Cu group, and “TC + Cu” group were 12%-52%, 6.7%-51%, and 24% -
82% higher, respectively, than that in the CK. These results suggest that CW is suited for livestock wastewater advanced treatment, as it provides great application prospects
in the removal of antibiotics and heavy metals and the alleviation of the future risk of antibiotic resistance genes.

Key words: constructed wetlands; horizontal subsurface flow; livestock wastewater; tetracycline; Cu®* ; tetracycline resistance genes
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Fig. 1 Schematic diagram of CWs
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tetd F:GCTACATCCTGCTTGCCTTC 60 [25]
¢ R:CATAGATCGCCGTGAAGAGG

1e1C F:ACTACTGGGCTGCTTCCTAATG sg [26]
¢ R:TCCTACGAGTTGCATGATAAA

totll F:AAACCACATCCTCCATACGC 55 [25]
¢ R:AAATAGGCCACAACCGTCAG

101G F:TTATCGCCGCCGCCCTTC T 63 [26]
¢ R:TCATCCAGCCGTAACAGAAC

vy FrACAGAAAGCTTATTATATAAC s (7]
¢ R:TGGCGTGTCTATGATGTTCAC

tet0 F:GATGGCATACAGGCACAGACC sg [28]
¢ R:GCCCAACCTTTTGCTTCACTA

tet) F:AGAATCTGCTGTTTGCCAGTG 63 [27]
¢ R:CGGAGTGTCAATGATATTGCA

telT F:AAGGTTTATTATATAAAAGTG 46 [27]
¢ R:AGGTGTATCTATGATATTTAC

ot F:GAGAGCCTGCTATATGCCAGC 60 r27]
¢ R:GGGCGTATCCACAATGTTAAC

vy FAAAACTTATTATATTATAGTG 6 (7]
PP R.TGGAGTATCAATAATATTCAC

torX F:AGCCTTACCAATGGGTGTAAA 60 [29]
¢ R:TTCTTACCTTGGACATCCCG

F:TGTGTAGCGGTGAAATGCG

165 rRNA R:CATCGTTTACGGCGTGGAC 62 [30]
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R N TR HAE R 5 K A S AR FREE A X5 Y i 2
FrPEfe s 2122 K, WKL 4 F i TOC £ Bk
RAET A, 13k 85% ~90% LA F EA 11 A A,
TOC EHFZEL TR 70% .7 A MY 4 K It %
WMt 11 A0 HBREE R 8 ~ 16°C, 4 3 I i Ak
7=, 12 AR HREREE 2 ~8°C 1R ™ 355 i
EWL AR IREACT 15°C, AR T
ARAR A ORI R A ) TR PR R A, BN
TARHLXT TOC ZBRACEREAR. CK, TC, Cu A1 TC +
Cu K p (PO, -P) 4352 0.3 ~ 11, 0.4 ~ 13,
0.5~12 F10.2 ~16 mg-L™" isf7#)] 4 4L A T3

B3 ATom il min ity + 5 ORP AT
Fig. 3 [Variation in' ORP in thizgsphere and non-rhizosphere soil in CWs

AN 3 . 76 1 b AR 2F 7K AT 25 4110 M T8 2 AR
i+ 3R 2 AR AR PR 1 3 ORP {HXJ7E 400 ~ 600 mV
], b FHFECIR S N T 2tz 47 ) , T Hb
PIERAL FHEACIRAS , JE AR PR 458 ORP {ELZ T A%,
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L 4 L T — 32 R ] B3 M 0 TC L Cu I
TC + Cu ZbFF A9 % TOC, NH, -NFI TN %5
REMETF CK 4. N Ttz 10030, 45 2H 18 H X fe
R LR RA R ELER. B81730dJ5,5 CK 4
FHEE, #E7K TR 2 B TC A Cu®* il A T8 4 %t
NH,' -NFT TN 4 L BRR  ZREA%, K R Esin TC b
PRAEIR L NH, -NFI TN £ R R T 1.5%
~16% F1 0. 4% ~22% ; PEK TN Cu®* b B IR
HXTNH, -N AT TN 25 BR AL T 2.8% ~ 21% Fi
2.5%~25% ; TC + Cu ZH B HXTNH, -NFI TN 92
BRI T 8.3% ~23% Fl1 4. 2% ~37% .

