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Abstract:  Objective The negative impact of soil-borne diseases on peanut is enhanced for continuous planting. Thus, green
prevention and control practices on soil-borne diseases are always an important part when establishing a resource-saving and
environment-friendly sustainable control technology system. As a natural stimulant, humic acid has been shown to suppress the
activity of soil-borne pathogenic fungi, and the inhibitory effect has a wide range and diverse manifestations. However, valid
information is still lacking about the effects of humic acid on the microbial community. The objective of this work was to
investigate the response of soil fungal communities under continuous peanut planting to humic acid from different origins, and to
provide a theoretical basis for researching and developing a green-effective prevention and control method on soil-borne diseases
in the continuous planting soil. Method  Different concentrations of humic acids from mossy peat and weathered coal were
respectively added to two peanut planting soils (including 1 year and 6 years continuous planting), and soils were cultured with
indoor thermostatic incubation. The soil fungi community was sequenced by Illumina MiSeq PE300. PerMANOVA, correlation
analysis, and other methods were used to explain the effect of humic acid on the soil fungi community.  Result The results
showed that the addition of humic acid had a significant effect on the fungal community structure of six years planting soil, while
it had no significant effect on one-year planting soil. The concentration of humic acid both had a significant effect on the fungi
community structure of the two planting soils. Effects of humic acid on soil fungi community structure at each culture time were
as follows: humic acids significantly changed the fungi community structures of one-year planting soil at 94 d and 193 d, and of
six years planting soil at 193 d. Also, the concentration of humic acids had significant effects on the fungi community structure of
the two planting soils during the whole culture process. Humic acid also significantly changed the relative abundance of some
fungi at the genus level. The effect of humic acid on soil fungal function can be mainly attributed to its significant alteration of
the compositions of fungal functional trophic types in the two planting soils. It was also observed that the relative abundance of
plant pathogens in soil decreased significantly with an increase in the concentration of humic acid. Spearman correlation analysis
further detected that the relative abundances of Fusarium spp. and Rhizoctonia spp. were significantly negatively correlated with
the concentration of humic acid, while the relative abundance of Penicillium spp. was significantly positively correlated. The
correlation coefficients were —0.270, —0.138, and 0.172, respectively. ~ Conclusion The appropriate concentration of specific
humic acid could significantly change the soil fungi community structure and functional trophic composition in peanut soils,
especially in reducing the relative abundance of plant pathogens. Results of this study could provide a direct theoretical basis for
expanding the application of the ecological function of humic acid, and provide a new perspective for researching and developing

efficient green prevention and control technology of soil-borne diseases.

Key words: Humic acid; Soil fungi community; [1lumina sequencing; Plant pathogen; Continuous planting age

1 (Arachis hypogaea L.) f&F [FE g Jr 41 4
X FEZRMEHED AT EY , LTS B, &
AERERREFRZ 1.6 x 10° hm?, 4EH =2 4.5 x
10 kg, 4FFA{EIE 304270, i T A6 A Rl sk 25 A
XP# e S5z R MR G IR , B Z4EER . K
A AR, AL ECESMME 10~20 4. Ff
00 A WA B A R H 25 28 10, R ARk AT
Lk RN E KM Z — a4 EVE S B AL
BRI, 42 ) A2 it L T e 2 32 R R A ) A
DEHTR P,

WFFERIT, T A R e Ao 18 fim 8 35 K A
C/N  HUoe i - A T R P 2 R i SR A
TR RE A B IR A= A A3 A0 PP U AR B - S AT AR AR B
b P AR T R A B S, E FEIR ER R A
RN A L D BUE Y I BCRE, E EA
PR A M 1 2 S ARAE HE AR ), b 38 1 8 A 0
240 R AT BB R 2R DL R R R T B2,
JEE BEIR XS A A VA S rh 40 T LR AR A A
ol VA L K ) R VA 15 i A7 AE 22 50 BV G R
VRN S RGN, RERSIE N L3 AR | A
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FLIH B DA S 2 FEMESE . [RIBTA DR R T,
PR RE b 4 S i MR AR AE R P R M, A4 T2
fifp A% A AR RS ) R SRR, B X AR A A X
T - 8 PR T 5 R LA K i TR A N A7 T LR
M F1%) BIF 9 73 R o
R, ASBIFSE R BEAN [R) 46 AR iR 4 PR Y 3%

