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Abstract:  Objective It is very important to know how extracellular enzyme activities (EEAs) vary and what are their driving
factors in reddish paddy soil under long-term fertilization. The knowledge may serve as a certain theoretical basis for
improvement of soil fertility and rational fertilization in the region. To that end, this study was unfolded. = Method Based ona
long-term fertilization field experiment that was started in 1981 and designed to have four treatments, that is (CK, without
fertilization), NPK (fertilizer N, P and K), HNPK (double dosage of fertilizer N, P and K), NPKM (NPK fertilizers plus organic
manure), soil samples were collected separately in each plot of the treatments after the later rice was harvested in 2017 for
analysis of microbial biomass and soil chemical properties. Six soil extracellular enzymes involved in C, N and P cycling, were
investigated with the microplate fluorometric assay method. For exploration of the distribution characteristics of soil EEAs and
their relationship with soil nutrients and microbial biomass carbon and nitrogen in the reddish paddy soil, principal component
analysis (PCA) and redundancy analysis (RDA) were performed. Result Results show that long-term fertilization increased soil
nutrient content and rice yield. Compared with no fertilization control (CK), treatment NPKM increased soil microbial biomass
carbon (MBC) and microbial biomass nitrogen (MBN) significantly or by 60.2% and 60.4%, respectively, and soil AG, BG, NAG
and ACP activities by 12.7%, 41.1%, 36.2%, and 50.0%, respectively, but reduced POX activity by 29.7%. The variations of
EEAs were closely related to soil nutrient factors, among which soil total nitrogen (TN) and MBC might be the key determinants,
accounting for 34.3% and 20.9% of the variation of EEAs, respectively. Conclusion It can be seen that the combined application
of chemical fertilizer and organic manure is beneficial to improvement of soil fertility, microbial biomass and soil extracellular
enzyme activity, and considered as the best fertilization management practice to maintain crop yield and improve soil quality.

Key words: Long-term fertilization; Combined application of organic manure and chemical fertilizer; Reddish paddy soil;

Soil nutrient; Soil extracellular enzyme activity
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1 BPRHS

1.1 ARXHER

Az Y S B DR VAW AR R o 2 = 7 /A R ]
BLIEVSE T (116°2024"N ., 28°15'30"E ), -1
30 m, JEHEHG RS, FHRIR 17.6 C,
HHBUR 5528 C; 4EME/KAE 1785 mm, JCFHIHZ
280d, HIEAF%C 1950 h,

KB ARG IA T 1981 4R, vk i B A 32
Feio Mk EHCRE L a 6 i+ A FRKE L. it
BT R ZERIAC R .+ pH 6.9, AL
Wk 16.3 gkg ', 2R 1.49 gkg', 2 0.48 gkg ',
81039 gkg!, WA 150.4 mgkg !, AR
4.15 mg-kg ', HALH 80.52 mg-kg ',
1.2 RIEit

ABFFRIE BRI E ARG Y 4 b3, 535
g AR ( CKO) L ABAE ( NPK ). 2 35 & B4 ( HNPK )
FAAI+AHLIE (NPKM ), /MXHFR 46.67 m*, 3
WHEE, BEMEE: ZE4N 90 kg-hm >, B
P,0s 45 kg'-hm 2, #E K,0 75 kg-hm2, AHLIE 22
500 kg-hm > AERLAFHEUIE R IR 36, BEAE A 45 55 ik
JE, HRER AL . AHUBRRE N E ST, KRN

Fe, MR ZEGE TR, LR BRI A

FIZEA | P,0s . K,0 434l 8 27 kg-hm 2 17.0 kg-hm %,
28.5 kg'hm? Fl 33.8 kghm? . 58.0 kghm? |
33.9 kg'hm . AU 60%EIAE, Fl T 40%F /K A5
R SRR s B4 38T KRS IR VR 8 AR
AT BEAL A DL 2 ERVERRIE . A /N A
FoRk  VEBERIFT 2558 H 45 BRAG -5 2 b > 1B AR [R]
1.3 MRAE

