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Abstract: To explore the difference of bacterial community structure and diversity of biocrustal horizons and subsoil under
different heavy metal pollution levels and the influencing factors, a mining area and an enclosed grassland with wide-spread
biocrusts in eastern Ningxia were selected as study area, the algal and moss biocrusts were selected as study objects. High
throughput sequencing technique was used to measure the difference of bacterial community structure and diversity of A
horizon ( biocrustal horizon) and B horizon ( subsoil ). The relationships between bacterial community structure and diversity
and soil environmental factors were explored by the correlation analysis and redundancy analysis. The results indicated that .

(1) compared with the enclosed grassland, the two kinds of biocrust in mining area had more significant surface enrichment
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effect of heavy metals derived from atmospheric dust fall, and demonstrated a significantly interspecific difference as
followed Moss crust >Algal crust. Pollution load index indicated that the biocrusts in mining area had a higher pollution
level and demonstrated as A horizon had a higher pollution level than B horizon. (2) The dominant bacterial community
phylum in the two habitats were basically uniform, and relative abundances of which decreased in the order of
Actinobacteria, Proteobacteria and Acidobacteria. Due to the influences of biocrust type and heavy metal pollution level,
there were significant difference in bacterial community structure between the two habitats. It mainly demonstrated that the
alpha indices in A and B horizons of algal crust were higher than those in the enclosed grassland, while the diversity indices
in A and B horizons of moss crust in mining area were higher but the richness indices were lower than those in the enclosed
grassland. The principal coordinate analysis indicated that the bacterial community structure of biocrusts in different habitats
was differed while in the same habitat was similar. Heavy metal contents of As, Pb, soil clay particles contents, and pH
were the main soil environmental factors that influence the bacterial community structure and diversity of biocrusts. Human

activity is the main driver of structural variation in bacterial communities.

Key Words: biocrust; bacterial community; heavy metals pollution; high throughput sequencing
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Table 1 Basic information of the two sample plots

. i FE AR BR . F A H bl 5 .
31 " R : TS R R AR
. Geographic X Main Vegetation i . .
Sample . Aliitude/m . Dominant species of biocrust
location vegetation coverage/ %
VY (Artemisia ordosica ) | 7 5% FLEE ( Bryum argenteum Hedw) #h+
T X 37°48'N . 1151 ( Caragana korshinskii ) MALE S 537 #E ( Pterygoneurum subsessile ) | H- [ig)
Mining area 107°21'E (Stipa breviflora) \E VK3 (Bassia : TS ¥ ( Microcolus vaginatus) | S
dasyphylla) ¥ ( Nostoc commune Vauch )
prEcy-1 (Artemisia scoparia) & Eﬁ( Bryumargenteum Hedw) | 1 e
FHEHEIX 37.80°N . 1367 ( Caragana korshinskii ) | Ec e 32 X 14 ( Didymodon vinealis ) | N
Enclosed area 107.45°E ( Sophora alopecuroides ) | H & : W ( Nostoc commune Vauch) | Wi B
( Glycyrrhiza uealensis) ( Cyanobacteria) %% ( Chlorella)

REETAET 2019 4F 10 A#EAT 72T IXAIET XA 3 DA PI45 B B SL U 3 (40 mx40 m, [AIFR 2
4> 50 m) , BEAEEHLNBEE 3 AR FREDT (10 mx 10 m, (BB 15 m) , FARE 7 o R4 15 Bt J s 4
BEBEBE RS SORERE ARG I A JRES B, FHZI B )= 18, Z R K IR — 2 09 5 A/ NBEHL TR A
ATRSIIFARICEF . PAEE B BEBR T BRI/ N A S5 IUREBER /0O 6 emx6 em, FERAE 24 PREA (A JRHEAR
124, B JZHIEEEA 12 45,0 =3)  IrAREAE TUKG NRAE s [0 250 A7 5 2200 Hr o
1.3 HEARIE

R RIEMREA A H 10 g BT -20°C UKAS , SR RATHETT DNA SR BURIRZE0E 5T, FARAEAR KA, U 5E pH
HLU R ARSI, TIREA TR AR I E 2% (BRI T ) . S (Zn As Cd Cr Pb Hg) 7
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ot P SR 285 S D0 IBE o AR 2R T i R A ) vl SRR 5 5 8 A 3 A (TICP-MIS ) G 0 71 A i v o 463 I
W,
1.4 HEJRIGYEAMIEET

