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and Waste Resource Recycle, Huhhot 010021, China)
Abstract:  Objective Biological soil crusts can be effective in wind-preventing and sand-fixing. This is of great significance to
ecological restoration in desert areas. Nevertheless, there is no literature showing a comparative analysis between the biological
soil crusts and the bare sand surface layer with the same thickness or for soils beneath them. = Method The abundance of 16S
rRNA gene and the structure of bacterial communities of the moss crust layer, bare sand surface layer, and soil layers beneath
them in Mu Us sandy land was analyzed by fluorescent quantitative PCR and high-throughput sequencing. Based on the data of
soil physical and chemical factors, the effect of moss crust on the diversity of bacterial community in sandy land was analyzed.
Also, the moss crust layer and soil layer beneath it , and the corresponding surface and underlying layers of bare sand were
collected and the effects of biological crusts on soil bacterial communities and their living environments was analyzed more
accurately through a comprehensive analysis. Result Compared with bare sand surface layer, moss crust significantly increased
the contents of soil available nutrients, total nitrogen, and organic matter. Also, the contents of available nutrients, total
phosphorus, and organic matter in the soil beneath moss crust were higher than those in the soil beneath bare sand surface layer.
The contents of coarse silt and silt in moss crust and its underlying soil were significantly higher than those in bare sand surface
layer and its underlying soil. The results showed that moss crust significantly improved the physical and chemical properties of
sandy soils. Additionally, the available phosphorus, potassium, nitrogen, clay, silt, and coarse sand were important factors
affecting bacterial community composition of sandy soil. The moss crust layer had the highest 16S rRNA gene copies and the
bacterial abundance of moss crust and its underlying soil was significantly higher than that of bare sand surface layer and its
underlying soil. The results of diversity analysis showed that the soil beneath moss crust had the highest bacterial diversity.
Futhermore, the relative abundances of unclassifiled f Micromonosporaceae, norank ¢ Cyanobacteria, and Pseudonocardia in
moss crust were significantly higher than those in the bare sand surface layer. Also, the relative abundances of norank ¢
Acidobacteria and Rubrobacter in the soil beneath moss crust were significantly higher than those in the soil beneath bare sand
surface layer. These genera with significant differences play an important role in stabilizing the soil structure of sandy land.

Conclusion The formation of moss crust has a significant effect on the bacterial community of the original surface and
underlying soils in sandy land. This is beneficial for biological sand-fixation. This study provides an important theoretical basis
for sandstorm control and desert ecological restoration in Microbiology.

Key words: Moss crust; Physical and chemical properties of soil; Bacterial community; Diversity; Comparative analysis
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P, FRE—EBO T A SRR,
HAR VDB 5 NI AT XA Ak, 47 T KRBT
BORHE, BHIE T VDB AR AEAE ISR E— 2258
ORI, AW S5 (biological
soil crusts ) J& LR B B —FP . B AR A
AR B B R o, ALBESR & I AR et
PO R K B RE ST, R BERE N+ 3R g, 42
EAEYICE FRCRNEE S, AN RGPS
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('Verrucomicrobia ), ZEHUIE] ( Gemmatimonadetes ).
TR 1( Planctomycetes ), #¢H IR J( Armatimonadetes )
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SRR Wl i e 07 T e R v T W - AR &5 e, A
Yy LS B 0 R B AR 5 U ) A W i A W
JIG TG s R vk i 2 TE ARG, JF H 2 5 m 0~20 cm 1+
BENBUEY YRR MA; &Y RIS AR
HbHT Y FE AR B A e TR B XY IR )
Febe A R D ST RO R, S A
g R AR LG, e REA T A ) T A R A TR
KM Z A AR, AR W4l e Al s g+ v
1 240 B B A B T 43 il O Cyanobacteria  #l
o7/ A SR DR 7 N T |
Trichocoleus . Chroococcidiopsis Fl1 Cyanobacteria 24
B LA AR AR IR T A3 JE R Arthrobacter
Rubrobacter 1 3 > J& T Actinobacteria [ ] Fll
Acidobacteria [ THARMIE; SilmiEeR LML, EY)
S5 R Th A RO . EHALE ISR a 1S IR T
=, T pH IBSRIREAR . E AT OCAE P4k fext 1458
WA YIREE I AT 5E, 2R PTEEMEE A S,
R Rk Y/ En s Dillie k2 3 (8 va W v 1 o S e R
T2 R AT A e, BOROR RIS EE B (i
SR HBARHS RN E BEAE R ) Z [ HEAT AL ORE
aRAEZ TP T AWSE R . S5 T O I LA KRR
M3, AR S X IR R M IR R X RIZ AT
JZ, Gz A A )7 S TR 5 RE R R 2 2 (A LA K
BATE A T I R R A YRR S 2
J7 R AN BB S . APTRERET L RIS
GELE B2 R RNGE K 5 R HE, DLV b A 1 3R )=
N E L, sl g G B ndnSun st 7Y
55 BN IR AN RV R H AR AR IR RS, BIESE A
SRR U6 BN S AR A SR S BRI ARl