5 2T b X e R B R0 25 S T e S e
MUY ZE] TC A Cu® IIFRFEE M E A C. Cu®” 18
1 S - SRS ) ) B R R M ) SRS AR AR
FARN S AAE F 0T AS TR A B 96 b A - S5 3%
2,5 CK MH, TC Fl Cu®* ib B4 4 5 5 A 15
AN IERLHE By A AL . L A | o 2
WEH G B . B-2 4 R H AN B-AHE
TE 52U S0 -+ R AL 8 2 Ik 2 5 7 40
TP, 5o 2R 2K LR 5 i A A G i) i R Tl 55

it A BT RRAIG, v iy AU TL il | B-2F 4k —WH T il
B-AWET B . 2Tk 22 5 4 760 W 7 I . 5 2R 2 KT
FRIVR T 5 Bt 06 P B 2B IR T CK (P < 0. 05) . -1l
TR 505 Yo ) B R AH SC 1 L 36 3, At A 4
Fif % 1 575 G R BR FAR M, 3 4B PO; P&
b5 R A G PR S B E A OE (P <0.05) ,TC
AR AR TES TN 25058 | Cu 42 BEE 2
AATETE GG R 5 NH, N 25 B A 0 2500 N
0. 659 F10. 591. £, 1k 22 7 2 i 17 g A 52 24 TR 2 Ak
fiti 3525 38 A ARG 20, 0 b A B R K o R o
TC 1 Cu®* 1 BB KB 52 8 28 10 Ml + 498 1 I
2, 2t Db, - AR A RV ) R il 0
At TS X NH, -NFI TN 25 BR Rl .
2.3 U5 YLk R T R A AR AL

N TR E BT )5 , 43 BIAE A 4R H i 7K X
AEFRIX R K XIS AR BTl Ul 5 s e M i
FEARE AR SR BRI 2020 4F 10 A, i 5. &4
T AR B X iy, TOC FIPO? ~ -P2 343 i) af
ik 58% ~ 94% H1 72% ~90% . TOC FIPO; ™ -PFti /K Vi
TLEE TR MR R AR RGBS TP 22,
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x2 AR IEREEMENRIED/ nmol - (g-h) -
Table 2 Effect of different treatments on soil enzyme activities/nmol- (g+h) ~!
g : QbR : _
CK Cu TC + Cu

iy 4 AL B 606.3 +134.6a 406.3 +169. 1ab 443.8 +33.6ab 124.3 +22.2b
o Ay i 2455.7 +461.0a 1435.9 +376.7a 2045.8 +433.6a 1453.6+522. 1a
o2 I 21.3 +4.7a 16.1 +2.4a 11.9 +4.6a 15.0 +3.6a
B W 94.5 +4.8a 71.7 + 2.0a 80.0 =10.4a 69.8 £10. 6a
B-L1 2k —phH Bl 34.6+3.2a 26.0 +0. 4ab 19.1 +£3.5ab 23.6+5.8b
B-AKEAT 26.6 £3. 1a 14.3 £5.4ab 4.1+0.4ab 14.6 +7.6b
LR TR T 76.4 +21. 1a 16.3 £2.2b 4.7 +1.4b 12.6 £3.3b
SN CERNINL 136.0 £21.2a 80.6 = 14.4b 26.9 +7.7b 33.5+14.8b
WEIR 143.6 £11. 1a 89.6 £19.1b 74.8 £7.4b 87.9 +12.2b

1) ARE/NG FREFR R R R RS PN R A R 28 5% R 3%

R3 TEBEESTRUEREEXE

Table 3 Correlation between soil enzyme activities and removal efficiencies of pollutants

.."‘-l..

A% -4 2R VN A7) AR
waaown wew GRS wmwew Cwwaw  muw  Us aCi
TOC 0. 055 -0.013  0.436 ~0.397  -0.413  (0.016 0.435 -0.271_g= A0021
- TN -0.198 0.360  0.630° , -0.028  -0.422 | 0.443 0, 560 -0.321" ~0.022
NH/-N  —0.643° 0.414  0.4604° 0.018 [ 0,460 0.386 0.015 /° £0.077
PO; ™ -P 0.749™  -0.635" -0.583" ~0.877" -0.130 [-0.678* | -0.468 0.008 4 -o0. 030
TOC 0.020 -0.045 | -0.056 ~0.638"  0.067 ; -0.28F  0.599°  -0.121 ~07 044"
TC N 20. 184 03140 o 017, ' 0579 -0.108 . 0. 024 W 06597  -0.420 ~08151
AT ONHIAN, £0.340 0.296 /Lofodr" 47-0.422  -0.228' 4 0.200 0.229 -0.024  —0/608" -
PO 4 0.551 —0.402 % Jogolse” 0.112 /-0.273 1 ¥0.319 0. 6017 0041
o€/ I 0.255 ~07087 0,823 ¥ 520.476 0.404 / }p 4327 #.0.051 0.183 07279+
al N -0.260 0.42 1 /6. 26;J ~0:641"  -0.058 £=0.226  0.483 -0.178 0. 137
— NH;-N_ —0.627" 0.072) 110.328" &' 0,591"  -0.487 0 0.186 0.452 0.341 0301
g I POI Y 0.696°  -0.490 -0/212 0.078 0.463 " -0.229  -0.757"  0.345 -0.316
| TOE 0.614"  -0.344 o 0.346 — -0 0.382  -0.104 0.025 0.114 0.370
ch &5 ™. oo 0.333  0.105%° -0.639* -0.016 -0.298 0.427 ~0.582"  -0.054
YONHS N —0.211 0.267  -0.224 -0.202  -0.052 0.229 0.171 0. 185
PO}"-P 0.653"  -0.684" -0.064 0.296  -0.361  -0.786"  0.637°  -0.082

