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Origins of Mineral-associated Organic Carbon (MAOC) Under Long-term
Fertilization in a Vertisol

YU Zizhou"?, GUO Zichun'", DING Tianyu"? WANG Daozhong’, HUA Keke’, GUO Zhibin®>, GAO Lei', PENG
Xinhua*

(1. State Key Laboratory of Soil and Sustainable Agriculture, Institute of Soil Science, Chinese Academy of Sciences, Nanjing 211135, China;
2. University of Chinese Academy of Sciences, Nanjing, Nanjing 211135, China; 3. Soil and Fertilizer Institute, Anhui Academy of
Agricultural Science, Hefei 230001, China; 4. State Key Laboratory of Efficient Utilization of Arable Land in China, Institute of Agricultural
Resources and Regional Planning, Chinese Academy of Agricultural Sciences, Beijing 100081, PR China)

Abstract: [ Objective ]Mineral-associated organic carbon (MAOC) constitutes the largest and most stable fraction of soil organic
carbon (SOC), and increasing its proportion is essential for improving soil quality. Although long-term fertilization has
significantly increased the MAOC proportion in SOC in Shajiang black soil, the accumulation patterns of plant- and
microbial-derived carbon within MAOC, as well as their relative contributions to SOC, remain unclear. Therefore, this study aims
to explore the accumulation characteristics of plant- and microbial-derived carbon and their contribution to MAOC in the 0-20 cm
soil depth of Shajiang black soil under long-term fertilization. [ Method ] Based on a 34-year field experiment, four treatments
were established(no fertilizer and wheat straw return as CK, mineral fertilizer as NPK, mineral fertilizer with half amount of
wheat straw return as NPKLS, and mineral fertilizer with full amount of wheat straw return as NPKHS). Biomarkers and
chemometric methods were used to investigate the effects of long-term fertilization on plant and microbial-derived carbon in
MAOC. [ Results ] The results reveal that compared to CK treatment, NPKHS and NPKLS treatments significantly increased the
content of MAOC by 29.6% to 54.3% (P < 0.05), with MAOC exhibiting a significant linear positive correlation with SOC(R? =
0.95, P < 0.05) and carbon input (R?= 0.98, P < 0.01). In terms of plant-derived components, the NPKHS treatment induced an
increase of 14.8% and 13.3% in the contents of Vanillyl (V) and Syringyl (S) phenols, respectively, while the S/V and C/V ratios
decreased by 1.27% to 9.46%. However, the differences in the acid-to-aldehyde ratios (Ad/Al)y and(Ad/Al)s were not significant
(P > 0.05). For microbial-derived components, NPKHS treatment significantly elevated the amino sugar content, with an increase
of up to 91.4% compared to the control (P < 0.05). Specifically, the contents of fungal residual carbon (FNC) and bacterial
residual carbon (BNC) increased by 92.7% and 48.5%, respectively, with fungal necromass dominating (FNC/BNC=4.39).
Biomarker analysis indicated that the microbial-derived carbon contribution rate was as high as 72.6% to 73.4%, whereas
chemometric methods suggested that the plant-derived carbon contribution ranged from 74.0% to 82.6%. Compared to previous
studies on grassland/forest ecosystems (53% to 65%), this proportion appears somewhat unreasonable, suggesting that the
chemometric method may have overestimated the contribution from plant sources. [ Conclusion] Our findings indicate that
long-term fertilization enhances the accumulation and stability of MAOC in Shajiang black soil primarily by increasing
microbial-derived carbon content. This study provides an important reference for the efficient utilization of straw resources and
for improving the quality of cultivated land in the Shajiang black soil region.

