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Pinl gt R g TSR R RACR. B R 30 d i, RSP S BRI BB 6.14% (CC) 15 = 13.6%
(CN) 1 15.0% (CY). MIAGEIRE & E (15 + A Yy S m s A BEAL (5 PLFAs (i 82.8 nmol-g” (CC) B&
k% 79.7 nmol'g™ (CN) ) , {HYHRAEY[E Ak 4 M 20 53 (9 754 & & (“C-PLFA) H§ 81.12ng'g' (CC)
HNZE 92.84 ng-g” (CN) , FHFREN AWl BE &2 4 5 T 25 22 PG PH I TR R B B 0 7S ot B9 1AL AR BEVE .
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KR ik, YR, WMUEYZEEE, PLFA-SIP, &R FIRHE.

Effects of potassium nitrate and organic fertilizer on microbial activity
in hexadecane-contaminated soil
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Abstract Biostimulation by adding exogenous nitrogen to the soil is a common application
technology for soil organic pollution. However, the metabolic characteristics of soil microbial

communities towards the contaminants during the remediation are still not clear. In this study, two
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stimulants, KNO; and compost, were applied to “C-labeled hexadecane-contaminated soil for 30
days of remediation. The removal rates of hexadecane were determined using GC-MS, and the
phospholipid fatty acid ( PLFA) contents and the *C incorporated into PLFA was quantified using
BC -PLFA-SIP technique. Results showed that the removal rates of hexadecane was higher in the
KNO; ( CN ) and compost (CY) amendment soils than that in the natural attenuation(CC). After 30
days of incubations, the removal rates of hexadecane enhanced from 6.14% (CC) to 13.6% (CN) and
15.0% (CY), respectively. Although KNO; amendment slightly decreased the total microbial biomass
(the total PLFAs changed from 82.8 nmol-g™" in CC to 79.7 nmol-g™" in CN), the "C-PLFA increased
from 81.12 ng'g"' to 92.84 ng'g”'. KNO; amendment improved the hexadecane assimilation
utilization by Gram-positive bacteria and fungi. In the compost treated soil (CY), the total PLFAs and
BC-PLFA increased to 99.3 nmol-g ' and 142.67 ng-g ', respectively, and the assimilation utilization
of hexadecane by Gram-positive bacteria and actinomycetes were significantly enhanced. In the
different treatments, the microorganisms that can use hexadecane mainly included gram-positive
bacteria 115:0 and al5:0, gram-negative bacteria 16:1w5c and 16:107c, fungus 18:1w9c,
actinomycetes 16:0 (10Me), and unspecified bacteria 16:00. The results indicated that gram-positive
bacteria were the most dominant hydrocarbon-degrading bacteria in the different treatments, and the
remediation characterictics of KNO; or compost addition toward hydrocarbon-polluted soil were
different.

Keywords hexadecane-contaminated soil, biostimulation, microbial community, PLFA-SIP,

hydrocarbon utilization characteristics.
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- TR S5 AL 22 R AN D BE TR IS MEXT T A R R 1 S0 R OCH B, H T 2202 A I AR PR AR BEBE A
1 ¥k ( denaturing gradient gel electrophoresis, DGGE) | 3£ B &2 & 2 & H§ % /2 i ( quantitative real-time
polymerase chain reaction, qPCR) . 5 i 1= lll J¥* (high throughput sequencing) . 7% & K 2H %% (metagenomics)
SEF AT LR LSS AT A QI I R SRk AT ISR AR B o B v nT B A TR I D BE T R
M 2T JE (Bacillus ) . 4 2B A M 1 & (Pseudomonas) . IS8l 40 # J& (Acinetobacter) . 21LEK A J&
(Rhodococcus) . J&./N 5.9 15 J& ( Promicromonospora) , VA I LB i) #H T 12 ] ( Basidiomycota ) 114 5[]
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1 #M¥5 77 (Materials and methods)