IS FH 42 IR 15 Y ST H5 8 ( Pollution Load Index) i XA 445 52 A B 2 & Jm A T15 Y 3P
1.5 HEAS DNA SR ™3 AR e 2 0

R4 Power Soil TM DNA 2077 & ihd B 32 B +-3E 8 DNA . Z J5 FI T 19% B s sE e F Dk A I DNA (46
FVREE, I TC WK W BEAE AR 2 1 ng/pl. DAFG RS 09 5 X 20 DNA i &4k, R JH 3@ JH 519 515F (5'-
GTGCCAGCMGCCGCGGTAA-3") F1 806R(5'-GGACTACHVGGGTWTCTAAT-3") Xt 41 16S rDNA-V4 X4 7
PCR ¥4, R—HEARR S5 & A 5 51 Barcode JFHIH T XA TF S, T B 6503 R B 1lumina
NovaSeq PE250 il J5F- 5 52 i,
1.6 HdEabmA I

>R ] FastQC %08 T i) e B8 9 a4 B4, 3ok U8 25 BRI it Reads, SR FLASH(V1.2.7) #4751 9F
2 \QUME (V1.7.0) #4775 F-a U8 . R UPARSE 3K 7E 97% B ARARIK F- T #E47 AT #4E 43 25 5150 (OTU
Operational Taxonomic Units) AJERZE, A5 th I TUZE Y 2 & MU Y FE BEER R 26 F OTU I3, K
FH RDP classifier( V2.2) Xf B Silva £88 % L)L 80% B A5 EEXT OTU AFSF T MRS, bt oS A EY)
Y25 5 B/ INEAR TP SV EGHA TAREAS TR 90 (R T A 38 A5 SRR MEAL B A T IS 22440 . 25T OTU 4544
N o ZREE (B ZAEME AR R 2 5 AR R 4 SR 5 YK T IS AE YIS K A B R T AN R A T 4
MR, Hd MR BEA T o 2813845 ( Chaol ACE  Shannon-Weiner 1 Simpson §%% ) i1 Qiime
T-ETH, B 2SRRI T 19 T RF A [0] 8 B 0 P S AR [ 11 22 5 i 3o PCoA EAT AT AL R ™

K Origin 2021 &, FEEARAT A7 225 A0 SRR Z 7 224381 (LSD, Duncan ) #4716 4b
PRI A 2 & LA, I 2 R FHAES B0 5 Mann-Whitney ¥, R Spearman #H5¢ R EU L #4i i 115 L e 8g
FEPERT ARG . SR Canoco 5.0 #E4T TS8R40 R ¥ R 40 B R I5 A AL TUAR ST . (IR TR o 24 (E 45
R 2 (n=3)

2 HREHSH

2.1 s A B 2 R TR

A REA R pH EI KT 7, BRI (2 2) . A JZHI B 20 pH SR FHUK 2% 2 A
TRAHE BRI R AT 0 25 5 RIS Bl A 45 B I, pH B T RRAIG, A ALk  FR oy B L A 2
AR T B 2 (P<0.05) . H g LM s Z i ik, [W— 12, T XA W2 & A Lk 4
AW AR R R RL R T EE X pH MRS BT EEF X,
2.2 YLK A B R EE S KI5 T

TH XM EX AW A BRELEPESE SR 3, SRR T XML A B 21
TR HLEE THEX WS AJZH B ZH Cd il Zn 8255 835 (P<0.05) , M ESE Rz [ BE45 j
BRI AL S R E AR AR R R AR AT R e R MR N AR TS YR
WMERUEDEFTS LU . S5 R X RIS R 6 RE SRR AHEARRBRE G (R 4), 2 M
T REARE S B IR NS 15 4 RE(CF,) £ — B HLE . He>Cd>As>Cr>Zn>Ph, 15 Y 71 faf 15 X
(1) HEIP S AN BB LS . A JZ>HEEL5 R B B>WAi K A J2>W45 2 B2, ULHHE & @ X EM S 2 R
I T, 1y pone EE R T XN 8 5 Y R
2.3 WS R R RN E R o 28R