2017 FFMEAEWOR IS , /XS SRR 0~20 cm
BEZ - ERE S o FDU Aot 172 BERE AT
HMEE TR A AR L, A 12 BERRESI T,
JEE A I O oM L AR . KRS PR N SR AE R
FE AR P i 2 A, R/ INDC SIS P R AR

R AR TR R RSB e P 4 4
pH( 2.5 : 1 )RR TH AL ; H 34 HLAK (SOC)
K FHE S RREFAMMBGE I 2 . 2R (TN) HP i
ALIRTEM s 28 (TP) FmUA — B b Lk i
JE 3 A (AN ) FHBRE HOL I E ; A %500 (AP)
FH Olsen 142 ; AL ( AK )] 1 mol L' NH,OAc
B — KB R R . A e Yk

(MBC) gAY AP A (MBN) KA EZE
B gk e

S AN PSR 96 AL BRSSO B
EMEP, AG. BG fl CBH L &0 LT 4 &
KA, 5 T IEAR A ORI ; NAG fiEfb LT Bl
SRR, 5 IR Gl ; ACP fiEfEAT
MUK, 25 HIRBHEIA A Sl ; POX LIS
YA, S R A A AR AR DC R 2
H J AL ( 4-methylumbelliferyl, 4-MUB) £
JEW bR R K R BTG, F L— R RN A M
( L-3,4-dihydroxyphenylalanine, L-DOPA ) AJEH b5
R EALTEE (POX) WM, FIH Z T BE R bR AE B
KK 365 nm. KHEIEK 450 nm BT IE .
MZER 6 Fp HEMAMEGR 2K . H5 . DIGE. JEY
FE PriesZs 0 295 (EC 4af ) W3R 1,
1.4 BiELIE
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TTAESCHE T . BRIR 3R 22 0 B Fn 22 S Bl 35 MR A 3
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AEHEAT 0 (PCA ) FITUAY T (RDA ),
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2.1 KHEIREREXY L B4k S R AN K FE - 2 RN
23t 37 a RIS R AL AL, - b2
MUKFE =R T B2 (R2). 5 CKALHEAH
b, NPK Ab# 485 T 11 SOC. AN fil AP %
5, HNPK Zb3 i 48 1 T3 SOC FiAl. w. #7
Feorfra; 5 NPK ARHEAH H, HNPK b B i 35 2 5
T 13 TP, AP Al AK; 1 NPKM 4b# 5 HNPK 4b
FEAALE, RS T SOC FIA ., B SRR & i,
5 CK AbBEAA L, fE AR AL BE 13 pH ¥H T T %, (H
KRB E K. 4500 AL R R AR K AR = 5 A CK
AL HEENT 81.4%~158.4%.
22 KHEEXN T EREYEYENREID
K7t AE 118 MBC 1 MBN S 54 i it #a 2 ( &1
1 )o NPK 4t + 3 MBC F1 MBN % CK Ab¥#ahn T
20.8%7#M 33.6%; 5 CK fHIL, HNPK 1 NPKM #b3
R E T £ MBC 1 MBN ( P<0.05), HH,
HNPK 43 43 MBC #11 MBN 23 13840 T 41.1%7#0
42.9%, NPKM ZbHEN 535340 T 60.2%H1 60.4%.
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Table 1 Names, abbreviations, substrates used and International Enzyme Commission number of the soil extracellular enzymes involved in the