Key words: Shajiang black soil; Mineral-associated organic carbon; Fertilization; Lignin phenol; Amino sugar; Chemometrics
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) GM/AX FUE R 2.3, R AR Y sk R STk
50%. Angst ZEf Meta J3#r38 R FH MAOC
44.1% BRI T HUEWRIR . Kang 0% LT 1
T2 A My R 5 MAOC B9 FL 51 3591 g 78.1% 1
51.5%. SR, FEBS 4352 2R G0 oA Wy U5 i A BEIE 52
N MAOC ) FZRIE . H 2% T ES S £m, K
AR HE + TR IR ) MAOC 7 He (1 50.1% Al
49.3% ) WE m THEEWIR (40.4%F1 41.0% ), TMH
M43 rh 2 STER AT (44.5% VS. 44.2% ). Zou
225 V] S 304K 399 it FES R AS it S 9t e A 0 TR )
MAOC 5 Fb ( 17%~21% ) 35 & T A R ( 9%~
11% ). Lo R, MAOC B BRUE R 7E A
ERRGM BRI P R EER

AR IAERRG T, KL AT 3@ 2o 5 14
HRZR A R SRR A o, T A AR o 2R T A
BlEFE 4 - i REURAENY S SR, A RS R I,
AT ANHEAL , KA 5 4 T & PR &
T i e, R SRR G & B R N gD
— S R AR IR 20 R B, VRS AT L I A] fE
SXUR BN A AR S R AR, N AR TR R 1
AR T A J0T 25 1 7 - 45 v B O B DL SR A: R AR 1 R
202 SR SOC R TTIkAF/E B & 22 5. {8
R, Y AECE IR 4+ SOC B BT
ik, FFARESE 4 R 1% MAOC 5Tk, (A,
R 31 A it A IR 5 A% FF 8 B Al P8 #2 MAOC AR i
2 RN SR 0 R KX SOC A sk,
s Bt — BRI .

A= b 35 W R H R S AR 5 A DR okt
MAOC BTk F 2 F-Br, (HHAR 0 2 L R
BOE S 2% S ERBE v (R H E PEBR ) T 45 R A &
PEIT, T SERILJR PR, Chang ML FAb 4t
2T OCIRABE (YA MAOC ., Wk 2547 HL Bk
( particulate organic carbon, POC ) M ¥4 ¥t
) C/N HREE ), S TR vk, S5 RER
BAE D) DR A ST MAOC [ 5Tk (53%~66% ) .35 5
TRUEWIE (34%~47% ), PR T A wikik S
MAOC FURRIE S . SR, AR R R A 4 5 1k
A CN A, ol eS8 briR 22, ik,
AR 4 S B R A A A vk S A T R A ik
PEAT HLgE, aEad £ 4 B B0 UE 4R T MAOC e R i T 1)
AJEEPE

WL J b 22 8 A 2 3k ) SR ) P i 2

— REHAREER | A RE S, (HSOC &
B (<15 gkg ') R, Hi s ik
o (L2 B E L A E), N
MAOC #&ft 7 R E W 8. AT kM|, 54
Jite HE AL B BE, < I St e A RS A 3 T 85 i 3 3
T PR A+ MAOC HY& i  HoAE SOC Hhf et
{EAF ) NI Py AR AR A fef TTRR T MAOC i ANV &
BT, A5CRHAEYREDE (REREB . &
Fotl ) 51k asik (O/N Al ), KFTab2E R
+ 34 AF R ENE 2 7 R, PR DAL T AR A 5
A=Y IE IR MAOC FAHXS BT#ik , H-1PAL B AP 7 1A A
T —2cbE, DA e F R 2 B AL
T B TH ARG A4 H A PR R 22K 4 -

1Pk

1.1 ARRXEER

AR I AARFC AR AR ER S b 22 78 T A AN
BN (33°13" N, 116°35" E). ZHiIX
e Wz U P 2 KU A, AT RRE K B 872 mm,
AESF- SR 14,8 °C o 1350 1 - 3 A0 Al A A7 K
MO LB Wb ER L, EE TR G RLFR
MAEPE IS ISR AR (1982 4F ) #h)2 + 3L Al
PRALET . 258 1.45 grem ™, SOC 5.86 gkg ' 4>
A 0.96 g'kg' . W 0.28 gkg'. pH 7.40.
1.2 Rt

