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(School of Hydraulic & Ecological Engineering, Nanchang Institute of Technology, Jiangxi Key Laboratory for Restoration of Degraded
Ecosystems & Watershed Ecohydrology, Nanchang 330099, China)

Abstract:  Objective Microorganisms play an important role in the formation of biological soil crusts while biological soil
crusts are important for controlling soil erosion. However, there is limited research on microbial community in the biological soil
crusts of southern red soil. Therefore, the changes of microbial community structure under forest fertility improvement measures
in this area are unclear. Method The present study was conducted in the Pinus elliotti forest of tropical Quaternary laterite in the
middle subtropical zone. Organic fertilizer, biochar, and lime + microbial fertilizer were added to soil, and bare land was set as the
control (CK). High throughput sequencing technology (Illumina MiSeq) was used to study the effects of the three fertility
improvement measures on bacterial and fungal community structures.  Result Results showed that 21 bacteriophyta and 7
mycobionta were detected in biological soil crusts. The dominant bacteriophyta were Acidobacteria (27.39%), Proteobacteria
(25.90%), Actinobacteria (16.68%), Chloroflexi (12.26%), while the dominant mycobionta were Basidiomycota (61.19%) and
Ascomycota (29.48%). The three fertility improvement measures had no significant effects on the diversities of bacteria and fungi,
but significantly changed their community structures in order of organic fertilizer > biochar > lime + microbial fertilizer, and
these effects were higher in bacteria, compared to fungi. Also, the effects of the three fertility improvement measures on specific
bacteriophyta and mycobionta were different. The three fertility improvement measures increased the relative abundance of
Proteobacteria, and decreased the relative abundance of Chloroflexi. Organic fertilizer and lime + microbial fertilizer increased
the relative abundance of Ascomycota, but decreased the relative abundance of Basidiomycota, while biochar had opposite effects
on mycobionta. Among the soil environmental factors, pH, organic carbon, and total nitrogen had a great influence on microbial
community structure. Conclusion These results provided significant scientific guidance for the regulation of soil microbial
community structures in biological soil crusts, which is beneficial for the formation of biological soil crusts and the control of
water and soil erosion in southern red soil.

Key words: Biological crust; Bacterial community; Fungal community; Fertility improvement; Red soil
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1.1 RIE R 5K a8 it

I A TV PG4 2 I XK RO R
AElE N (B R IL/NRE ), Jtd 26°50'—
26°51', ZR%: 114°52'—114°54', 33K 80~200 m,
WNZ Y, YR 5, Jah a2 XR
fige, ZAESFHIREFR BN 1363 mm, Wm0 58
40.4°CHI-6°C, FHIR N 18.6°C, JTLHIMI N 288 d,
HHORE N AR R E MR, RN
3~40 cm, J& TIRERMIBILLI g, {50 HIE 1984
AEFPAE Y S EEAS AR, BRATEESN 1 mx1 m, ARRK
HR

TG TR HAA AR, DA M 4 25 MRy
X (CK), mMANE (A), &Yiix (B). A
JRAREI AR (T) MAbHE, RSB 508 3 4
N BEANNX 25 mx25 mo A HLIE AL BRS8N X
i 12 kg AHUIE, A HLIE R S 1 i i m o, %
AHLEE AR 70.3%, 2% 5.01%, H%AfL 8
1.08%, AALE 1.82%. =9 s Ab BEAEAS /N XSt fin
12 kg AW ak , AR eI T BB T F IR T AR A= W T
KEABRAF, FRCAKRERFF, RS UE
YA A=, RAGIREE R 450°C, Aok i AR
MRk pH 104, £ HLEE 467.0 gkg', & &
5.90 gkg ', AW 1.50 g'kg ', A8 29.50 gkg 'L AT
JRAGE PR BE AR A /NN 12 kg TAE P e
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¥ a, BAFESSTR 2 0, 1 it 60 H AT E E
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Jrik ) W 39 pH R (UK: =1 5) )
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e, 2wk (TP) R RIR SN IR 3 —H B Lt
ke, &8 (TK) R CRERR—KIGE
FEEIAE o
1.2 11E DNA REVFIL I X EE PCR