study
it 4 ] Urtig [i%7] EC 4t
Enzyme Abbreviation Function Substrate EC number
H b K fi# C-targeting 4-MUB-a-D-# 45 8515
a-F A a-glucosidase AG ) 3.2.1.20
hydrolysis 4-MUB-a-D-glucoside
HFRik IR/ i C-targeting 4-MUB-pB-D-# 45 i
B-H B B-glucosidase BG ) 3.2.1.21
hydrolysis 4-MUB-B-D-glucoside
21 Yt R IK fir T H ARk IR /K i C-targeting 4-MUB-B-D-£F 4k Wi
CBH ) 3.2.1.91
B-cellobiohydrolase hydrolysis 4-MUB-B-D-cellobioside
LR A AT FARIBOH K9 N acquiring 4-MUB-Z Bt 2 S A A5 A 1
NAG 3.2.1.30
N-acetyl-glucosaminidase enzyme 4-MUB-N-acetyl-p-D-glucosaminide
AR HUH OC ) 8 P acquiring
TR PEREMREE Acid phosphatase ACP 4-MUB-# 275 4-MUB-phosphate 3.1.3.2
enzyme

15 PERR 54k Recalcitrant C

iy &AL Phenol oxidase POX L- RN 4 ik L-DOPA 1.10.3.1
oxidation

1 EC ShY . i (1 [ PRl 24 22 5L 2 965, 4-MUB : 4-H 3L JE R, L-DOPA : L- ¥ KA & 2. Note: EC number : International Enzyme
Commission number, 4-MUB: 4-methylumbelliferyl, L-DOPA: L-3,4-dihydroxyphenylalanine.

F2 KHER T L IRAFERAKE=E

Table 2  Soil chemical properties and rice yield of the paddy fields under long-term fertilization

sl SoC TN TP AN AP AK GY
Treatments oft / (gkg") / (gkg!) / (gkg!) /(mgkg') /(mgkeg') /(mgkg') /(thm?)
CK 5.65+0.02a  18.47+0.35¢ 1.73+£0.02¢ 0.55+0.06¢ 154.24+5.78¢ 4.27+0.26d 39.47+0.54c  5.74+0.35d
NPK 5.54+£0.07a  19.83+0.52b 1.83+0.06bc  0.64+0.04c 164.01£3.69b 9.00+0.22¢ 41.25€1.55¢  10.42+0.34c
HNPK 5.5240.02a  21.06+0.27b 1.89+0.01b 0.89+0.05b 170.66+3.13b  15.54+0.26b 47.38+£3.08b  13.60+0.50b

NPKM 5.57£0.10a  23.46+0.29a 2.53+0.05a 1.28+0.03a 233.99+3.16a  62.42+1.72a  53.78+1.07a 14.84+0.22a

[E: CK: AHEAC, NPK: ZBFH#IAL, HNPK: 2 5 &SI, NPKM.: ZBEMIECEAHLIE. SOC: +HA MK, TN: &%, TP:
LW, AN: TRA, AP: AMWE, AK: BAH, GY: K7 KPR PR ELARER, B —FA R 7R R R g B A 22 52 2
# (P<0.05), F[H, Note: CK, without fertilization, NPK: fertilizer N, P and K, HNPK: double dosage of fertilizer N, P and K,
NPKM: organic manure plus fertilizer N, P and K. SOC: soil organic carbon, TN: total nitrogen, TP: total phosphorus, AN: alkaline

nitrogen, AP: available phosphorus, AK: available potassium, GY : grain yield. The data are means= SE. Different letters affixed to the data
in the same column indicate difference between treatments at the P<0.05 level. The same below.

2.3 KHIMERE XY 1 B pa S EEE M AU 22 AHEE ,NPK AL g 2 HE 3 T AG A NAG i 4: ; HNPK
KW AR T 118 EEAs IR (3£ 3), A REFRE T AG F NAG 15, 4L T ACP
- 15 AP T i AT A N FETE 2 R SARHEAR(CK ) Al POX it ; NPKM 4b# AG, BG. NAG Fil ACP
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[E: CK: AHEAL, NPK: ZBEHAL, HNPK: 2 f5 & BRE1AL , NPKM: ZUBEH I i HLAL o R (6] 52 5 6% b B M) 2 53 1 3% ( P<0.05 ).
Note: CK, without fertilization, NPK.: fertilizer N, P and K, HNPK: double dosage of fertilizer N, P and K, NPKM: organic manure

plus fertilizer N, P and K. Different letters indicate difference between treatments at the P<0.05 level.