1.1 e AP
SIZ6 T FH A 398 R B B PG 4 JE 2 T 4 E B R 2 A TS Y A B A . AR B A M ORI
AT 1), IR GIBR AT WA A SR RT RIS Ry 4 o K L P v, 5B b sk
Y ) R AR AR Z0L, RS 2ot 100 B IfiIFF/miR 515, 2 T A 3H4E, —80 C T it A& M.
Fz 1 HIEREAMR

Table 1 Basic physicochemical properties of soil

- E IR % FHLR/ (g-kg") BE/(mgkg") BA/(mgkg') MHA/(mgkg')  £Fi/(mgkg!)  BRAL
P Humanity Organic carbon Total nitrogen NH,"-N NO;-N Total sulfur C/N
8.20+0.04  0.12+0.01 17.1£1.27 400.1£12.5 4.110.16 4.01£0.15 120.0+8.9 425

JIt T A HLAE I A PE AR K2, SR LT L 1:2 S8 3 A 72 A 5.0% (A 7k i 28 4
il 65 f i . A LR B EZICE F o C. N, P, K, Na, Ca, Mg, Al, S, Cu, Fe, Mn, Mo, Zn 434l
“} 185600, 20400, 6500, 36200, 3810, 2130, 2420, 1330, 1575, 400, 1615, 284, 4.46. 140 mg-kg™.

1.2 PRSI ORI Rt

BC-T S KE L : 0.2500 g F B 99% atom HYARIC T /S8 (75 %E-1,2-"C2, Sigma 2~ ] ) 5 4.7500 g
FHE 1.108% atom 53 #r 46+ 75 8¢ (Sigma A A st /0 1R A, THEHC B R 5.976% atom.

SEEO T R TTHANFR 2 s, B9 43 100 g B T EERRIF L 100 H i 1) 45845 3 4 (g4l 3 A~ FAT), 43
BIAA 5000 mg-kg ™" PC-+ S EEARICH . 5000 mg-kg' PC-+ S ki bn i W RIS R B O TR A
10/1), 5000 mg kg “C-T7Sbebnic P AIA HLIE (BN 150 g-kg ™), W44 H R G3495).3 dlhb B
5 4y CCL CN I CY.ZE WA F7E 0, 3, 30 d RS L HEFES, T-80 C T P-4 RFI.

*2 SRR

Table 2 Experimental scheme design

o= sz
Code Treatment
cC 100 gi it +4%+0.5 g BC-+75ke
CN 100 giti# L58+0.5 g PC-175%6+0.3066 g KNO,(C/N=10/1)
cY 100 gitigr 438+ 0.5 g C-75ke+15 g AHLUIE(C/N=10/1)
1.3 FESL ST

38 I 7S BE R R R A R B-GC/MS P22 . R A BB GC/MS I Ty 3 DL SCHik [19].

- 3% PLFA (W42 B G4 Wy RE v 45 i8] 38 9 B8 A 105 12 ( phospholipid fatty acid, PLFA) %75 113
PLFA B4 077 WSCHR [19]. JEA P BR Ry FI) A5 B A B R =1:2:0.8 1y $2 BGR| 2 e 4= 48 v iy
Jig . BERR AN RR, DLS05 AN R AE R e, R SPE A (Supelco 2 7)) 43 25 25 Br Wi A A b PR AR, 1]
FEBOGRAS AR Ao AR s R 2 (1:1) A9TR AT 0.2 mol- L™ KOH H By it 41 e fL s, in A 2818
TRAPKEE IR, P IE O Be 2 BORASBE AR I i 2 H e, AR TS, ZEBR AL AR S oA 19:0 HY &g
YEWBR, B R A 1072 TP ER ¥ T 60 uL IEC k.

- 4% PLFA B[R Z e S A 615 4% (Trace GC 1310 +GC IsoLink 1T 3% ConFlo IV (Il ] X,
AL CNHO) ) #4746, FFH MIDI SHERLOCCS {04 ¥ %6 52 2 G AT G I IR 10 L X S8 5 . g
I TR 11 o R P U v AR S A il 2R 325 A4S PLFA [19°C/2C FAH (03 - IR e vk - R [l (o7 2 HE SR
(GC-C-IRMS) HEA TN E , 22 J5 1 WL SCHR [19].