Actinobacteria ,

1 bRk

1.1 TEMGAXE

FEHLBEE B S RV R s & R B 32 11
(38°53'44"~38°53'49"N, 109°53'43"~109°53'46"E ).
BEI 3 By s i) b T K AT B B 25 B R -, 43031
KREGK)Z (0~1.5cm) MEEKZET L (1.5~
11.5 cm) BYRES s JF HBEHL 3 Hela] — X IR AR 7D 1
YEMXTER, I REERIZ(0~1.5cm ) HI F)Z( 1.5~
11.5em) MEME. BRI KN R 0.5 mx0.5 m,
AT AL 3 WIRSEIE N — A FEM . B 8E

55 3 PUREHL R LA, MEZMEERE R 10~
15 m (BRUDREHLE DL —A4F )o AR 8287 1) iy 44 53
T R4 i )2 ( Biological soil crusts, BC), 45T J5
+ 4 ( Layer beneath biological soil crusts, LBBC ),
Vb2 )Z 13 ( Surface soil, SS), #VPF)ZE 1
( Layer beneath surface soil, LBSS )., R 1R
i TR AR T RIRARAE , J5 22 T HUE Y 2 R
SE HIFE T80 C R AR AT s T BIAL M B I 2 A
HAART Gt 60 H i
1.2 HEBEAEHRUE

*H pH it (OHAUS STARTER2100 B2 it )
0 + 58 pH, iR S 4NR S — BT Ot BT
( Alpha-1506 2840 A] WA 560G RE T )W e + 1A &0k
(AP), FEEFRHAEIENE LA VLR (OM), %
ity HOE D E HIEA A (AN), fiSPRENR $&—Dd
DR P 7 I A (AKD), 2L BRRERTH
Rz 2R (TN), 28 (TP),

R R 2 B 3 g £FET 100 mL BEAR
JIA 10% H,0,20 mL, 3 XUt P 4 i i B4 1 o
e, RS 80~120°C (HAEHREE 90°C ), H,0, #E
REFTRELINA Hy0,, HEAHA M. FHIA 10%
HCI 10 mL, FE/RMFEEZEINIA HCl A A .
PN ZE K — 1, gk, PRt ERR, it
REHWR, HEZ M. figh 2K, IMA 10 mL
(NaPO;) (W, A% 10 min, R EL
( Mastersizer2000 3tk BE 4 HT A3 ) 2 3k & .
HARSE bR A5 HAP ( CS ) 4ifb(FS ) KU AP ( CST ),
¥k (ST) FZERL (CY ),
1.3 15 16S rRNA BRI FSEENF

