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Abstract : Polycyclic aromatic hydrocarbons (PAHs) are a group of the most widespread organic pollutants, which distributed widely in
soil and sediment. Pot experiment was conducted to improve efficiency of phytoremediation using alfalfa ( Medicago sativa 1. ) in aged
PAHs contaminated soil by introducing spent mushroom compost and rhamnolipids. Plant biomass, PAHs concentrations, number of
soil microorganism, soil enzyme activity and soil microbial functional diversity were determined after 60 days of alfalfa growth. The
results showed that within 60 days, removal ratio of PAHs in treatment of alfalfa alone ( AL) reached to 14.43% , while removal ratio
of PAHs in treatments of “GZ + RH ; + AL” and “GZ + RH, ; + AL” reached to 32. 64% and 36.95% , which were 115.45% and
156.06% higher than that of phytoremediation. Contrasted to the control, the treatment of “GZ + RH, ; + AL” had more plant biomass
than others, shoot and root dry weight were 1. 05 g/pot and 0.20 g/pot, respectively. During the process of phytoremediation, the
number of soil bacteria and fungi were greatly increased by “GZ + RH, , + AL” and reached to 31.37 x 10°CFU-g~" and 5. 86 x 10°
CFU-g™', especially the number of PAHs-degrading bacteria reached to 39. 57 x 10> MPN-g ™', which were 29 times more than control
treatment and 4 times more than treatment of alfalfa alone (AL). Moreover, soil dehydrogenase activity and the functional diversity of
soil microbial community were increased significantly by the treatment of “GZ + RH, , + AL” | respectively. Therefore, interaction of
spent mushroom compost and rhamnolipids to enhance the phytoremediation efficiency had satisfied results in removal aged PAHs from
an agricultural soil, the feasibility of this method needed to be further proved by large-area scale field experiment.
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Table 1  Plant biomass in different treatments

b5 i”:i /’f:[i /A

AL 0.32+£0.03a 0.18+0.04 ab 1.85+0.21 a
GZ + AL 0.56 +0.08b 0.17+0.03 a 4.56 +0.78 de
RH, 5 + AL 0.60£0.05 b 0.24£0.02ed  2.47 £0.20 ab
RH, , + AL 0.68+0.05b 0.19£0.03abc 3.66 +£0.30 cd
GZ+ RHy; +AL  0.84+0.10 c 0.27+0.05d 3.22 £0.48 be

GZ+ RH, , +AL  1.05x0.12d 0.20 £0.06 be 5.64 £0.47 e

1) RPEAE R T EME = brifEi2E n =4 FF IR F AR, KRR 2257
5% (p<0.05)
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Table 2 Soil PAHs concentrations in different treatments/ wg-kg ™'