- M 41 A B A B SR B SC R SO E i PCR
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FHITEZ U 54 B DNA, R 1%350 I e
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(EDC-810 A, Jbat AR BEAUB A MR A R A | )
XTE 16S RNA JEH Y V3-V4 578 KR H B
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f14% SYBR Green Mix 7 uL, Primer-F 0.5 pL,
Primer-R 0.5 pL, cDNA 8 puL. ¥ #F2/F: 95C A
P 10 min, 95°C7AEME 105, 60°CiEk 34 s, 72°CHE
ff130s, 40 MEA, 72°CHEMf 10 min, FFIRZE 10°C,
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Xf S IR BE AT U8, 8] Cutadapt B4 IR Ay
RORFEICR 20%, fR/VE 555 80% 1S Bt AT 514
Fea e A 22 bR o H ] FLASH v1.2.11 84
M/ overlap KN 10 bp X &L HY reads #F
TTPHE, M lima (v1.7.0) {438 1d barcode F¥51
BUNASRRE Sh 9 CCS T8I L Brit &1, 15 25 it
® CCS ¥4l #8 5 Fl USEARCH eI B 97%097K
- EXTRAIHEATR S, LA 0.005% 09 17 510 50E R 18
F9E OTUs, F QIIME2 H' classify-consensus-blast
P HEE T 515 GreenGene 04 5 ( http : //greengenes.
secondgenome.com/ ) LXT, ANEEREHAE LLXT S5 5L
PEEW) ] classfy-sklearn 4328884325, AR 45 751 [A]
(AR AE S B (B 53 BB 43 25 50T (OTUs ),
TR RS, DARCTTAl 25 B i b 40 B R L TR AE ]
. BH. B B, ML EE . P8 OTUs,
FH Alpha $8 505 #r #44F QIIME2( https : //qiime2.org/ )
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TR (23 ARAE BORM R AGEL ).
1.4 EFEALE
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Table 1 Soil physical-chemical properties of different fertility improvement measures

AL EERiIRT LA 2k gt
AL P Treatment pH Organic matter Organic carbon Total nitrogen Total phosphorus Total potassium
/ (gkeg!) / (gkg") / (gkg") / (gkg") / (gkg!)
CK 3.73+0.07b 16.38+1.64b 9.504+0.95b 1.59+0.19b 0.30+0.03b 6.26+0.15b
A 4.00+0.06a 22.91+£2.26b 13.29£1.31b 2.18+0.29b 0.40+0.01a 6.21+0.26b
4.13+0.03a 21.76£2.09b 12.62+1.21b 2.08+0.05b 0.25+0.01b 7.00+0.19a
T 4.13+0.12a 36.67+3.28a 21.27+1.90a 3.42+0.63a 0.294+0.01b 5.36+0.15¢

e CK AREST I CRIBIEMYR ), A RFERIMAYACLE, B RFAHIMAED AL, T RFBHEINA KA EALRE; [
— B NG R ANR KR AL B 22 57 3% (P<0.05). F[F. Note: A means organic fertilizer treatment, B means biochar treatments,

CK means control treatment, T means lime + microbial fertilizer treatment; different low letters represent significant differences among

treatments ( P<0.05 ) . The same below.
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Table 2 The microbial population and OTUs in soil crusts under different fertility improvement measures

4174 Bacteria H A Fungi
OB
SO A6 I58 54 SO L J5¥i
Treatment OTUs OTUs
Coverage/% Population/( 10%g 'dry soil ) Coverage /% Population/ ( 10%g 'dry soil )
CK 516 £112ab  0.972+0.016a 804.0 + 48.6a 408+57a 0.995 + 0.004a 5.13 +1.09d
A 491 + 88ab 0.954 +0.030a 525.1 £59.4b 418+36a 0.996 +0.001a 14.10 £2.10c
659 + 114a 0.978 +0.018a 274.2 + 88.4c 385+24a 0.996 + 0.002a 22.00 £ 1.32b
T 335+22b 0.925+0.014a 869.3 +37.5a 403+33a 0.998 £0.001a 58.48 £2.32a
y B
b 20 2 O 4 6
17 N ¢ 15 21 \\7 4
\ 77 8 31 30 2 31 14 2
\\ 379
\ y ! 405 X
\ 10 \ 74 5 Vo1

14 155 \\ 24 34

A | |

h 36 / 4 /

,«/ ~
BT ORIRIIE T4 1 it 33 A W 235 1 2 AN B AL OTUs 5 BB
Fig. 1 Venn diagram of bacteria and fungus in soil crusts under different fertility improvement measures