XF AT B R S N B K5 SR 5L 00, AR AN [R]85 F2 ) ()
Bk AT SR A OF AT T B TN T R SR 1A B X
(internal transcribed spacer, ITS) illJF, LIWLZEE
BRI LR T 2 0) 1 38 BB R VR 25 A A S 5[] A
X T HEEC N P45 R HEAT FUNGuild DReTERE, IR
G B 6T 1 438 TR D) e AR 0 D TR A X S
FERYSE DA JE 58 IR 0 A6 A 3 2 Pk 1 458 1)
A YE T e

1 bPR i

1.1 EFFigit

B R HECR AV TN T AR £ B, T
Ll B 2= B i AR AL 2L E LR G e X (28°10'N,
116°35'E), K& THMAaFE + 1. RELFED
RAEAE R AR RN AE AR AR 6 4F L4 ( LUTR
PR 1AF L HER 6 4138 ), HIAEAE BN N < P :
K=135:35: 112, &/ B N 135 kg, P,0s 81 kg,
K,0 135 kg, TAEEWOGRE AT RAE, H - 4RE
0~20 cm tHE, FBRAEYERAK KR, o0
(<2mm), 4°CIRA# . B350 T i i) Jeg e
i JrURL 20 2 K F &2 ¢ ( Pindstrup, 1) DA
FRARHE CLLvs B3 ), BRI i F i alifh it #2 5
% Wei U0 RN NG 0. 10, 50, 500,
5000 mg-kg '; [F A E SR IFRI AN AL B, R

T FE N 6 072 mg-kg ™", 12 B8 JFURE & ik i 25 R T
AF I G FEL PR i e R R (5 000 mg-kg ') BF G A B
o MR LR RS 0.42 mm G, K5I
22 VA, AL 3 AT, BT E A 50 g A
T 4. BEFRAM . 25%C, BRI, TEEFRM
5 7. 320 94 I 193 RFFATHURE, FE& T -40°C
FARAE, FHTHEE3E DNA, R+ A LA TR
MBI 1,
1.2 11 DNA iR EEENF

FRICAN ) 5 5 B ] 308 RE 0 0.5 g, SRAIAHI &
( FastDNA SPIN kit for Soil ( MP Biomedicals, Santa
Ana, JIEEK)) #47 DNA $2H, $2£EU% DNA F|H
NanoDrop2000 ( Thermo Fisher Scientific, 3¢ ) #f
A7 208 B2 R BE ARSI, I T B B W R I P DK A T
DNA SEHMERN . AR5 4T 5 ITS ) PCR 971,
B TS 519117514390 K : 5'-CTTGGTCATTTAGAG
GAAGTAA-3' (ITSIF ) 1 5-GCTGCGTTCTTCATC
GATGC-3" (ITS2R ), PCR Rk TakaRa rTaq DNA
Polymerase [ 20 L JRWifAFR: 10xZ il 2 pL,
2.5mmol-L™" i & &% =ik (dINTPs) 2 uL,
SumolL™" L FfgI#4 0.8 uL, rTaq R A
( Polymerase ) 0.2 uL, 2~ 1M7&E I ( BSA, Bovine
Serum Albumin) 0.2 pL, Bifik DNA10 ng, %2
4li7k (ddH,O0 ) % 20 pL. PCR ¥ 34 444. 95 CFil
5P 3 min, 35 MEF (95CAEME 30s, 55 CiBk
30s, 72°CHEM 30s), dJF 72°CHEMH 10 min, fEIF
B 5B JOR BT IS YR . Bt Al PCR {Yh ABI
GeneAMP®9700 . (= i #& #ll J¥ ( high-throughput
sequencing, HTS )/&3£ T Illumina =38 5 Miseq
PE300 V& (CA, 3H) ##17, i LERELEYE
R A PR B R S8 A

F1 il TIEREARBAMER
Table 1 Physicochemical properties of selected soil
" TOC TN TP TK AN AP AK CEC
FPAAR IR pH
/(gkg') /(gkg') /(gkg') /(gkg') /(mgkg') /(mgkg') /(mgkg"') /(cmolkg")
1 452 6.30£0.04  9.67+0.37  0.98+0.01  0.59+0.01  10.11+£0.03 91.88+3.68 25.73+£0.87  312.5+12.50 11.67+0.45
6 4" 5.41+0.13  8.90+0.32  0.97+£0.02  0.54+0.01  11.46+0.68 84.53+3.68 17.50+1.81  208.3+3.82 13.03+0.21