60 d 5 PAHs & &

PAHs #5 AR PAHs CK AL Gz GZ + AL RH, 5
#% ND ND ND ND ND ND
e 960 +87a 704 +47ab 512 +22c¢d 670 + 16bc 560 +43cd 344 £29¢
Vil ND ND ND ND ND ND
JE 521 +39a 508 +33a 441 +45b 478 +36b 308 £21¢ 488 +20ab
B ND ND ND ND ND ND
W 1434 +106a 1312 £57ab 1148 +77b 1204 £113b 1191 £121b 1340 £37ab
3 1318 £122a 1280 +134ab 1234 £99ab 1212 £59ab 1172 £96¢d 1262 +143ab
I (a) K 890 £57a 859 +67a 802 +72ab 776 +65ab 682 +58hb 824 +55ab
Jai 720 +24a 698 +58a 668 +61ab 664 +34ab 604 +37abc 674 +34ab
K31 (b) 9¢ B 1350 +£89a 1321 £101a 1261 £87ab 1256 +65ab 1016 £69¢ 1285 £29ab
I (k) 5 & 403 £37a 380 +12a 342 +32a 351 +18a 313 £42a 371 £21a
I (a) e 759 +45a 747 £45a 682 +73ab 560 +43bc 448 £26¢ 711 +68a
TR FH(a,h) B 198 = 14a 189 +19ab 166 + 11abc 165 + 14abc 147 + 10be 180 +42ab
HKI(g,h,i)dE 1370 +143ab 152 +98ab 1245 £45ab 1189 +231abe 1 008 +54be 1294 +119ab
EiJf(1,2,3-cd) 1 236 +22a 219 +13a 192 + 16a 195 +22a 180 +32a 212 +16a
PAHs B 10 159 +208a 9579 +301a 8693 +251b 8 620 +287hb 7701 +143cd 8985 +389ab
60 d J5 PAHs & &
PAHs #5 AR PAHs RH, 5 + AL RH, , RE,_O + ALE - GZ +RH,, + AL GZ +RH,., + AL
Z% ND ND ND ND ND ND
& 960 +87a 220 +18d 464 £37cd 349 +10¢ 243 £21d 232 £ 16d
Vil ND ND ND ND ND ND
E[3 521 +39a 312 +21¢ 456 +39b 368 +31be 188 +13d 194 +18d
sl ND ND ND ND ND ND
W 1434 £106a 1288 +102ab 1352 £98ab 1296 +108ab 1056 £90¢ 940 +76¢
EE 1318 +122a 1144 +65¢d 1188 +114¢d 1016 +87cd 887 +108¢cd 832 +101d
I (a) B 890 +57a 692 +33b 798 +49ab 712 +66b 618 +44b 584 +47b
Jii 720 +24a 584 +45abc 636 +91ab 598 +50abc 551 +24be 480 +34c
S (b) P 1350 +89a 1177 +98b 1280 +36ab 1192 +39b 974 = 57be 947 =55¢
It (k) 9 B 403 £37a 329 +23a 368 +87a 321 +22a 322 £43a 310 £24a
HIf(a) e 759 +45a 652 +34ab 690 +54ab 594 +27be 401 +30c¢ 348 £43d
I (a,h) K 198 + 14a 161 + 14abe 198 +19ab 165 + 16abe 155 + 12abe 142 +10be
I (g,h,i)dE 1370 £143ab 1 183 +87abc 1281 +123ab 1136 +134abce 1089 +67be 923 +66¢
B (1,2,3-cd) B 236 +22a 194 +19a 204 +32a 181 +11a 179 +21a 172 £ 15a
PAHs B 10 159 +208a 7936 +201c¢ 8915 +341ab 7928 +483cd 6843 +233d 6 405 +198f
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Rt B 1.36 x 10° ~39.58 x10° MPN-g ', &5
XH(CK) M, T (GZ) . BZEWENE (RH, ) FlAH
Py CAL) (1% 5l b 3R AN [a] i 8 184 0 1+ 598 4 1

BRSO, H AR S B8 2 PEKF (p > 0..05) . AR X ifif
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L E T AN A B R AR K, o GZ + RH,
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CFU-g ™" JEXTHRAY 25. 1 £%;RH, , + AL LB 4 B
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Table 3 Number of soil microorganism in different treatments

s M x 10° BE x10° WG
/CFU-g ™! /CFU-g~'  x10°/MPN-g~'
CK 1.25+0.78a 3.15+0.07ab  1.36 £0. 17a
AL 3.44 +1.19a 3.11 £0.95ab  9.91 +0.24e
GZ 4.48 £+0.32a 1.33£0.5la  4.42 £0.05b
GZ + AL 7.39 +1.18ab 1.81 £0.37ab 10.64 +0.91ef
RH, s 1.85+0.03a 3.66 +0.24bc  2.61 0. 24ab
RH, ; + AL 24.69 +1.45¢ 5.31 +0.38cd  22.94 £6.93(
RH, , 7.42 £2.13ab 6.47 £1.05de  3.86 0. 11b
RH, , + AL 14.92 +1.64b  8.09 +0.40e  2.74 +0.23ab
GZ+RHy; +AL  14.99 £0.53b 2.46 0. 12ab  26.51 +4. 81f
GZ+RH,  +AL  31.37 +3.83¢ 5.86+1.33d  39.57 +2.29h

1) B R I8 = buE2E 0 =45 WAV BHE 7B, #R £ 5
BE(p<0.05)