FEAG I 5 BC-[A A K ) 18 Ff PLFA Bk, LA 18:1w9¢ 1578 H 1 ; UL 16:0(10Me) . 17:0(10Me) .
18:0(10Me) . 17:107c(10Me) $8 7~ L £k 15 LA 15:0, i16:0, i17:0, al5:0, al7:0 8/~ 55 2 R PHME B (G5
LA 16:105c, 16:1a7c, 18:1m5c. 18:1m7c. cyl7:007c. cyl9:0w7c 48 /8 H 2 [CFA M E (G) ; L 16:0,
18:0 4571 Unspecific /™. ¥t T A 1 4= ¥ PLFAs S FIRAE N S GUE Y.
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1.4 HHEIE

e R A BRI A T TR AR A

Ap X Wsrp
T AsoxWxM
A, Pe S BB AR TR SR Y 5 i, nmol-g™'s A 1 Agrp I RE S AT A ARY) (FJERE 19:00) AY U6 [H
G Werp I FRY) (HEERR 19:00) Y BT, pngs W7o T R E &, g3 M OB AR i 107 1R S 14 1 RH X 231 I
i, g'mol ™.

s R R R

Pr x 1000 QP)

Rsam (5
§BC = (—‘”l— 1)><1000 (2)

standard

(6"3C + 1000) X Ryumpie
(6"C + 1000) X Rygmpte + 1000

1, Reample FHE Al PC/PC JEF HAR s Ryandara FARUE AT (38 R 2 390N B 2220 B2 Ak 20 207 h i 85 A
ftf, PDB) 51 FUAE, ZX {6~ 0.011802.
PLFA H&H1BC (1) &

atom%"*C = x 1000%o (3

BC - Py = [(atom%"C),p — (atom%"*C) ;| X Lec 4

R, BC-Pp iy PLFA BfRHAY3C i3, ng-g™'; (%atom"C) (p Fl (Yeatom"C) yp p 23 B N HRICHE i PLFA
MAARCHE S PLEA BRI %atom®C, Lpc NFRICEEM PLFA R RER &, ng-g .
1.5 Gt

K Excel2010 1 SPSS 25.0 #4754 1E A M A1 7 25 5 R 58, [7]— B JAAS [ AR B | ] — Ab BEAS [H]
A4 22 55 0 2 M One-way ANOVA (LR 25 22400 ) K 55, FIFH LSD, P<0.05 (35 /) b 2 255008 ) i A7
2 HLHL, SR H Origin 2021 Z: il K1 3%, B0 3R R P (B i 2.

2 5 5418 (Results and discussion)
2.1 RS BEREBRRCR

6]+ 75 e 15 B L 23 A KNOs, A HLIEZEAT AR W iIAE &2, LA T A SR (CC) . KNO;
YAz 52 (CN) L A HLIE APy BB 52 (CY) R oSk i L BRACR (181 1),

- (@) [~10d [ b ~13d

_ 5500 &34 20 =130d

5 30d 18F b b

& a a 16

g 5000 | 2 i

: PR ST ¥

> i

: N g j

§ 4550 | ¢ s 12f

s S 10f S

< 5

- 2 osp 0

= a a

2 6

=)

500 | s 1 a
| A
o P SR 0 |
CN cy cc CN cyY
Treatments Treatments

B 1 ARBEEABT L ke S i (a) MFERR (b)
CC FIRPC- TRk 7E R Y F AR THILCN FOR BN KNO; B AR HL CY FoR TR IA HLIE A AL B R )/ NG - B 3R Rl — Ak 2
TEA[AIE S I a] ) 22 57 18 3% (P<0.05)
Fig.1 Soil hexadecane contents(a) and degradation rates(b) in different treatments
CC: Hexadecane natural attenuation in the soil; CN: Biostimulation of hexadecane-polluted soil using KNOs; CY: Biostimulation of hexadecane-polluted