T EREACRAE S 3% ST AR B 2R R
A A HEFT 16S rRNA JER Y # 7l sl p . BAK
iR A R AL 514 338F( 5'-ACTCCTACGGGA
GGCAGCAG-3") #l1 806R( 5-GGACTACHVGGG
TWTCTAAT-3") UI%f v3-v4 0] 45 X #£47 PCR ¥
. PCR =W 2% B AHEE e M 2lifk, H
Tris-HCl VeSS, FH 2%3 e fe vikoRss il . 0 H
QuantiFluor™-ST ( Promega, USA ) 17 E A,
f4E Illumina MiSeq ¥ (Illumina, SanDiego,
USA) b E MRS 2l AL J5 104 38 BeA # PE 2
x 300 3% .32 1 Hlumina 2 & #Y Miseq PE300
SEB AT o WY SRS, BE LA 2 A
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-5 (https: //cloud.majorbio.com/) J&, Soik
T3 AT L3RS OUT F R, Bkl . fiH
Trimmomatic 4% S5 4 I 1 e 91 3204 7 o e 2 3
JF M FLASH #F #EA7 k4% . i/} UPARSE %/
(version 7.1 http: //drive5.com/uparse/ ), LI 97%
HARARLEE AR, XS4 OTU 25 JFH
UCHIME % {F#H#x &1k, FIFH RDP classifier
(http: //rdp.cme.msu.edu/ ) X455 75 6174 Ff
SYRUERE, LX) Silva BdlalE (SSU123), HHbxt
B 70%. RS TR = F G #1758 50 HT,
HEFE OTU /KP4 7 B HEF 43 B Fl VPA J34)T
FET TR R 7KV 2517 0 4 TR B I 4o i, 7
JE& K- AT I AL TR W e 2 5 0 B . A OC MR R 41
B AN BEPE 2% 4347 . >R Spearman AH ¢ R £
T AEE A 5 Py Fh 2 18] B9 AH 5G4 Heatmap 73477
Network [ 25 73 #1 DA K 19 20 2 (] ) b 25 5 B 351
Student’s T K56,
1.4 RKHEE PCRYIE

Pt E B PCR R M [R] b im0 P 595190 20
uL SWAKZ N : 10 uL 2 X ChamQ SYBR Color
qPCR Master Mix, b Fi#514 (5 umol-L™") 45 0.8
puL, 2 pL 4%, 0.4 uL 50 X ROX Reference Dye 1,
6 puL ddH,O. ¥ T K. 95°CHIAEM: 3 min; 95
CAEVE S's, S8°CIRA 30 s, 72°CHEAf 1 min, {fi/H
ABI7300 E%¢ )6 %E i PCR { ( Applied Biosystems,

USA ) 798, BARERIEE 3 AEE, Uit
TEHI R R FRE,
1.5 REHESEIT O

i3 Excel2003 il SPSS19.0 X ik I 4 4 kA7
it .

2 4 B

2.1 SR HEEEN R

BC FEAZH 45 1+ e fb 2= 8 bn 35 Rk s
A=A HHEREAA (£ 1), BC AR, L
BOAMA SRR RE ST SS TRy, v g
JZRERE A R AR X S A SR 43 A L T LBSS, LBBC
A RO . B ARCAR & R A TR BC
HEAMANENSEREST SS PME s,
LBBC W 2B FIA ML & & = T LBSS. 7E 4 MEA
dHrf, BCHY pH fcfik, HAHEmg ik,

- 34 i i TR T Vb b - S R4 R K 2),
Hr BC A1 LBBC #H LT SS Fil LBSS A &k 3,
HA R R 50 2.75%741 0.18%; BC 11 LBBC
BRI HIN 7.57%H1 5.04%, MRS & B
B 42.28%F11 48.77%, 2 PRI EE T SS Al
LBSS; 1M 40ab 1 & & W) & &K+ SS #1 LBSS, 1l I
BC #l LBBC (1) - HEE A rh Ok A2 A W] AR /N
A AW K B TE R S RN T b 0 e )