B~ OTU FRFE—FPiad 4, MRISAHTE OTU 0 H 2] 7, 7T X o0 AN [R) A2 55 v 2 W 45 B vh A o R R R
o REVE R AF AR W BEVE 1Y B BE A 2 RE M Chao 1 18 30 R ACE 45 %% 2 1F 9 Fh 35 & BF , Shannon 5 %5 Al
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F2 HEYERABERELER
Table 2 Physical and chemical properties of A and B horizons of biocrusts
LS ALK - .
o Hh (=N +)Z Electrical Soil organic fﬁﬁ g
Plot Sample Soil horizons pH conductivity/ carbon/ Total nitrogen/ Total phosphorus/
(pS/cm) (&/ke) (g/'kg) (g/'kg)
TH X HAE AR 8.35£0.01Aa 152.95+2.66Aa 14.75£0.38Aa 1.30+£0.06Aab 0.54+0.05Aa
Mining area BJ)Z 8.72+0.02Ba 126.70+3.81Ba 3.88+0.55Bab 0.80+0.06Ba 0.46+£0.02Aa
RS A2 8.22+0.09Ab 230.72+10.47Ab  23.67+2.64Ab 1.89+0.21Aa 0.79+0.01Ab
B 2 8.83+0.09Bab 116.98+6.02Ba 4.80+0.25Ba 0.95+0.05Ba 0.51+0.05Ba
HEX ey AR 8.65+0.02Ac¢ 134.95x1.76Aa 2.76x0.19A¢  0.63x0.04Ab 0.38+0.01Ac
Enclosed area BJZ 8.82+0.07Ab 114.95+0.17Ba 2.58+0.16Ab 0.34+0.04Bb 0.32+0.00Bb
Bk AR 8.43£0.01Aa 101.65+£1.39Ac¢ 10.19£0.16Aa 1.41£0.34Aab 0.52+0.01Aa
B = 9.03+0.01Bb 79.13+0.54Bb 2.25+0.19Bb 0.44+0.02Bb 0.36+0.00Bb
e A +)2 Available Available HhkL Giig A ks
Plot Sample Soil horizons nitrogen/ phosphorus/ Clay/ % Silt/ % Sand/ %
(mg/kg) (mg/kg)
TH X biass AR 475.45+49.71Aab 3.19+0.56Aa 7.82+0.70Aa 47.30+1.47Aa 44.88+3.05Aa
Mining area BJ)Z 113.93+23.97Ba 2.85+0.31Aa 5.77+0.08Ba 47.23+2.02Aa 47.00+4.19Aa
Bapst AR 795.10+205.65Aa 6.09+0.47Ab 3.97+0.11Ab 46.98+0.23Ab 49.05+0.54Aa
B2 195.77+19.07Bb 3.21+0.91Ba 5.50+0.46Bh 41.31+0.40Bb 53.19+1.45Ab
HEX LRz AR 158.67+41.18Ab 3.03:0.22Aa 4.41+0.02Ab 30.61:£0.16A¢ 64.99+0.17Ac
Enclosed area B2 49.72+20.63Ba 1.34+0.19Aa 3.51+£0.02Ac¢ 29.74+0.14Ac 66.75+0.16Ac
HHEELS AJZ 536.47+152.97Aab 4.91+0.44Aab 1.40+0.02A¢ 27.11£0.15Ad 71.49+0.15Ad
B2 7447£12.29Ba 1.66+£0.23Ba 1.94+0.03Ac 16.03+0.20Bd 82.03+0.24Bd

RRIKRE FRFR [l — KRV 45 AR )2 W 22 5 B3 A F/NG FREFOR R — L2 AR R 2R R W25 B ) 25 5 38 ARBFSELL 0—1 em
NAMEE B AR A JZEMEERIZ T 0—5 em NE5KC R R BREN B )R