soil using compost. Different lowercase letters indicated that the same treatment had significant difference in different treated time (P<0.05)
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BRI (B 3 d), TSBEAE HARBE AT KNO; 16 52 kb 3 A + 58 b i Gk, bl & i
FH 5000 mg-kg™ P& A% & 4793 mg-kg! Al 4800 mg-kg ™!, Jil A HLAL A& & Ab B () 4 38 b e 42 & = R
4891 mg-kg . 1B 30 d B, JILA PR A& 52 500 b LY -4 P e R R BRRCR E R R, TS RE S IR
4323 mg-kg'(CN) 1 4250 mg-kg '(CY) (] 1a). 5ARZAE G A0 B -+ 50 LU, Bedd B A R o0 54 ol
FUARAIE T Y 2.21 A5 0 2.44 1%, BERTINASMIE ZE AT A2 RS 52 nT A 28082 e - U W e K
R fRRICR (B 1b).

22 HIERUE YRR LK

B2 W, A 5RRKEf(CC) B 38 PLFA St B AN 2, 7 80.82—82.83 nmol-g . &/ EWIK
# PLFA & & /i1 = 2R K ¥ 8. G~ (30.30 nmol-g ') > G*(16.96 nmol-g™) >t £& i ( 14.76 nmol-g™') >
Unspecific (& (11.44 nmol-g ') >E ¥ (7.36 nmol-g!). T3 & EE LM 9 Fi PLFA B4R (KT 3 nmol-g ')
£, §f Unspecific # 16:00, G* [# i15:0, al5:0, G™ & 16:105c, 16:1o7c. 18:1n7c. cyl9:0w7c, H B
18:109¢ FIHZE B 16:0(10Me) (&l 2, 8] 3), H: PLFA B (1 & 43 51K 9.42. 6.55. 3.96. 4.91. 6.45.
11.05, 4.11, 7.36, 9.70 nmol-g".

54 3P A KNO; 182 AbBE 3 d, PLFA BUEWSA K 152 30 dAf, PLFA Sk 79.70 nmol-g .
SHUEWRHE G- GY, UZ A . Unspecific B . E B 9 PLFA 7 &2 43 5l 7 30.36. 15.98. 14.60.
11.20. 7.56 nmol-g ', F- A YIZSHER 9 A PLFA BLRTEAE &2 I 0] 5 i A8t A K. I A HLIEAE &2 Ak 38
WA (B 3 d) B4 E P25 B PLFA & &R PLEA & 800, 1852 3 30 d I i 35 A, 13 vh f
PLFA 4 99.33 nmol-g ', 5 R W28 PLFA &5k 36.26, 21.97, 14.41, 9.57, 17.12 nmol-g .

TSI T G R 5 Ak 3 A A P OR [R) RO W SRR RRAE B 1D R 7 et PR R BRI : G4 A
>G4l B >4 i >Unspecific B>E . 5 AR S8R ALHL) 135 (CCO) ML, A KNO, &858 4B (CN) X}
TS PLEA &AW 260 PLFA s2 W 80/, AHLIEHEA (CY) W31 1 3 b & PLFA & &,
H:rh Unspecific . G*. G4 PLFA By & K (& 2).

L Jod DX 3d 304

b Unspecific bacteria 32 F G"bacteria 50 - G bacteria aB
30+ aB sl bC
_ 52 - bB
‘o T 24 L ] e 4 cB
] = cC =
g = 22 + g 35 F
< £ 0p A £
§ % 18 | aAaAaA a bAbB g 30
g s 16 & ]
3 ] L
© S uf S
12k
VI 0 . A 0
CC CN CC CN CY CC CN CY
Treatments Treatments Treatments
14 — Fungus [~ Actinomyces 140 — Total PLFAs aB
13 20 - L
B 130 be
-~ 12+ s ajg‘} ~ 120 } &1
— - I
sy » 2wy '
F 3 c
£ g6t E 100 |
s 9 ) bA bA = aA
5 3 A E T b g 90r bA
Z 8L jpaAl \b sl TN ER 0B
S 7L : g : 3 80 -
© 3 o
. ’ n0f
AL G Al Gl il
o LA ‘ %‘ 0 . 0 AL A L
CC CN CC CN CY CN CY