2.4 U O M AR Ak

A B A 9 N T O 1 A SR UL PR 1L X AR Ak
B M A G e (L TP 3, R ALk 1.80
pe/(g-d) , SXHIE(CK) M H, spiRnT - | 2
R LA B BB FH 0 0 S i T T B AR A R [
B (0 AR aA B 8 3 K (p >0.05) . 16 K [A] b
b FMIE RIS VER (GZ + AL) 1 I & 1l 1
PEf R, I8 E) T 88.83 pg/(g-d), kot L B
WENR AN E S5 /EH (GZ + RH, ; + AL 1 GZ +
RH,, + AL), 4> %l & 61.56 ng/(g-d) Fl 21.02
pg/(g-d).
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Fig.1  Soil dehydrogenase activity in different treatments
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Fig.2 AWCD of soil microbial community in different treatments
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X AR (CK) RO 7 spoph kb # (AL) &, 1 RH,  Zb B

L AL BB AL IR R W S, U B B R n L 2 s
T — 58 W& JE Y0 Rl P X A 39 030 2k 0 B 9 110 T RE 22 R
ATV Ny

R4 SHBEIEHEVEEN AWCD ERSEMEEY"

Table 4 AWCD and diversity index of soil microbial community in different treatments

Kb B AWCD Shannon 1§ %% Simpson 15 % Meclntosh $5 %%

CK 0.5537 £0.091 3ab 3.1430 +£0. 138 1a 0.9532 +£0.006 6a 24.977 0 +3. 289 6a
AL 0.7656 £0.089 Ibc 3.2899 +0.088 2b 0.961 0 £0. 004 1bc 30.3202 £2.944 3cd
GZ 0.781 8 +0.021 8be 3.2910+0.0327b 0.9609 +0.001 1be 29.7213 +0. 181 5hed
GZ + AL 0.9372 +0.078 9¢ 3.3347 +£0.030 6b 0.9632 +£0.001 1c 32.9594 £1.108 2d
RH, s 0.4551 +0.026 3a 3.1524 £0.094 4a 0.954 0 £0. 004 3ab 26.163 5 £0. 845 4ab
RH, s + AL 0.6257 +0.049 Sab 3.3344 +£0.068 5b 0.957 9 +£0. 006 3abc 28.756 2 +2.525 2ab
RH, , 0.6914 +0.077 8b 3.2939 +£0.061 1b 0.9609 +0.003 1be 29.9119 +0. 789 4bed
RH, , + AL 0.7932 +£0. 128 Obc 3.3324 +0.026 8b 0.962 7 +0.001 6¢ 30.7022 +£2. 167 8cd

GZ + RH; s + AL
GZ +RH, , + AL

0.9399 £0.069 1c
0.998 5 £0.001 2¢

3.3531 +0.020 5b
3.3427 +0.037 0b

0.963 8 £0. 000 5S¢
0.963 4 +0.001 8¢

32.2034 +£1.3909cd
32.6158 +0.611 6¢d

1) R P EAE N 96 h 452, B I = bR n =45 [R50 B 5 B AR ), 387m 28 53 36 (p < 0. 05)

3 itie

TEG QB A, 1 A0 B AR AR A S AR
A TN [ R L A AR A W A R T S
B T5 e 2 HLAS B i R (9 SO RE T, B A AP AE R
R I ARA A T AR R 3 e R BN TR 3
T K 5 TG G I A R G B4 AR ) e
IR, — LT S KR R HLE R
PANE 7 NN LN - N T ek 7/ S NP B L
FRIOLE PR L 7 A 10 J8 B I A ML A vl i -
PURLSE A 3, 2803 - SRR i b 3 3 o X
P X SE A ) A R BRI T R Y R HERR R T A
TR AR 5 — 7, A BF 5 R W R 28
E — 7 T RE S RN AT DL kAR ) 2R K, R pR vk
9 0.5 fiF CMC v BT B2 MR 1 30 A 400 A4 K 11
BLH 2= AATI R 5T 2, — 4> T RE A HIL 2 - SR
PR IGO0 T 40 0 ) 3 S 1 Y P SR i 2 BE
R HR RSS2 K R 2 IR 5 DT AR LA T, AT o R
(9 45 4 03B P AR A RO Z 34T
AL AR P B iR IR D, AT R SR T AR AR K

b e W AR AT WL T G Wy e A R e fip o e
B TR B A AL BE SR, RO B
JL RGP 5 PAHs B R BEIEMHIC ™Y BLA
il 2 b S v R B S AR IR, £ Z S PAHs
SE P 5 T2 R T 7 0 B - 3R U AR IOL 2R 1 B9
T HE R B DR /UM 8] 4 B ke 4 S A HLAL & W)
fiff RE 7 A SR 55 . b e GUE M VR D BE 2 REEAUR £
SR D A o X i R 0 O R DR B0, Bk T S BRUE