E: TOC-H PR, TN-2%, TP-2xff, TK-28, AN-Gf#A, AP-H 5, AK-ZZH, CEC-FHE F3c4itit, Note: TOC-Total
Organic Carbon, TN- Total Nitrogen, TP- Total Phosphorus, TK-Total Potassium, AN-Alkali-hydro Nitrogen, AP-Available Phosphorus,
AK-Available Potassium, CEC-Cation Exchange Capacity. (DContinuous planting age, @1 year, 36 years.
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1.3 HESiItHH

e 38 O R AR B 2 iR . ik . PRERAER
WO T A 508 o e S 28 4 B 4
MAEM AL E B FH QIME ( Quantitative
Insights into Microbial Ecology ) # !, 7E QIIME
AT R, f#H usearch FIEHEAT RTUA L A AR
X7 9 UL K B2 v $:4E 7 25 B J6 ( operational
taxonomic units, OTU ), FX} OTU F#& i/ NF
BOHATHE s XF OTU ACER 741 i A i B0 A Y 2
unite ¥4, 4% 1R 97% AR DL EE R T 5 41 AR AR P s
#42 T. H.( Basic Local Alignment Search Tool, Blast )
TPk TS, DS R RER(E B . MfE, #FT
o ZHE%( observed_otu FIFFRIGE )FI B ZHEAE( 1
T BT B bray-curtis distance 55 ) I . FIH
R*64-3.5 ( The Statistical
Computing, Austria) T “vegan”. “ape” 5tk
17 E A Fr 4 B1 ( principal coordinates analysis ,
PCoA ), FEH T Hrib B 6] iy B BE V& 45 25 575
[ B HEAT I F AR AT T S N R =
I ( permutational multivariate analysis of variance,
PerMANOVA ), FITF 731 5 R S H s in i x4
LAV S5 1 152 o R H] B P g 4321 FUNGuild
B ESAT B I REIE RS, JTEE— Ao N dhtE
P JE R AE N 1 12 4/ guilds ) 78 SPSS25.0
TN R B Z [ LR 1] L J8 7K AR B
BEMEERRE, HHREMDE (Tukey’s B) 172
AL (P<0.05), BLAh, AR FE RGN Invk B 5 B
TRl J8 KT ARG = BE AR DGR b, R 2 R
5 E W psych” B4 A0 cor” T S AR | 2
[a] /) 3 B2 /R 2 ( Spearman ) A5G R 8, [A] i A H
“corr.test” X & 28 5 AH OC R AT B H ML
Origin9.0 F T &l Byl .

R Foundation for

2 4 R

2.1 TEEREEEMINEEREAR

TR ITS WP ZE A IR, 264 R 3L
A 15920 715 FARUTFS, AR S 187 4~ OTU
(97%BY ALK )o FETTKF- L, OTU 7E UNITE
B BT RS L 99.63%; i 1B HAH X T2 8k
F 1% FLREFAE 5 A, HREEA R EEEPE T4

1] Ascomycota ( X2y 52.74% ), BREERE ]
Mortierellomycota ( *F#25 & 21.00% ) LA S HH T 54
I'] Basidiomycota (P32 5 13.66% ), FlapAHXTF:
BE/NT 1% FLRE AR T AL, PRILE 1a. BT 1b
5 FUNGuild ZJRgiE R4S R, OTU R L #ih
48.39%, VERE LIERN 7 KEFREL, B ksal
( Pathotroph ) . J& 4 A ( Saprotroph ) . Ht 7 7l
( Symbiotroph ). J#Hl-J#E A4 ( Pathotroph-Saprotroph ),
Ji B -JL A4 AU ( Pathotroph-Symbiotroph ), J& A= -3t A4
% ( Saprotroph- Symbiotroph ) DA K B -J A4 -3t A
%4 ( Pathotroph-Saprotroph-Symbiotroph ), ~F-¥A4f X}
EREA IR : 7.03%.19.55% . 0.76% . 2.91% . 0.34% .
20.25%F1 17.06% ( A TE R 175 F7 S B 1 EL B F- 2440
XN 32.09% ).
22 [BEERXTIEERBEESEHNRIm