23 BARFAHEREI LIEEEEMEY SN
1T 2E YR 22
PUAS A B, A MR Ak BN Y AR 2
JEANGE T AN T JE B s, o 21 ASHEE TR
242 NMNEE, b CK AE I 4 AT

52 AUNEEJE o PO A4 B A 3 A 45 R BT
B JE 22 5 A K 4500 7 B2 TH 35 it % 21 56 4= )
45 K 2 A0 TR RN EL TR 22 AR R B (o AR TE SO A
RAGH) M E A (Chaol #8%L) ¥ W3
o (% 3).
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Table 3 Diversity of microbial in soil crusts under different fertility improvement measures
M54 Bacteria H.# Fungi
OB
Chaol 5%k FEIRIGE FARIEE Chaol 5%k FEIRIGE TARIGE
Treatment
Chaol index Simpson index Shannon index Chaol index Simpson index Shannon index
CK 617.9+97.9ab 0.980+0.004a 7.07+0.28a 473.2+42.8a 0.879+0.054a 4.95+0.58a
A 628.0+78.6ab 0.986+0.001a 7.35+0.08a 463.5+26.8a 0.862+0.037a 4.98+0.50a
764.8+85.1a 0.984+0.003a 7.43+0.14a 442.1422.1a 0.756+0.041a 4.07+0.22a
T 455.8+16.1b 0.981+0.003a 7.08+0.07a 461.6+14.9a 0.746+0.109a 4.28+0.91a

DY AN Kb B S5 A 6 e R b SRR I Y 21
AYARE T, A = B AR AHT 10 AN BE T 14300 R i
FFTE T ( Acidobacteria ). ZEJE &[] ( Proteobacteria ).
4k % 1] ( Actinobacteria ). WPS-2 . %475 5 ]
( Chloroflexi ), JEEEF ] ( Firmicutes ). V%% |
( Planctomycetes ). fAFT B[] ( Bacteroidetes ). #H
M ] ( Patescibacteria ) F1 55 & BK B - i 4 & 7]
( Deinococcus-Thermus ) ( & 2a). Hr, (L4
FTRBRATFRTT . ZIRRT] . R E T TSRS T,
di LIk 80%LA Lo A AILAE A B e 4 = T AR TR I
VAT A AR SRR, SR IR K 92.45%, [R] ] R
FEA T RRAT TR T TR SRS BT T P AR R B, R
GEINN 53.24% 55.49%. A WAL PR T R AT
P TTRIASTE R T TAH TR AR O =F B, 2 i R B2 43 30l
16.45%F1 28.42%, FEAR T 4% 25 B 1) 4H T (9 AN

100% 1 ¥ Others
Her
¥ Deinococcus-Thermus
. SRR -]
o 80% ¥ Patescibacteria
2 HE RN )
g B Bacteroidetes
g WATRT]
% % 60% - ¥ Planctomycetes
N VP ]
B s ¥ Firmicutes
% 2 JEEETAT ]
=8 40% - B WPS-2
- s WPS-2]"]
2 B Chloroflexi
& 20% B Actinobacteria
LT
B Acidobacteria
BRAFIET]
0% | B Proteobacteria
A B CK T BIHIT]
AbFE Treatment
& 2

B2, FEUEH 12.81%. A K+HAE Py AR 3T G 4
iR T AT RN ST TR 1 T A B AR R, B R e
JEG R 25.48%F1 28.27%, WIEFER T 4511
YT R AR R, IR 32.59%.

DA A P ) - S5 A W 45 R 2 T S ARSI 7 S
Wi, 29 A 7] ( Basidiomycota ), THEF ][]
( Ascomycota ), #{ffl&[] ( Mortierellomycota ), [&
H 1 J( Rozellomycota ). 4% [ [ ]( Chytridiomycota ).
E# 1] ( Mucoromycota ) il Basidiomycota ( & 2b ),
AR = FERGR ET 3 D EE T PR F
B IFER], Horh, BRI TR
WHEETT, Ik 90%LL 1o A7 HUIE AL BRI A1 K+
A PN A 2RS4 Y S0 4t v T S AT ) TR A A R
FRE, REEE SR 22.13%F1 24.46%, HIFEAL
P TR ) ECTR A ARG 2B, BRI SRR 11.62%F