B RIIAL T i S W A Uy R A R M A e R

Fig. I Content of microbial biomass carbon ( MBC ) and nitrogen ( MBN ) as affected by long-term fertilization

&3 KCHIERE T BY T IRAESNEEIE 1T

Table 3 Activities of soil extracellular enzyme as affected by long-term fertilization

Ak 3 AG BG CBH NAG ACP POX
Treatments / (nmol-g"-h™") / (nmol-g"-h™") / (nmol-g"-h™") / (nmol-g"-h™") / (nmol-g"-h™") / (pmol-g"-h™")
CK 7.12+0.07b 36.00+1.06bc 13.56+0.61a 40.17+2.68¢ 218.98+8.14b 10.21+0.22a
NPK 9.37+0.28a 42.69+2.48b 13.90+0.73a 52.43+3.08b 254.89+4.32b 9.81+£0.60a
HNPK 9.52+0.47a 34.38+2.25¢ 14.19+0.28a 63.07+1.66a 136.16£5.38¢c 8.04+0.38b
NPKM 8.03+£0.03ab 50.80+1.76a 15.58+0.67a 54.72+1.5ab 328.47+16.75a 7.16+0.57b

{E: AG: o-Hj#IMEH A, BG: B-#ZH 18, CBH: £F4EZKMME, NAG: ZELZSEMAN I, ACP: MIEBEHRE, POX:
My fb . TR, Note: AG: a-glucosidase, BG: B-glucosidase, CBH: B-cellobiohydrolase, NAG: N-acetyl-glucosaminidase, ACP:

Acid phosphatase, POX: Phenol oxidase. The same below.

TP AR 12.7%. 41.1% . 36.2%7F1 50.0%, POX
TEPE R E T 29.7% (P<0.05). #&iifE4b3 CBH
TEPERSAG B, (AR 2 ] 2% SRR 3
24 TERMMEEFEHESTEAFHER. REDE

YEFMKEFENEEXR

118 EEAs 5 - b tE . UEw A Al
KRG BRI ST (R 4) 2R BR, 1+ NAG
TEPES R E Y AE Y& (MBC il MBN) FIUKFG
PR Z A e A B B E K, HS ERsr 2Z H]
MRPEAR TR ; 14 BG IS 14 SOC A . #
324y (TN, TP, AN F1 AP) Z[aJH5&MEk B K
5 48 CBH M5 3 TN, MBC FIERLFE 5
( AN, AP Fll AK ) Z [AJAH 5GP 1 K ; 14 ACP

WPES 3 TN, AN, AP Z [AIAH k5 3% K F
135 POX G M 5B pH AM 14538 bR 48 2 1 (2 3 A
XK, T AG 5&FRPREA A RE, v, +
¢ EEAs 23| T 3R MY, (HRR
ST A+ HEFE 53 (e R AR R R R 25 5
2.5 TEMSMEFEMESBIFERXBIREF
WXt 6 Fh 3 EEAs #EFT 404, RTRAS
TS T 3 EEAs S ARIERY 87.8%( 18] 2),
KA AL EEAs 20 A oA 22 5%, CK AL #4017
F bRl Az, NPK Ab B A5 7 e JF s BT
HNPK A 250 A fE 47 B J7, 1 NPKM &b # 3= %L
OYHAELE RO . LAtHE EEAs Mg As &, +44k
SRR AW A RO RS AT RDA 40 HT
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Table 4 Correlations analysis of soil extracellular enzyme activities with soil chemical properties, microbial biomass and grain yield

AG BG CBH NAG ACP POX

pH —-0.475 —-0.061 0.015 —-0.49 0.208 0.368
SOC 0.161 0.618%* 0.500 0.539 0.431 —0.905%*
N -0.090 0.749** 0.639* 0.344 0.689* —0.738**
TP 0.075 0.627* 0.574 0.513 0.461 —0.855%*
AN -0.097 0.782%% 0.652%* 0.281 0.677* —0.749%*
AP -0.124 0.764** 0.666* 0.301 0.681* —0.758**
AK 0.052 0.507 0.671%* 0.515 0.328 —0.825%*
GY 0.491 0.450 0.466 0.796** 0.163 —0.821**
MBN 0.470 0.563 0.182 0.632* 0.229 —0.816**
MBC 0.264 0.455 0.657* 0.716%* 0.326 —0.748%*

. R R IR 5%H 1% B 2 K. Note: * and ** represents a significance at 5% and 1% level, respectively.