FIH] PertMANOVA Jy 2 47 4 B[] FL 3 V% 0
SR EESES. R 2P ER: BMELE, BRI
IS X 1 AR T B TR VR 454 JC W 3 5, 1k
6 AF T IEE RIS A AR W0 S B RRAS n
TR 2 AR R A 1 L DR VR A5 M S A A R
WA G IR B AR, JEPE PR A S N i 2 AR T 1 AR
FHEERE RGN (94 d A1 193 d) DA 6 4F - HETER;
FEARW (193 d) WEFEREEESH (P<0.05); HIE
FEPFR VN N 0 35 U8 T 1 4F R I87E 4 35 SR [A] A
6 4 T IRAE 3 N IEIRMTE AL (7dL 94d #1193 d) /Y
ELH IR 454 (P<0.05 ),

Sk Y A A5 Ak BRI R T 45 0 i 2R
Wi, BEAT PCoA J3#r. &R (K 2) M. (1) &f
KPR IFFEME 5 000 mg-kg ' IR FEN T 1 4F +4%
FE 4 D IG IR E] A 6 A 1 HEAE 3 AR SR ] 5 7 d
94 d. 193 d) HYERIEIEEH, (2) MALKIEFEIR
50 mgkg  SINELEZIE T 6 AF HAEAEREIRATM (7 d
32 d) EFMELH; S50 IR 6 4+
HEAESE TR 94 d W B B REVR S5 A 52, i XUAR R
JFORHE e T 6 AF - HEFERE SR 193 d W) IR IR 4
. 454 EiR PerMANOVA 0 Hr4s SRR M, 16k %
A HiL 1Y) - 358 L TRV 45 1 52 JE B R o 28 K LR i
B, HASIRIE SR m ] S AR 25 5

HE— 2L A HT I S IR AU X 6 AF H3E | R GE R
WX 2 FPAERR LSRR AT R (B ) 1
WEEM I, R 3, BRI INEUE 6 4F 1
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[ A3 R L No blast [l 75 ¥1% Pathotroph [l 5 ¥-Ji% 4= % Pathotroph-Saprotroph [ i ¥-J /=- 3t/ %I Pathotroph-Saprotroph-Symbiotroph

X} Relative abundance/%

FHXTFJ# Relative abundance/%

[T HAth Others [l 47 1% 1] Chytridiomycota [l A% 111 Unidentified [ll #2717 Basidiomycota
B EKk41% 1] Mortierellomycota [l 741417 Ascomycota
CK X XY F FY |CK X XY
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~
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w
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[
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T CK—X IR, X—F#EUe R AR AL B, XY—BERUE b 3, F—IUL MR TR AL B, FY— ARSI B, R .
Note: CK-Control, X-Humic acid from moss peat added, XY-Moss peat added, F-Humic acid from weathered coal added, FY-Weathered
coal added. The same below.

B AR TR EAAS FE (a) LK% FUNGuild JIRETE RS TR AN 4 (b)

Fig. 1 Relative abundances at phylum level of samples (a) and relative abundances of samples’ trophic mode obtained through FUNGuild

functional annotation (b )

F2 AELETIEEREELEMEIMEZE PerMANOVA 7347

Table 2 Two-way PerMANOVA of soil fungal community variations among different treatments

gjﬁﬁﬁi IRAEIT e R? P C;Ffjfifi SR !"ﬂ SEE 2 P
planting age Sample time Treatment planting age Sample time Treatment
1 4F _7d A 0.124 0.311 6 4 _7d A 0.123 0.266
1 year B 0.135 0.002** 6 years B 0.116 0.019*
~32d A 0.120 0.287 ~32d A 0.114 0.573
B 0.144 0.001*** B 0.114 0.067
_94d A 0.156 0.013* _94d A 0.108 0.288
B 0.122 0.019* B 0.152 0.001***
_193d A 0.153 0.024* _193d A 0.163 0.02*
B 0.160 0.001%** B 0.132 0.006**
Bk All A 0.028 0.077 WAk All A 0117  0.001%*
B 0.025 0.031* B 0.118 0.001%**