O =N
[ZEEN

F1 FREERERTIRLFER

Table 1 Soil chemical properties of different sample groups
L EER e AL A e A B HLE
FEA I HY
AP AK AN TP TN OM pH
Sample type
/ (mgkg!) / (mgkg ) / (mgkg™) / (gkg™) / (gkg™) / (gkg™)
BC 5.3140.21a 208.6+11.5a 153.0+11.7a 0.46+0.02a 0.87+0.02a 69.85+12.55a 6.83+0.04b
LBBC 2.17+0.64b 100.0+2.4b 37.33+6.87b 0.37+0.08a 0.39+0.11b 42.99+4.62ab 7.54+0.10a
SS 1.56+0.10b 108.5£9.1b 42.00+3.30b 0.29+0.01a 0.56+0.06b 13.85+4.18b 7.324+0.25ab
LBSS 1.23+0.08b 91.42+5.9b 25.67+£5.04b 0.28+0.03a 0.64+0.04ab 23.35+0.92b 7.05+0.07ab

e 1) PIEARMER 2, FHRRFERR KA 22 5 B2 (Duncan method, P <0.05). 2) BC, £ )2; LBBC, %
R+ SS, #hEJE +1; LBSS, #VFZ+14%, FE. Note: 1) Means + standard error, different letters in the same row mean
the significant difference between treatments ( Duncan method, P < 0.05).2 ) BC, Biological soil crusts; LBBC, Layer beneath biological

soil crusts; SS, Surface soil; LBSS, Layer beneath surface soil. AP, available phosphorus, AK, available potassium, AN, available nitrogen,

TP, total phosphorus, TN, total nitrogen, OM, organic matter. The same below.
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Table 2 Soil particle composition of different sample groups (%)
FEA Y ML amuy Gitkyiz s ki Rk
Sample Coarse sand Fine sand Coarse silt Silt Clay
type (0.25~1 mm) (0.05~0.25 mm ) (0.02~0.05 mm ) (0.002~0.02 mm ) (<0.002 mm )
BC 4.03+0.01a 43.37+0.09b 42.28+0.09a 7.57+0.15a 2.75+0.37a
LBBC 2.51+0.27bc 43.40+1.73b 48.77+2.61a 5.04+1.50a 0.18+0.15b
SS 1.73£0.32¢ 71.62+6.58a 25.92+6.26b 0.72+0.34b 0.00+0.00b
LBSS 2.70+0.12b 81.64+0.12a 15.50+0.03b 0.17+0.08b 0.00+0.00b
2.2 GRS HIEME 16S rRNA EE FEH ®3 REHALNS HIEEN

FEE5E B PCR IS5 R 7K, BC, LBBC, SS,
LBSS PUA~ +HEREAR LY 16S rRNA HE K 5 B ) 35
43510 1.79x10" copies-g ' T+ | 2.43x10° copies-g '
T4, 1.99x107 copies-g ' T+ . 4.55x10° copies-g '
o R REP RO R E D (& 1), AL BC
LBBC HEAR L9 40 1 - B2 24 3035 5 T SS 1 LBSS H
A4, JFH BC HEALIE 8% T LBBC FA4].

v 127

£ a

25 10} b

io"§ =

w2 8 ¢

;é'g —E— c

= o

x5 o

¥e

B & 4r

H<

< Z

Z¥E 2t

-2

wn O

27 . s .
BC SS LBBC LBSS

HBEAS Samples

1 AR AR R 22 5 1.3 ( P<0.05 ). Note: Different letters

mean significant difference ( P<0.05) .

BT B EESE B AT = BE AR R

Fig. 1 Effects of moss crust on the abundance of bacteria

SR T IEEE SRR

A o 0 U R R R R BB TR, R
JEG B, LBBC AYA A HE BR324k 48 BUE 76 10 41
FEAC IR R, HABE W) 2 R e DA R A P i i
LBSS A4 B AR 8 i J= i . BC Al SS
) ZBEVE R B AR #5, J9KF LBBC Al LBSS
TR (% 3),

2.3

Table 3 Diversity indexes of different sample groups

AT AR A5 £ F AR
Sample type Shannon index Simpson index
BC 5.442+0.075b 0.984+0.002b
SS 5.426+0.247b 0.987+0.002b
LBBC 6.304+0.016a 0.995+0.001a
LBSS 5.677+0.152b 0.991+0.002ab