x3 AYERABEIEESESE

Table 3 Heavy mental contents of A and B horizons of biocrusts

=31} FEA +)2 Hg/ Pb/ As/ Cd/ Cr/ In/
Plot Sample Soil horizons (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
THX WES B AJZE 0.08+0.01Aab  16.20+0.32Aa  13.19£0.31Aab  0.28+0.02Aa  52.73%1.96Aa 39.51£0.97Aa
Mining area BJZ 0.07+0.01Aa 13.33+0.68Ba  12.80+0.41Aa  0.13£0.02Ba  52.57+2.07Aa 32.09£0.71Ba
BHpLh A 0.10£0.01Aa 19.64+1.37Ab  16.633.11Aa  0.41x0.08Aa  57.0623.01Aa 44.41+2.16Aa
BJZ 0.09+0.01Aa  13.18+0.19Bab  14.78+3.57Aab  0.14£0.01Bab  52.94+0.97Aa 32.31+0.42Ba
HEX Wk A 0.06£0.00Ab 11.70£0.11Ac ~ 9.68+0.21Ab 0.12£0.00Ab  39.43+0.62Ab 26.78+0.52Ah
Enclosed area BJZ 0.040.00Ab 11.22+0.24Ab  8.65:0.34Aab  0.0820.00Ab  35.8420.13Ab 22.88+0.72Ab
Bk A 0.06+0.00Ab 15.23£0.13Aa  11.2420.31Ab  0.26:0.01Ab  42.710.68Ab 29.53+0.2Ab
BJZ 0.05£0.00Ac  12.1420.27Aab  9.85+0.43Ab 0.10£0.00Ab  38.84%3.17Ab 23.81+0.48Bb
?Eil%&jﬁb%ﬁm o 0.021 20.6 11.9 0.112 60 58.8
Soil background values in Ningxia region'®!
x4 EYVEEABELIEBELETHEN
Table 4 Evaluation of heavy metal pollution in A and B horizons of biocrusts
=3 R +E V5L Z%0 Contamination factor (CF,) ; V5L ;
Plot Sample Soil horizons Hg Ph As cd Cr 7n PL Pollution level PLZONE
THX Pk 1z A 3.605 0.786 1.108 2.511 0.879 0.672 2.787 BT 3.881
Mining area BJZ 3.423 0.647 1.076 1.166 0.876 0.546 2.586 BT
B A2 4.535 0.953 1.397 3.653 0.951 0.755 3.516 T Y
BJZ 4.388 0.640 1.242 1.218 0.882 0.550 3.276 T
HEX WL AR 2.761 0.568 0.813 1.097 0.657 0.455 2.091 G Y 0.431
Enclosed area BJZ 2.656 0.545 0.727 0.746 0.597 0.389 1.993 B
BRI A 2.913 0.739 0.945 1.833 0.712 0.502 2.248 B TS
B2 2.990 0.594 0.828 0.884 0.647 0.405 2.243 G

Lo FR RS Y GAFESL Pollution Load Index for site; Iy zong: X315 4 5515 5L Pollution Load Index for zone
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WS A, Venn B R TARRMESFEA bR AT OTU B 22 5%, 25 R /R (B 3) ,A )= OTU %t HE
¥4 :STA(6411) >DTA(6336) >DZA(5983) >SZA(5681) ;B JZ OTU & HERF J: DTB(6654) >SZB(6268) >
DZB(5977) >STB(5565) , RAE LWL A |2 OTU AR T B 2 (HIA OTU ¥t m T B )2, LA XA
45K A B JZMUFES OTU BE R THE X, B R4S 1 OTU B0 & T35 K . iAWY S o & E RS
e 4 m RRE e E M AE B A B )2 IR AN B RE VR 4540, T AE AR B) 22 5%

4k iz 2 Biocrustal layer

B2 &£¥MZEEABETEMRERFE OTU K Venn
Fig.2 Venn diagram of the OTUs of the soil bacterial communities in A and B horizons of biocrusts
SZ-A: TH X#H45HJZ Algal biocrustal layer in mining area; DZ-A: EHH X HE45EJZ Algal biocrustal layer in enclosed area; ST-A: TH" X ##§
45 12 J2 Moss biocrustal layer in mining area; DT-A; 7 X & #4511 )2 Moss biocrustal layer in enclosed area; SZ-B: T8 X 344 1 2 F 4 Soil
below Algal biocrust in mining area; DZ-B. 38 X #4557 )2 T 3 Soil below Algal biocrust in enclosed area; ST-B: T.0" X B #¥45f7 )7 T 4
Soil below Moss biocrust in mining area; DT-B: £ & X & #E4H5 {2 T 13 Soil below Moss biocrust in enclosed area; 2XBF5E LL 0—1 em S AEHY45
2 FRE A 2 AEEE R T 0—5 em AZEE TR AREh B )2

o ZREMERAEAE YIRS (5 M ZEEE, Chaol F84UR ACE 48 $EAF Y1 Fh =+ & B, Shannon #8§ 50AN
Simpson TEECRAE EREA ZHEE . T3 35 S RDRVPAR NP IR EE .t 3R 5 nT 0, BT A (e A ) 3 a5 R 1
>0.97 , 3% W 4t TR B 7% A0 B v, MU B m 45 SR T 58, PR RE b A= ) 45 2 A JZ 1Y Chaol | ACE | Shannon Fil
Simpson LT B )= 13 R A ZHEFEE T BJZ, T IX 2 KAWL A B JZ % Shannon H5 %4
I Simpson FEEC R TEHF X TA XL A B JZ19 Chaol Fl ACE F8BUINK TH & X (HE LK A B2
f) Chaol Al ACE RBUNTHE X,