1) " £5 P<0.05, * Fm5 P<0.01

5 TOC F1PO;~-P R A5 fb 15 B 2 1, 1 K
p(NH, -N) Fl p (TN ) £ kb 3 X if 3ty Jim ¥ 18 33 g
1%, 2% ZHIBHB RV 4T NH, -N 225 3K 57% ~92%, %}
TN B 2B 355 80%, 1M BT v NH, -NAl TN KPR
o7 B F B R IK 60% LU b, HE AT 3K 90% . &
W JBHIXFTNH, -NFI TN i 25 5 BA R A
[ AL FET R FE K K p(NOS -N) BREAI , 44
B g K p (NO;-N) 7£ 6.9 pg-L7', H K
p(NO; -N)TE 4.8 ~7.9 ug-L™". p(NO; -N) & CK
HAER AT 3.5 mg- L' A% 4.8 mg-L7',
Cu 4 78 8 b 1 ¥ i 3.5 mg L' Jh & 2] 4.8
mg- L~ HARZ MK AE T p (NO, -N) TR 2 R
3 K p(NOy -N)YTE 1.2 ~ 1.6 mg-L~". iR M
KR EZLINH, -NJE 2AE 7, 10 i AR A 7KK
FEr p (NO, -N) Fl p (NO; -N) A, 156 B 330 A W 1)
T AR A S Bt A 2k A 5 B 1. 17K v 0 3 it S N 2

R A 5 Ay T b 1 oty = ST AR R T ORIV IR
KT RANH, -N2A 3 0 2 205 Y ) T 4 i s 1 18 v
PR Tk 40 B 25 A NO, =N A NO; =N, i A T3
MR AL =, A SR AL AN B R AL T TR SRR,
T K HFp(TN) F1 p (NH, -N ) 7 7% 0 5 s 11
TRE.
2.4 A TIBHiXf TC. Cu* Al TRGs AYEBRRR

MR H 32 17 W 6] 43 S %k K p (TC)
p(Cu® ") HEAT TIE, Cu ZHMITC + Cu ZHIBHL Cu®*
LR UL 4. LW K p (TC) 25 800 pg L7,
p(Cu’" )5 ~6 mg-L™". & N TR AbFH 5, K
p(TC) K2 0.028 ~0.309 wg-L~' (B R BR),
p(Cu® )FER 0.034 ~1.4 mg-L~", A TIEHIXF TC
I EBRFETT LA E 99%, X Cu®* il 25 B R 4k F5 78
90% VA . N T30 b x40 A8 28 14 22 B =0 38
B AR WA . TR B B A ROK A i Ak IS R
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Fig. 5 Contaminants concentration changes along the length of CWs
£4 ATEMI Cu®* WEBRE/ %
Table 4 Removal efficiencies of Cu** by CWs/%
LA 5H 61 7H 8 H 9H 10 H 11 A
Cu 91.6 +0.8 91.4£2.9 92.8+2.2 97.1+0.2 97.0+1.6 94.4 +£0.5 96.7 1.9
TC + Cu 97.4 £3.7 98.3+2.4 94.1+2.5 96.6 +0.4 98.3 +0.2 96.4 +0.5 97.3+1.4

HIN TR TC 19 2B 1] 1K 85% ~ 95%, iX Fl i
AR EL M R e 4 ST TC W B A R
SkeszEl ) Te w4 AR S e HL
o T R AR 2 B TC BB e 3 17
FE pH TS AF T, TC A5 0 4 Ja BHE 1A A%
REMEE Y. N T30 ]38 it A 2# Do . M
T Y 25 7 S22 Cu® Tl P B DR AR B
BRERER IR R, S 4R AL T A FI&MF, Co’r 5 S 4
B T A P B VR U0 BE AT R R cu®t il 2
&%[44].

SV N TR X B 7K o TRGs 1Y R BRELAR,
ST HEAK . K tetA | tetC | tetE | teiG | tetM | tetO |
tetQ . tetW . tetT . tetBp Fll tetX 55 11 F TRGs F1 16S
rRNA JERBCT 7 S A, O 3158 4% H A 35 IR 48 XoF
PR AR SIREUIEE A 2020 410 H.

4 PN TR | K TRGs H1 16S rRNA 3 [H
daxt 32 B (1g) 224 WK 6. HE7K TRGs 4% = B 78
7.14 x10° ~4. 55 x 10° copies+ L ™" , AN [ ALl 3
PRI PRy 2 %8 = B AT I b 2 5, ) D B 38 A HE 2 1 2
K (tetA | tetC | tetE Fl terG) W4 %} (7. 48 x 10°
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