B/
5

RN T EME AR AR RN
FE1] (phylum ) 7K b 22 il 28 TR V& 2 A T2
B K 2), KAExt 3B /NT 0.01 1924 others (&l
WA FERERT 13 BVAHERT] o A AEAS AT 32
HEAERT 5 WA 10 5. BC HEAH
Actinobacteria ( 38.52% ). Proteobacteria ( 26.01% ).
Acidobacteria ( 8.59% ). Cyanobateria ( 8.12% ).
Chloroflexi ( 7.66% ); SS FEAZHH1, Actinobacteria
(32.22% ). Proteobacteria ( 27.18% ). Bacteroidetes
( 15.62% ). Acidobacteria ( 8.08% ). Chloroflexi
(6.10% ); LBBC FEA4 1, Actinobacteria( 31.01% ).
Proteobacteria ( 23.72% ). Acidobacteria ( 16.20% ).
Chloroflexi ( 13.43% ). Gemmatimonadetes ( 4.18% );
LBSS #f A< 41 #', Actinobacteria ( 33.40% ) .
Proteobacteria ( 30.84% ). Acidobacteria ( 10.00% ).
Chloroflexi ( 8.94% ). Bacteroidetes ( 5.92% ).

TEJ& (genus ) 7KV |2 il 200 TR A 7 2H LA IR 5]
(E 3), BAXTFEEE/NT 0.04 138 others (K i
RN RERT 15 B4R 8 ). A FEAR A A F B HE
TEHT 5 B4l g m k. BC A,
unclassifiled_ f Micromonosporaceae ( 11.58% ).
norank_c__Cyanobacteria ( 7.13% ). RB41 (4.35% ).

24

http://pedologica.issas.ac.cn



1590 S - 58 &
B Actinobacteria
BCl1 I I Bl m Proteobacteria
W Acidobacteria
BC2 I T - cnloroflexi
W Bacteroidetes
BC3 I . Gemmatimonadetes
m Cyanobacteria
SS1 Il Fimicutes
W Saccharibacteria
SS2 I ImTE . Nitrospirae
5] m Deinococcus-Thermus
g SS3 I (] Planctomycetes
m Verrucomicrobia
g LBBCl B EERTEE g others
# LBBC2 1 Hi
LBBC3 [ | [ ] ]
LBSS1 H NN
LBSS2 I
LBSS3 I N
0 02 0.4 0.6 0.8 1.0
1K EREE F T 0L
Percent of community abundance at the phylum level
B2 TIKF b A S A B R 74 4L
Fig. 2 Bacterial community composition of soil samples at the phylum level
Il Norank_c_Actinobacteria
BCl DN S, wa Streptomyces
I Norank_o_Frankiales
BC2 N, . uhobacrer
M Unclassified_f Micrococcaceae
I s
BC3 R Noranl_o_Acidimicrobiales
s W ™ Roseiflexus
Methylobacterium
£ 2 SN — W= Norank_c_Cyanobacteria
g M Unclassified_o_Sphingomonadales
& SS3 U NN W Sphingomonas
® Hymenobacter
i LBBCI N I 1 oronk ¢ Acidobacteria
LBBC2 | Acltied T Memanosporaneene
M RB41
LBBC3 I N ™ Others

LBSS1

0.8 1.0

LBSS2
LBSS3 e ——
(I) 0:2 074 016 I I
JEACF_E R E T I

Percent of community abundance at the genus level

Pl 3 Jm KT L S ol 20 G A A

Fig. 3 Bacterial community composition of soil samples at the genus level

( 3.18% ) .
Roseiflexus (3.16% ); SS FEAL W, Hymenobacter
(10.22% ). norank o Frankiales ( 4.72% ). RB41
(4.25% ). Methylobacterium ( 3.91% ). Sphingomonas
(3.22% ); LBBC FEAZHH, norank ¢ Acidobacteria
(7.59% ). RB41 (5.30% ). Rubrobacter (3.38% ).

norank_c__Actinobacteria ( 2.84% ) . Roseiflexus

unclassified o Sphigomonoadales

(2.77% ); LBSS AU, Sphingomonas ( 3.84% ).