Treatments Treatments Treatments
B 2 AEEE AN - g5 ) () FFAE PLFAs & &
CRF/INE FhEFoR [ — AL BEAS I 1 PLFAs & it 25 5 i3 (P<0.05), AN [RIKE FEEFIR [F]— BT RIAL B PLFAs 7 it 22 5 i 35 (P<0.05)
Fig.2 The content of microbial PLFAs in different treatments
(Different lowercase letters indicated significant differences in the PLFAs contents in different time (P<0.05); different uppercase letters

represent significant differences in the PLFAs contents in different treatments at the same period (P<0.05))



4 3] B R B AN AT HLAC TS 00T 38 v 75 Joe )RR A S8R B A W e P A2 A i 5 1287

m0d x 3d +30d
=
2012 CcC X s
glO * %
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5 6 & X L]
§4 x * * .
4
<02 x x X x & X x g X
= 0 ! L L L L ! L L ! L L ! L L L L ! L I
N QD Q i) D S S (<3 < < (<3 < < (<) N D D N
= oo B &7 Q ~ AT k) N N k) N N [>) ) ) (%) 3
A N I R I R RCINS SIS
NN _\4\ NN _\\Q' N N ,\:5
¢ ¢ SRR
PLFA types L
ol
2 pf ON .
b=t X
ERUI '
= 8 =
= =
2 H x a
: . :
S 4  § .
£ 2 H [ S B e X x 5 B
E 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I
N N IN) N IN) S 19} S S 19} o o 3 D ~ ~ ~
S 5 PR RN o N N9 N N IS) ) ) ) Q)
VY Y S IS ST S SsSsSs s
T EIE &9 8§88
¢ ¢ NN
PLFA types &
20 CY
e 18 X
< 16 -
il :
= u
= ¥
g1 . T
g 8 . ¥ X ¢
. ¢ 3 Yy
< 2 H 5 4 s x ¥ ¥
Mo S S S . SRS
jon
D N QD D N N N 9] < < 9] < < ] D 2D 2D D
& @ o PR RPN o N N9 N N IS) ) Q) ) Q)
T Y Y S S ST, SSS
T EIE &9 8§88
¢ ¢ NN
PLFA types &

B3 RIFEALBER 123 PLFA BK S B
Fig.3 The contents of microbial PLFA monomer in different treatments
BRI, A SR AR BT G'/G 1 PLFA HC ARG ] 22 A A S 3, {H X 40 BT /050 1 19 PLFA HU AL
S (3 3) . MAE MU HATIEE X G /G PLFA LB A W35 5200, %) 40 18/ 5L (¥ 19 PLFA 1L
WA B E . IMAANUICHITERE G /G W E R T F AR A A R B 2R 4748 52 40 PR A -3
AAHUEHEFTE A G /G H) PLFA FUAR AT 35 520, %) 40 T/ B0 A B9 PLEA LU EE IR A 225 AT
PUEHEATEE G /G HefE e T F SRR AR AN A R B R4 718 S Ak B ) 1 .

®3 AFMBEALBE AR A | A2 GBI /4 22 [CHIPETE PLFA H(ERI 1L

Table 3 The ratios of bacteria to fungi and gram-positive to gram-negative bacteria under different treatments

e Zﬁﬂfﬁ/ﬁtﬂ . Eé&ﬁﬁ‘f&%i/%é&lﬁﬁ%
Treatment Bacteria/Fungi G'/G
0d 3d 30d 0d 3d 30d
cc 7.97+0.02aA 7.82+0.03aA 7.97+£0.01aA 0.56+0.01aA 0.54+0.03aA 0.55+0.04aA
CN 7.49+0.11bA 7.89+0.04aB 7.61+0.05aAB 0.56+0.04aA 0.55+0.02aA 0.53+0.06aA
CcY 8.35+0.16cA 7.72+0.21aB 7.87+0.07aC 0.60+0.05bA 0.62+0.02bA 0.61+0.04bA

s /NGB [F)— B AN R B 5 22 8] 28 51, KI5 SB35 Rl — A BIAN [R) e 40 28 5V, SEBlAN ) 30 22 57 13 (P<0.05).
Different lowercase letters indicated significant differences among different treatments (P<0.05); different uppercase letters represent
significant differences in different remediation periods in the same treatments(P<0.05)