B 1982 4Fi, {mHh AT/ NE - K —4F
PSRRI, AT 1994—1997 4E H Zphfp oK
IR RS 2 X A B3, WEXTIE (CK), H
FEAEAE (NPK ). /N2 % FF 2 f 6 15 4k I8 e it
( NPKLS ) Fl/hN 2 #5 #F 4 & & B 5 1k 1 B i
(NPKHS ) 4 Fiibs, HAhabaE 4 HEE, It
16 /MK, /NXTEFR 75 m? (15 mx5 m ). X561
i A L. B BIIC 0 IR | S R 5 AN AR
1L8, NPK, NPKLS F1 NPKHS 4b 3 NPK At jifi ] &
AHAE, 23500 N 180 kg-hm 2, P,05 206 kg-hm 2l
K,O 163 kg-hm >, NPKLS Fl NPKHS 4b B R /N #
FF8 HE 43508 3 750 A1 7 500 kg-hm *, LA AR
FFE8 TRk /N2 PR AT — U PR A A5 AR BN X, A
TR HLARBEBE, fHS T mRs) . KEAK S
AN it AT AT BB A o
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1.3 H#mEESHH

T 2016 4 6 H/NEWOGRIG, # I A 805
AR /NX SR EE 0~20 cm 2 JFUIR 11
RAFIERIEA M. KBRARMIRRE, HH
a o WA — M EHN AR, T SOC ¥
44l . MAOC #1 POC 4 f% ( total carbon, TC) Fll
4% (total nitrogen, TN ) LI MAOC A Jit & Fl
FIEPERIE; H—M0T 4 CHRA, SHEHT
e 4 4 B A W 4 ) & ik ( microbial biomass
carbon, MBC ) Fl74 4 9 4 ¥ & % ( microbial
biomass nitrogen, MBN ),

SOC W Hi434 . K Cambardella 2541 H )
WA, B SOC 434 POC Fil MAOC., HARH
BRGNS« FREGY 2 mm B9 KT 4 10 g T 250 mL
HOIEHE T, A 0.5%M) 7S IRBERR BN W 150 mL,
fii A2 IR HLLL 200 r-min ' FY55H R 18 he
s BIEEW 53 pm i, JFFHZR K R vhik . H
W, BEAEGE TR AT POC, B E 0 R AR A
S MAOC . 4 ¥ 43 Wi 48 5 A i XU L 46 DA
50 CHETZfEE,

POC Hl MAOC 1 4xfisic Fll 4 AW & 1ok H A 3l
IPTALTFHE kB A I 5E o 4=+ MBC Al MBN & R
P S 2 e 0

A2 WA R Otto T Simpson 42 i 1y 7
P . HACLERINT . FREGE S5 T IR O
RN, MRRINA 1 g % ALHT . 100 mg B R 4%
B EAFN 15 mL 2 mol- L™ A AR, 7E 170 C
TN 2.5 h K KRR HT B2 ZRJG IA 400 uL
CHEEF R, B0 LR, 18 pH<I JFRCE
THEAL 1he H 10 mL ZPR CFRAH 3 Ik, G IF A HL
WIFHEAAWT . A 100 pL AEEEF 400 pL
BSTFA, 7£ 70 °C FW 3 ho BEIFRHASMGE-
JT TR RS fit, DU A2 A5 B LB 24 Vanillyl phenols,
V). T#&FIEEZE ( Syringyl phenols, S ) Fl PRI )
2% ( Cinnamyl phenols, C) M{KHF&E, KEENH
TR 3 FhE S A S R AP IR MAOC
FIFAXS TTEk (P ) 2% Chen 227 vE, AR
.

\Y4 S
33% | 90% e
P= 2 2 x100% (1)
NxMAOC

K, VoS, CoriltER v S, C BB Ak &
(mgkg ' ); 33.3%F1 90%43 40312 5 25 Fr A $2 B
W)V BUFL S RIS L] N AR EEAY R A T
KRB E AR A (B 22.9% ), S B v #IEE A
CHIE VEIEEZIL (S/V. C/V) FILITGE AR
B e AR BE B AR P il L (0% B AR T 34 K
V RUR S RIS I IR 8 PSR R Z L (CAd/AL) v
M CAd/AL) ) WP FITA5 AT 2 1 5 fe L
ok i A 8 i L AL ) P o T 49 K