)
— o]
K2 ppo
CK30d CK1
s
0
« NPK 1
S o
&
|}
o
| ACP
§ HNPK1
H | NPKM2 5
BG NPI%MI CBH HNPK3
% o
NPKM AG HNPK2
S
T NAG
-1.0 E A1 PC1(63.45%) 10

B2 KIBEAL T e S B 1 5 73 B (PCA)
Fig. 2 Principal Component Analysis ( PCA ) of soil extracellular
enzyme activities in the soil under long-term fertilization

(& 3). RDA BiF-HEFROREE T - S M A1 il 0
BdE BT 250 86.8%, BV 9 ANFAE K- 7E iy w4 il
SR T LA BTG PR AR Y 86.8%, M I A
5 iR AR e 2 ) P A Sk I R B AR BXAE RT DL FROR T
FH 2 B A e RDA HEFF AT LIE ) TN, AN,
AP 5 BG, CBH. ACP Z[H]EIFAIX %, MBC
F1MBN 5 NAG FHOCHER S, T 4 585550 FGUAEY)
AR POX Z M FAHEOC R, LS R 5H 5

Pr (% 4) BER—-F

o
PPO

pH
_ N
J
\
N
d \
51
< \
~ | ACP
o
e

BG
AG

S SO TN:34.5%,F=5.2,P=0.008
= MBC NAG  MBC:20.9,F=4.2,P=0.048

-1.0 41 RDA1(62.55%) 10

e BOHCRFRBRA R, LA OH kTR IZ g
RS B SMNEF G P B A &, Note: Hollow arrows represent

explanatory variable , hollow arrows with solid line indicate
significant correlation between soil properties and soil extracellular
enzyme activities ( P<0.05) .

K3 LIRSS IR PR TUAR ST (RDA)
Fig. 3 Redundancy Analysis ( RDA ) of relationship between soil
extracellular enzyme activities with soil indexes
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i (EEAs) MM EXCRTLESE, ANt (CK)
AT POX TG PERS i, NPKM AbFE 345 T ACP,
BG 1 CBH i 74 , HNPK 43 =5 T AG FINAG
T, T NPK AL 34 M 16 AL F JE i 8.+
3¢ BEAs R8Ik EZ i RIS IR ER B, Hid £
HAR (TN) MDA Rk (MBC) 4 3l ff ke
T 27N 34.3%M1 20.9%, kF) W EKF, £
B 0 AT 5 | A+ S A T PR A AR fk T Dl TN Al
MBC X S HOR AT

3 i e

30 KHMEEXIIERETIEFRSMMEDED
=R RN
e A 349 A6 it FH 20l TS DA R ROl I S5 A
G 1N o R S s e w3 (A R E 75 A S8 G A WY 30 R 5
HLAE{d +3 SOC. TN, TP. AN il AP &34y i 3
BB, AR B, SRR ABEIE (NPK) A
o, $2EfbiE & (HNPK ) X SOC. TN Fl AN i
IR, WA HLEHLECE ( NPKM ) 55 45
T AR . B, SRS E (K2), R
A HLICHLEC it X T 4 ot 498 57 oy HoAT AR RO .
Meta KEHE 5 Bt A AL 2518, 54000 2 #AH
Eb, A MRS HLICHLEC i AL BEE ) = o 438 in
27%. SOC M1 38% . TN Hhn 20%!',
TIEMAE A EIRER T S5 1P SR IMER
A WL B e A i it A g 7 £ MBC Al
MBN Akt , SRR 3 R bR i
AL AE AT DL 5 13 MBC #1 MBN., 76 A A A 7 28
PGSR BN, SAMEIA L, KI5
FLAE A I 138 MBC #m 15.1%, F&H +4% MBC
FI MBN Z3 5113401 26%F1 13%'; i A HLAE A B
AT RO, S BEAR L MBC A
MBN 35380 51%71 24%M . ABF5E %, 5 CK
AHHL, NPK. HNPK Fl NPKM AbFE MBC 43 513 i
20.8% .41.1%7%11 60.2% , MBN 735138 il 33.6% .42.9%
1 60.4% (1), B HHERA YA Y R BE T e
RHEA G TE— 7 P 2R, ma LI
HLECHE ( NPKM ) $ETHRCRE B R
3.2 KHIMERRXY LI 15HE M LB S EE B 1 A0 &2
T AR I A S RGBSR R IR RC
FEIRSN ST, MOANERETE P S e T A A 3 T A