Yy HE VR 10 B ORI 6 . AR 1 AR T
1o, X VG Y B AL R A R A R R ZET R
RZEBERE IR & sk & 76 18 2 PAHs 15 ¢ + 3 72
LA - A A B T B, A S A ) R R Y
AR 1, A F T s e e f S R
K R] 8 A« AH AR R R o0 W T S B2 A
2 F/NGy A HLIRR 55, W AE S PAHs 8 HLT5 e )
R f (LA R . 1 R SR A R R T
B W B e R A, 5T A A —
ERCRBBUE A

M T 56 sh PAHSs (% A= 9 nl A Pk 54, A 9
168 52 1) S A S 1) P B AR A — 5 B0 R R 76 AR BF 5
H,60 d Py Ll A W) 18 2R PAHSs B iR R ALl
14.43% . g int - (GZ) F R ZEHE NG (RH, 5 5%
RH, ) kb ¥, 43 15 Fp PAHs 5 1 B A 28 43 31k
15.15% F 11. 56% . Fpoph 4 5 1 52 24 %A B, v g
45 F 4 i b 5 PAHs B fift A OC 1 102 ) B0 R A
D UEREA AP SR ol ARG
A7 75 25 R B 1) ) 8, 0 R HC T 5 R4 2F PAHSs 28
A ALTG Y N+ HEBURL I A W, H R B Ol e
A R Z % PAHs B f# T8, PAHs B fif et AN 25 i 35
PR 1 R N DL R A R A
Bo,t . BREERERA Y A A A SR &
15 PAHs BEfifRR. 1 & FE 55 R
ABLBT, B . B B A R AUR] B A RO+
SRR W A A T 3 S A A A R K
$i e AP AR R 43 0 1y i TRD 42 R RTRCAE B 1
B IR 1 % PAHSs 28 HLIS eyt
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o AP A A AR IR TR R X Ul R T A AR A
PAHs 2675 e ¥y, Lau 257 BF58 A 8L, 08 F H 1%
(91 AbFR 100 mg-L ™"y PAHs, % 25 (9 R fi R N
82% , %} JE MY WA 43K 59% . A BF X & &R, 1

XoF 2% 1 v T G - HE ELAT BT 1 A B S AR Hoh
%t 16 Flt PAHs i [/ 2% 3k 86% , Hirp =38 PAHs [&
fift % 89% , PUIK PAHs [& Mt 2% 87% , i 3F PAHs [ fi
HA48% L [FImE, AN I E PAHs 264 HLI5 44
N A SRR W, DT AT B T R R A AL TS e
Wy 9 A TR AR R A R R A L ET B
EHEIREC AL B E B RS, T P RKE R
B 0 A 4 2 T3 A 7 B4 W g =2 [, vl e 2L A
[FIPE . 6 R4 B3 1T % 2 700 LK 9 A L
Py AR AT A TS Y R R BRI, Y PR (A
AR JE | B WCR R XTRE A 2,55 ~3. 12 fiF (FE)
761 ~9.61 f5(E) , & Z M AFAE PR R R0 .

4 Hig

(1) Z R 3 56 i B, 1) P UL A 2 i v R Bl 2
MeIt G om L E #5155 PAHs V5 e qe I -8, A B
U B S RBOR . RIAE ORI > PAHSs X8 15 1) 2
F AR HEA K, i A W QAR i T IR3F PAHS
Wik A% 1) [ B v 28 PAHs 35 ikl B B R AR 5 )3 Ak AT
Wpies 5 ok A, M 0 S O P A b R W R VR 2D
[EEZGERTE A= D

(2) S AL 3222y, i 2ok A 4 AR B A A 2
T v ) 37 53 DAL R0 S Gl A P e ) I 38 i
SR BRI 2 iF PAHs DA S JBORE 1 A W, DA T A5 Bl
T PAHs B A4 n] R HI R FORE e 2. A, 1
o ) R T A A A B D R R AR PAHs. X LA TS
TET AR BLAE AR B A 2, 3 (] o Gl A 2 0 A AR AL
BB E PAHs B RS

B B RO TR A Y o T AR S TR Y Y
FR 20 I ) 24 (B B 10 & ( Pseudomonas aeruginosa) .
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