2.3 ATRI S BER A: P RV AL B A Ak

T I AN TR S A 3 4 A A ) PLEA SR 3C F 5 T LT i 45 S A W 2R X 17X e ) 1L
L. MR &1 4 AN, FEAN[RE 52 Ab B -3, AR /S e AR M) F255H GTIAT 115:0, al5:0, G
16:105¢c. 16:1a7c, HF 18:109¢. L H# 16:0( 10Me) Fl Unspecific B 16:00. 1 3 kg 12 1Y [ i A i 75
S PR R AE WIS BER UM EIVE . 76 3 Pl SR AL BEGEAT 2= 3 d i, &6 P02 8E PLFA 1 13C & R4
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ik B 2 30 d i, 3 FHE S ALBEAY - SERAE MY IR v i °C i 2, BB A 30 d i HIRBUE
PrEiE N T oSBT g, 3 L7 b o i IR M A R A Q.

.7 0d [FEE s q PO 304

w
~A®
(9%}

W

1
<A ® O

®
) w
S IS
T T

Content of 3C-PLFA/(ng-g™!)
>
T
A
8

Content of *C-PLFA/(ng-g™")
>
T
Content of *C-PLFA/(ng-g™1)
—_ o
W wn
T T
AvAvA; oo
VAVAVAVAVAVAVAY 150
Vi kadve]

o
1

u-
oF0
“s. =4 &
Skxe
8 s

B 4 RIEALEET 13 PLFA SR C & 5
(CRRVNE F8:FR PLEA AR PC-PLFA & 15 2% 5 35 (P<0.05), RFRIRE TR F — IR FAL B PC-PLFA & 22 5 i
#(P<0.05))
Fig.4 The amount of *C-PLFA in microbial monomers PLFA in different treatments (Different lowercase letters represent
significant differences in *C-PLFA content in different time (P<0.05); different uppercase letters represent significant
differences in *C-PLFA content in different treatments at the same period (P<0.05) )

H SR 30 d 19 38 (CC) H, 115:0. al5:0. 16:1m5¢, 16:1w7c | 18:109c. 16:0( 10Me) il 16:007 Fi
PLFA B 3C &k 81.12 ng'g !, Hith G'(i15:0. al5:0) FIEL B (18:109¢) H1°C & i i, 2391k
2741 ng-g' A 18.61 ng-g!, 5 7 Fl PLFA FAfRHh13C E& 1) 33.8% il 22.9%.
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Fig.5 The amount of 13C-PLFA in microbiota in different treatments
(Different lowercase letters indicated a significant difference of *C-PLFA content in different periods under the same treatment (P<0.05), and
different uppercase letters indicate that a significant difference of *C-PLFA content in different treatments of the same microbial group
(P<0.05))

FESg Actinomycetes 7 Fungus 7 G- bacteria
G+ bacteria [~ JUnspecific bacteria
b a

80

60

4

Relative abundance of each group *C-PLFA/%

b
20 o ¥
a /b/ /
0 1 1 ]
CcC CN CYy
Treatments

B 6 1E5 30 d A [RIAR B 4 e i 25 B E WIS PLEA FIH C 9IRS R
(R NG FREFOR AR Ak B -3 P AR RIS RHBUE WY PC-PLFA 22 5 .3 (P<0.05) )
Fig.6 The relative abundance of "*C incorporated in microbial PLFAs in different treatments

(Different lowercase letters indicated a significant difference of *C-PLFA contents in different treatments of the same microbial group (P<0.05)
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