A A A R B - S A B T X - R
e Z UK, ANFEIBFIEE A R X80R 38 F i F
FELERAFAERE R ST . 2139 K390 it A B 51k
B 5 HUIE B AT DA 48 & 2 565 (BG.
CBH) FIEMEER (NAG ) MK A K e Bl L1200
e 398t AR IR 2 5 G A K i B BG TG PR
YHEHR R T 35%~118%, S5 R MG /KIEE NAG
TR B TES T 9% ~30%" Y 1M Ak B i bt A5 HILAE
AT LA#E— 485 BG Al NAG 16 MR, Meta 437
WAL S, LIEE AT AG, BG. CBH,
NAG ZEEHETE "), A HLACEE AR AR 56 i 76
g 3 Y AR 5T Rk B 3Dt PR AR I ( NPKC A
HNPK ) s HLIEHLACIE ( NPKM ) $2 5 1 A% H 44
SOC 1 MBC (% 2, K 1), Mife# T AG. BG
Fl CBH A5 ff ¥ AH K g & 1 (3% 3); A
e T H AR TR & (TN, AN Al MBN)
(F2, B 1), #m TRMERA XM NAG 161 (£ 3),
MAPLTHLELE ( NPKM ) AbBE+3EA A &R
RSN, VIR T EIERUE DA T R R R, A
K G S I AR, T3 NAG I MR = Ak e
(HNPK ) AbFEA Ak, (R 2w (NPK) 4b#
PEm T 3 ACP WM, TR R AR (HNPK) 4b
BHFEAG T 138 ACP 1&PE (3% 3), XATREH TR =
TCHLE A T fire ol A1 3% P 0 A W T I 1) 5 L
550, TS E ACP 1M FB334 jiiAg HLCHL
ficiti ( NPKM ) 4b ¥ 45 = SR 3%, #2473
B IBIR A HLBE, R T ACP IEHEDO )
AL (POX ) 25 A R W FEAR -5 I pa fb 72 17
o B T S DR A LG AE B 8500 08 R AN [ RERL 5
X3 POX WIsZmfAE 225, SAEAEH L, LA
Ficl it % &5 2% POX I1% MW AG 45 var , Hfuite Ak A A2 fL A
5 2 B B T IO 1 93 POX 3 M4 1 35 WA . K
FEDTHIFIE R, it AR IR 5 A AILAE 3% FEAIE POX 7%
PEU 1010 Zhang 4507 2E R 30106 A 9 4 SR
H R EA PLIE R R T POX AYIEE, X vl 5
FH A5 HILA et IG5 it 7= A A 3 D400 o 30 P9 5 e - 4
A= ) B IR A S o AR H POX 3% 1 B Ak A 3
T R R, AHLEHLRECE POX 1 PERAR (£ 3),
LIPS et SR o Nt/
3.3 4IIETEE T IEIMEE TS MIFEREIKS)

EF

AWF5EiE i %% ( AG. BG. CBH ), A (NAG ).
B (ACP) MBI AH I K i il A A AL ( POX) i
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