( 3.54% ) . RB4l

(3.51% ). Streptomyces ( 3.00% ). unclassified f

Micrococcaceae (2.70% ).

25 HEMTEWAEREFAMABERNZID
1 PCA ( Principal component analysis ) 43471

PC1 4l PC2 Rl 4 SRR A< 35310 41.23%7F0127.73%,

norank o Acidimicrobiales

http://pedologica.issas.ac.cn



6 1] SRFTHLAS By R VD #BEEE B0 D fh 1 e JTOR 40 T R 7 B4 52 ) 1591

Wi B TR R Z AN 68.96%. H1 T 4 INFEARYILE PCA
I3 HT R A HERF S5 5 RDA 200 (8 4) LA 2
5, il PCA s #iHEF 45 5 2 ULl 4. BC 7£ PC1 %
5 AL = A EREAR A REAE X /BB, Fm BC
55 H At = A A SRR A 4 ) 20 T RV 4 AT A W 2
5o BC 5 SS Zu] [ fh L, W Z AR VE 42
ScK; LBBC 5 LBSS BIREA 54015 40 5l S A~
Jrml, ULEATE BC RSN R, LBBC MIZHR T 4
W5 LBSS tHELH Bl 22 5 .
26 MERFELEAREARZEMNXR
Kl 4a Ay T 3EAb AR T A TR R T 2H R TR] Y

a) b)
e BC
A ¢ LBBC
60 - = | .BSS 20
A ASS
401 X
S 204 " )
: AQN pH 2
2 0w - 3
a A
24 20 A -40
¢
-40 \d —60

40 20 0 20
RDAI (38.88%)

RDA ( Redundancy analysis ) 23715, RDA1 #lifl
RDA2 il i) i B 73591 A 38.88% 11 16.63%, T4 2
FIRREE N 55.51%. 45 FRBE T X REAS 41 TR TS
20 W) e R B R A A . AR L A A
R AHLET . B2 E S IR Z 5 pH 520 /N o
(&l 4b Sy - HERURL A A% 4 TR RV 4 2 [H] ) RDA
AT L, RDAL ARl 39.73%, RDA2 i
il RERE R 25.58%, P Z AR 65.31%.

- 5 TWURE 21 R0 A A A AR 7 A R S e R R Ry
Wb . Bk MRS R K, bRz, HB

/N o

® BC
¢ LBBC
= LBSS
ASS

40 20 0 20 40
RDAT (39.73%)

K4 AIERFRARS DA (a) MR (b) /Y RDA J3#7

Fig. 4 Redundancy analysis of bacterial community composition and soil chemical properties (a) and soil particle composition (b )

FEE 4a FIE] 4b POREAS S 3 0 A 2 AN X I,
[ X} RDAT IE2EHIH 4, SS Ml LBSS FEA S 7E I
g3 1TIXCH RDAL FB 5, BC FEA S AR L 57
fii; LBBC FEASSAE [ XA IXARA 434 . 7EIE] 4a
o, T XA SS Fil LBSS FEZAS 21 1 41 1 7 7% 41
Br5 pH RIEARSCH, SHABEFHRMAMEIE; 1
X437 1) BC AR AR 20 1) 4H B RV 4 BBk 5 pHL 2 7
AN, SHABH FHRIEME, ER 40, TX
SYARG SS H LBSS FEAS LAY 4 B Ff V4 20 15 R
Wb, MED . KPR BRI DG, SAIRP IR
T IX 44 B BC REAS ALY 41 B B V& 240 5 R 0
AP . Bk, Bk R IEA S, 54002 aE.

XTS5 BC FEASGL AN B R V4 20 0 2 1F AH O 1) £ 358
fh2E T (AR . He . ARA . 2. 24
BHLT) A ORI AR CHLED . KRS . Bk
Fhki ) ZIAIHEAT VPA 38T, 255 7R + 5 UKL 2 1
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