RIS A R Zhang Il Amelung!” 12
B ABEIE £ I EE AT AR AR 5 I e - AREUGE f A
ft, RFH 6 mol L $RIRIA T, 7£ 105 CF/Kf# 8 ho
KRB 200 pg N-F S SL A A WA W, B0
B by, 18797 pH £ 6.6~6.8. MIA 0.3 mL fif4:
A (7% 320 mg EhFRFERLAN 400 mg 4- — HTRE (5
MERE, FH 41 (V V) NkBE-H B i 746 ke
% 10 mL), 7E 80 CT/K¥t 25 min, RAFMA
1.5mL & W%, A 1 mL1mol-L"' HCI, Wi,
BUF)ZAHAM, AR TREEMRT 300 uL LR LM
AECEERAER (V/V=L s 1), RS @IS FE
15 RS 7 Z 3L A5 49 % ( Glucosamine, GluN ), 2
FE 2 B Galactosamine , GalN ) A1 it B% % ( Muramic
acid, MurN) F i, ZE0E S5 ohiX 3 Rk & a5
Z M. BB ( fungal necromass carbon, FNC,
mg-kg ") FI4H TR 5R A% ( bacterial necromass carbon,
BNC, mg-kg ") 9 &K Appuhn I Joergensen™!
Wk, HRAXWT

FNC = (GIuN/179.17 -2 x MurN / 251.23) x
179.17x9

(2)

BNC = MurN x 45 (3)

o, B 40 T GluN ¥ B A MurN f4 2
5 GluN I MurN 43 51] Sy 22 5 7 7 0 R B PR 114 25
H(mgkg ' );179.17 F1 251.23 4351 GluN 1 MurN
M5 K GluN B i i Ak 5 B SR A B 3 it Y
AL RECH 9; B MurN & i 1k 2 g0 SR Ak &
IR R 45,

J T S IAE YRR R 5 2 AR ) AL A Y Bk
&% MAOC Y Tk L2, ABF 58RI T Chang 2514
P AT a2
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. [N/AC+N)lyanom ~[NAC+N)], o (4)
[N /(C + N)]Microbe - [N /(C + N)]POM

A, [N/ CCHN) Juaom N0 ¥ 45 & A HLE
( mineral-associated organic matter, MAOM ) 1 N (14
XFTFEE; [N/ (CHN) Jpom HPRSAHLEL (particulate
organic matter, POM )FP' N BYARXS 32 5 INA CH+N wticrobe
R A RS N RAXS EEE s G YR ARt
MAOC BTN 5 HEYIERRXT MAOC B TTHkA 1-f.
1.4 BRIEAN

290 M A A LK S A T A A AR AR A Bk
(MRAFFEFFIRAE, Croovrsrubbie ) FIFEFFER ( Coran ),
TR AR ( Cinpu) % Guo F Y ik
HE, HEAKXWT .

Cinput = Croot+stubble +Cstraw ( 5 )

Croot+stubble = ((Ygrain + Ystraw ) xR x Rroot + Rstubble X Ystraw ) X
(l—W)xOC +1000

crop

(6)

Coraw =Butraw X OC,irau (7)

straw ~ straw

A, Yrain P Y aw 230 I AVEVIRERLFIRES FF 1Y 7
(kg'hm ™), /NZE TR G IFE AT S AFRLZ He 4y 3R 1.1
fl.6; RARREY S LAY RERZ I (N
RT3 0.429 F110.235 ); Rygor N 0~20 cm +
2R R ] (/N3 R T 4300 S 0.753
0.984 ); Ryubbie HERTE R EL (/NEZFIR 5350 0.13
F10.15); W RTEI KT IS & 7K (14% ); OCerp
KAEY AT JE W& ik E (/N2 R R E S B
399 g'kg ' F1453 gkg " ); Byraw AR AR kg'hm ™ );
OC iy K/ NEREFFI BB (482 gkg ' o
1.5 HIEAEBS5ST 9

P IRIE R SPSS 26.0 4 {FE TN F )y 2%
8T, JEFET Duncan WA TANHRI 2 H VEE, B
PR P<0.05, EIERYZ:HIRH Origin 2024b.