100% B Others
Herl
u Basidiobolormycola
80% 1 Basidiobolomycotal ]
§ B Rozellomycota
E‘) . FAEL ]
Mortierellomycota
%“g 60% 1 Beftra | | ’
= 8 ® Mucoromycota
fﬁu = . f%h%l‘g
S o | Chytridiomycota
T 40% AT )
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E FRERT ]
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0,
% A B CK T
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Fig. 2 Relative abundance of dominant microbial phyla in soil crusts under different fertility improvement measures
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11.27%; =Y AL FRWIAR L, X8 TR 1] 5L TR AR X
FE RS IEE N 19.58%, X TR 1 EFH A
JE IR IR A 27.93%
24 WEVEEBTSIEEAERNXR
IR . LAY R B S
SRR AL (7=-0.664, P<0.05), 5 pH &
ARG, HSHPLE ., AR 2R EIEMC; 4
W OTUs FIFE & EEHEH (Chaol #5%% ) 54815 0
FIEME (7=0.794, P<0.01; r=0.828, P<0.01),
ME5EMLE . AR MER 2RI, 0w 2P
TRECS 2 RIEMG; HRAEYS pH. AR . A
MLBR 4 /I 2 B35 IEAH G (P<0.05), #1548 2
BERAL (7=0.613, P<0.05); ELHZFEMETEEL
5 pH MI& R R AMHE, A5 MR EHX (F4).
AL Ar ( CCA J3Hr ) SRR, 4
R )2 A ERRAR M O T AR PR T A A A B
+ 58 B Ak M 0T BE A RS T R AR W 4 B )2 A TR R TR
42.44% )78 SR VS 45.95%728 5% . HIE 3a
AL, PR AF R T ( Acidobacteria ) . AR JE TH 1]
( Proteobacteria )it Z& 7 [ J( Actinobacteria ), WPS-2
2545 TR 1( Chloroflexi ). % %% I# [ ]( Planctomycetes ).
PEAT] ( Verrucomicrobia ) FHATER R, 544

S5 5 pH L AL . A PR AR S AH e
e M 3b AT, BT ( Mucoromycota ) 54
WEs )2 AL . AOLK . SRR,

W B, #HF 5 1] ( Basidiomycota ). F %% [ ']
( Ascomycota ), 47 B[] ( Chytridiomycota ) #H1L M
Bk, WRAEYE KRR EANLE . AR R
AL

K

3.0 dEAYEREEREMRBEEE

e 3 B Y AR R — AR P R, BB 4T
LSR5 A ) BV RRAIE , TE S TR AR bR A
BRG T EMAEYRER PR Z N, AR
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A28 B IR A DR T S5 A A IO . R T v i
J B 53 B 235 R 3 W B s D L I AR ) 45 b i I
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Table 4 Pearson correlation of microbial diversity index and soil physical-chemical properties

) B AL RERiIRS £ e Sl
WA izt
pH Organic Organic Total Total Total
Microorganisms Index
matter carbon nitrogen phosphorus  potassium
L Population -0.31 0.382 0.382 0.291 0.051 ~0.664*
OTUs -0.134 -0.386 -0.386 -0.33 —0.142 0.794%*
/M Bacteria Chaol #§%X Chaol index -0.117 -0.419 -0.419 -0.375 -0.094 0.828**
S FRFE L Simpson index 0.107 ~0.003 -0.003 -0.235 0.273 0.273
T4 5% Shannon index 0.131 —0.044 —0.044 ~0.096 0.034 0.48
B8 Population 0.619* 0.855%* 0.855%* 0.786%* -0.281 —0.613*
OTUs -0.288 0.196 0.196 0.164 0.193 0.185
FLIE Fungi Chaol 5% Chaol index -0.261 0.192 0.192 0.222 0.138 0.12
P FRAEEL Simpson index  —0.563 -0.152 ~0.152 —0.537 0.559 0.232
F A5 Shannon index -0.45 -0.001 ~0.001 ~0.362 0.55 0.137

e #REAE 0.01 K (B ) b EHHZE (P<0.01); *RFETE 0.05 KF (XU ) L FHM K (P<0.05), Note:

** represents

significant correlation at the level of 0.01 ( P<0.01); * represents significant correlation at the level of 0.05 ( P<0.05) .
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respectively.

K3 BUEYREE S R BT SR NS08 (CCA ) A

Fig. 3 Canonical correspondence analysis ( CCA ) of microbial communities with soil physical-chemical properties
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