H: A RFFHEBRBINE S, BAREERBNE; BEF*FRESDEERE, *Fm 0.05 KFL, **F R 0.01 KFL,
*#kJ IR 0.001 /KF . TR, Note: A stands for humic acid added or not, B for Humic acid addition amount; *after the value represents

the results of a significant test. *is at 0.05 level, **is at 0.01 level, ***is at 0.001 level. The same below.
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Fig. 2 Principal coordinate analysis ( PCoA ) of the effect of humic acid on soil fungi community structure during culture
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FRRET 15 ANEAHRF R A BEUL; JHIHRRTR
AL 1 AR IRERERE D 8 NME (TR L,
Ascomycota Fll Mortierellomycota P> THARXT 3= B4
Mz 25, KA ). 6 4F TR RS T 7 4 E R
SRR T R, (H2, JEFEIR M AR X
THER RSN o ZRERIRKIN SN D 2225 . BURsH
P Sk 2 A T AR AR A ) T 3 A 0 LT R AR X
FRE, A SRR 2R TC R

1 JE8 LR U it 5 BT A R iy b M L TR R SR

(JBAKN) 47 Spearman A M. 3R 4 ThEET)
J& ( Fusarium spp. ). B185C)&E ( Thielavia spp. ). /)
¥e 7 % 5¢ JB& ( Corynascella spp. ). M i i )&
( Cyphellophora spp. ). ¥ W& ( Rhizoctonia spp. )
FEHEERRMERE R FERMEL, M5 HFER
( Penicillium spp. )5 1 3 1IEAH G ; Horfr, Fusarium spp.
F Thielavia spp. AHXF = B 55 85 56 2 VS fin £ 1) £ AH ¢
ZER K, M Penicillium spp X =F BE 55 6 5 R s
ni B9 TEAH ¢ R AR K .

x3 FERREAMEMNTRARBKFHEMFEENZMEZE

Table 3  Significant differences of soil fungal relative abundance at the genus levels affected by humic type and amount

JE 5E R 7 N5 75 Humic acid added or not

JEFEFR 7SI Humic acid addition amount

TR AR R HiE (J8) FRAAE R Continuous HIE (Jg)
Continuous planting age ~ Fungi ( Genus ) d planting age Fungi ( Genus) d
6 4F Plenodomus 0.008** 1 4F Fusarium 0.018*
6 years Thielavia 0.023* 1 year Geminibasidium 0.025*
Clitopilus 0.023* Penicillium 0.000%***
Cookeina 0.000%*** Clonostachys 0.043*
Didymella 0.038* Acremonium 0.026*
Leucocoprinus 0.037* Colletotrichum 0.001**
Rufoplaca 0.038* Serendipita 0.017*
Zopfiella 0.041* Harpophora 0.022*
Pseudeurotium 0.006** 6 4F Metarhizium 0.023*
Arizonaphlyctis 0.000%** 6 years Penicillium 0.000%**
Candida 0.044* Clonostachys 0.022*
Stachybotrys 0.000%*** Thielavia 0.030*
Cora 0.008** Cladosporium 0.049*
Engyodontium 0.047* Cora 0.013*
Chrysosporium 0.001*** Engyodontium 0.001**

H R IE NN KT 0.01% EFJE . Note: Genus with >0.01% average relative abundance are listed here.

x4 FEBRAMESTIRAERRKTHEMNEEZMEHKLRE (Spearman) EEHXRY

Table 4 Spearman coefficient between humic acid concentration and soil fungal relative abundance at the genus levels

HK (J&) Fungi FH2E B 5L Correlation HFH 5 %X Correlation
P EL I (J& ) Fungi ( Genus) P
( Genus ) coefficient coefficient
Fusarium spp. -0.270 0.000%*** Corynascella spp. —0.150 0.028*
Penicillium spp. 0.172 0.012* Hypochnicium spp. —0.149 0.029*
Acremonium spp. -0.137 0.044* Rhizoctonia spp. —0.138 0.043*
Thielavia spp. -0.274 0.000%*** Bifiguratus spp. -0.134 0.049*
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and 5 000 mg-kg ' addition of humic acids from weathered coal.
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Fig. 3 Relative abundance of trophic modes and plant pathogen from FUNGuild functional annotation with significant differences under

different peanut planting ages ( al-lyear continuous planting soil_Saprotrop-Symbiotroph, a2-lyear continuous planting soil Plant pathogen,

b1-6 years continuous planting soil_Saprotrop, b2-6 years continuous planting soil_Plant pathogen )
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