2 %5 R
2.1 KEAMEEMMEEZ+ MAOC SEREME

HEE5mRIENEF SOC KX F
A AT S 3G 0 T AN R A (] 1a),

24 Kb P AR 8 ik A B KK R . NPKHS (1 4.39
Mg-hm *a™') > NPKLS (3.24 Mg-hm *a') > NPK
(2.16 Mg-hm *a ') >CK (0.23 Mg-hm *a'), HAb
P[] 22 538 3 KE (P <0.001 ), F5FF6 HIALFE T
MAOC ##E# CK BEFRTF 54.3% (NPKHS) K&
29.6% (NPKLS ) ( &l 1b, P<0.05). MAOC & &
SOC & I LM A (K 1c, P<0.05), HEZ
BERN 0.694, HI SOC &4 1.00 g'kg', MAOC
P25 0.694 gkg ' AN, MAOC AR BRI A
R EAYETEME (K 1d, P<0.01), £HADESR
T A G AR T AR
2.2 KHHEST MAOC mARREMRHEAMKE

ERN R

it AT S 3 Bl AR T AR 0 IR B 14 Ak 2 2 R
([# 2a), 5 CK #lt, NPKHS 4b#fli MAOC
ARIFEZEBSEEMT 11.7% (P <0.05), Hh#&E
w2 (V) 5THREBmZE (S) 45l T 14.8%
1 13.3% (P<0.05), MAHEBHIE (C) LiF
Al K E S ARE S E/R, NPKHS 4T
S/V 5 C/V HAEE: CK 7 IR T 1.27%F1 9.46%
(P<0.05), (HEALEEH5 45 ( Ad/AT) v(0.89~0.91)
L (Ad/AL) g (1.23~1.25) AP 2 %A 5%
(P>0.05),
2.3 KHIMAEX MAOC & EERMAEMZRE

=R

it S S 2 0 T A P AR AR ] MAOC 1%
1k (®3), 5 CK M, NPKHS 1 NPKLS 4k 3 fgi
RIS T 91.4%F1 77.0%( P<0.05 X £ 3a ),
Hrp, FFFAH (NPKLS Al NPKHS ) T2 8%
B (GluN) &5 CK F1 NPK AbBEAH Hb 4 42 Tt
89.9%~107%#1 26.3%~38.0% ( P<0.05), [FHf,
NPKHS #b 3T 2 FF ZLH( GalN FI A BE i2( MurN )
F AR T NPK AR F 55130 23.4%F1 37.7%( P <
0.05), {H NPKLS 4b¥5 NPK Ab#H[E]JC i 3 25 7
(P > 0.05). NPKLS 4h# F HEF &AM (FNC) Al
PG (BNC) HHECT CK Zr 5l 92.7%F1
48.5% (P <0.05) (& 3b ), NPKHS Ab¥E T BNC 7
W NPKLS #2107 34.6%, i FNC JCi. 3%
#Z5 (P>0.05).
24 KEHEXMMEVEDEHREZ R POM N

MAOM H &£ R0

Rt A 2 = T R AE Y . POM R
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T: T a) I HE#EmR Root and stubble carbgn 10+ b) a
o) [ ] #5#F15 Straw carbon - I
E 4t "o 8t ab
& = be i l
> b & [
i§3 3 23 e ¢ I
¢ Q T
< £ ) é
R'e o) 1
Ea 2 ST 4t
5 5
S =
Bl S 2r
g
=
o0 0
CK NPK NPKLS  NPKHS CK NPK NPKLS  NPKHS
AbFH Treatment AbFR Treatment
9r 8 -
©) = 0.694 x+0.136 D =0617x+4.81 .
T St R =10.95 o R*=098
Z P<0.05 . 270 P<o0l
EWS .| =S
& g7 €<
) § o) § or
S5 6f s
b
= =
|5 Q
= = 5F
S 5L = 3
QO O
4 1 1 1 1 1 4 1 1 1 1 ]
7 8 9 10 11 12 0 1 2 3 4 5
SOCTr & A A
Content of SOC/ (g-kg™) Quantity of carbon input/ (Mg-hm™-a™")

[E: CK. NPK. NPKLS Hl NPKHS #MilfREAGENE . ST . /N ARG FF P aE 5 A ISR A/ 22 A5 77 2 il 5 e g
it s AN [E/INE TR R AN R AR Ab i E] 2% 57 8 3% (P < 0.05 ). F ], Note: CK, NPK, NPKLS and NPKHS refer to no fertilizer, chemical
fertilizer, half the amount of wheat straw returned with chemical fertilizer, and the full amount of wheat straw returned with chemical
fertilizer, respectively. Different lowercase letters indicate significant differences( P < 0.05 )among various fertilization treatments. The same
below.

K1 KHHEIE T MAOC & M H S A . SOC BXFH

Fig. 1 The content of MAOC under long-term fertilization and its relationship with carbon input and SOC content

g
—~ 2
230 I CEESEmY a D= N - 510 = AdAD, B (AT/AD),
50 a a = [ I a 2 a a a a
£ a <:_ g- 042+t 1 b 1 b 1 3§ = L
S 225} ! H .8 IV SR A o3
b1 5 E 2 040k ! ! la ey a a a
& e % 8 I'b I b I { 2
a6 .= 150} = 2 ¢ b : <=
= WS 03613 [ [ ! o &
= % =g [ I [ R =
Xz <z al I I = %
o 75t w2 I a, I b ¥ 3
5 = 5 022+ 1 1 b 5%
= © I I I Q
) o a
S o £ 020 l l l 0.0
CK NPK NPKLS NPKHS = CK NPK NPKLS NPKHS CK NPK  NPKLS NPKHS
Ab ¥ Treatment & AbFE Treatment Kb Treatment

E 2 KB T MAOC H 3 AR Rl 1 & K o HLAAC o K R i RE

Fig.2 The content and proportion of three lignin phenol types and the degree of lignin degradation in MAOC under long-term fertilization

MAOM A &8 (£ 1), 5 CK Mk, NPKHS B CK 4riltEin 57.7%%1 58.8%. TCpom A TNpom
AER 4 4 h MBC 1 MBN & 545 3142 5 140%F1 1L NPKHS %5 .CK A B A, 1fii NPK Fl NPKLS
90.5%( P < 0.05 )})NPKHS 43 F TCymaom A TNyaom B LR E2ESR (P>0.05).
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2 I L %04 Glucosamine b) B IANR Fungal necromass carbon
1200 = g 72001 1
o [ &SR FLB Galactosamine 2 [ 4mps 3% {44k Bacterial necromass carbon
ol [ Jfa&ER2 Muramic acid 8
£ oo} . a =g 5400
I § - T L
a3 b % 27,
ﬁ% 600 - : =5 36000
g S8 E
&= ¢ g
4 5<
g Iy
5 300f T 1800f
0 g o
CK NPK NPKLS NPKHS NPK NPKLS NPKHS
AbFR Treatment 4bFH Treatment

B3 KL MAOC A&z JEms A Ak My sk iime & i

Fig.3 The content of amino sugar and microbial necromass carbon in MAOC under long-term fertilization
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Table 1 The carbon and nitrogen content in microbial biomass, POM, and MAOM under different fertilization treatments
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(mgkg!) (mgkg™") (gkg!) (gkg')
CK 124.64+3.04 d 49.26+5.03 d 5.740+0.626 ¢ 0.737+0.088 ¢ 19.20+£1.95 ¢ 1.333+0.134 ¢
NPK 162.53+18.4 ¢ 68.2449.54 ¢ 7.266+1.01 b 0.943+0.149 b 33.10+5.18 b 2.349+0.293 b
NPKLS 220.50£20.9 b 107.37+5.83 a 7.584+0.957 b 0.979+0.139 ab 30.58+6.98 b 2.293+0.598 b
NPKHS 300.48+22.7 a 93.85+11.6 b 9.048+0.987 a 1.166+0.132 a 43.40+3.99 a 3.350+0.358 a
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Fig. 4 The contribution to MAOC of carbon from various sources under long-term fertilization
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Fig. 5 Conceptual diagram of long-term fertilization promoting MAOC accumulation
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