RS EYERABEREIEAREE o SHE

Table 5 Bacterial community o diversity in A and B horizons of biocrusts

EHL AR +Z Shannon F§%X Chaol 8% ACE 8% Simpson F8%{ Vo3
Plot Sample Soil horizons ~ Shannon index Chaolindex ACE index Simpson index Coverage
THIX PGB AJZ 9.59b 4231ab 4566a 0.995ab 0.981a
Mining area B2 10.16a 4882ab 5196ab 0.998a 0.978a
BEELE AR 9.76ab 4483ab 4746ab 0.994ab 0.981a

B2 10.03a 4648abh 4973ab 0.996ab 0.979a

HEKX BELE L AJZ 9.22b 4203a 4527a 0.992b 0.980a
Enclosed area B2 9.60b 4192a 4536a 0.995ab 0.981a
BRELS Az 9.61b 4551ab 4886ab 0.992b 0.980a

B2 9.86ab 5272h 5687h 0.994ab 0.975a

[RIZIAN ] 7 B e 7 22 57 1 35 ( P<0.05)

2.4 EVSE A B ZIEAERE B 2R
N T e T RN R AR B R TS AR B N AR AR S A 25 5% 3l i R T Bray-Curtis BB A 324
PRI (PCoA ) WT LUKE WA M 5] 235 g S 70 % 22T - H9E 1] A9 200 T A 7 R0 B2 R 2 S5 P e e 5 ) 1 P 2
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RSk, ME 3 R, EARESR (T XS5HE
X)) BN E 2 (A B J2) , AW 4 B R a5 ) A B B 45
T, % BN [ b RN A ] A J2 100 200 18 R A 32 47 7F B
WS mER— LR e A JZIEE B 2,2 2849
45 KR a5 (B PR B 20, 3% B Ak T AH (R b | A W] £
JE IR BELE 2 DA R T8 S5 M AR 0L, HLIR) 245 B + 194
WAER ARl A HEWT, A DTG 2l (N 43 s Vs e 5 1k
T EEIREE R AR AL ) 2 A TR R VR A R A S ) R B A
% . PCoAl Fll PCoA2 HL:[a]fif B T 40.99% Y 7% 5,
W, PCoAl i RE T AR 5719 24.88% , 1 PCoA2 ffFE T

PCol (16.11%)

PCol (24.88%)

B SRR 16.11% = SZA ©0SZB eSTA oSTB

2.5 W A B JE U A 4R 4 DA e DzB e DIA © DL
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Fig.4 Relative abundance of the bacterial phylum in A and B horizons of biocrusts
Aci: BRATTHET] Acidobacteria; Act: FTZETEI] Actinobacteria; Pro: ZEFE B[] Proteobacteria; Bac: fEIFT 1] Bacteroidetes; Gem: Zf AT ]
Gemmatimonadetes; Chl: Z¢Z5 5[] Chloroflexi; Fir: JEBEE ] Firmicutes; Unc: #4532 unclassified; Pla; 7721 ] Planctomycetes; Tha: &7y
1] Thaumarchaeota; Ver: YEi# 7] Verrucomicrobia; Arm: %% F 7] Armatimonadetes; Rok: #ARFT ] Rokubacteria; Nit: /LR R ]
Nitrospirae; Cya: AT Cyanobacteria; Elu: HEEH ] Elusimicrobia

http ; //www.ecologica.cn



134 B S AR ESRITYKCE T AEWSS BT R A R 9 25 Sk A 423

BT TR RN TEE X, 2R E A JZWAIEETT M A T A AT R RE T AR AR ]
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2.6 HHEASEIHTS54M5 A B AR EE LR

XF 2 ANFEH USRI T 115 T ERES A T 34T Spearman AHGYEMT , S 7EJE IS A R 8 48 15 Yok T
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Fig.5 Correlation of relative abundance and « diversity of dominant phyla in biocrust and subsoil with soil environmental factors
Clay : Fhki, Silt; ¥yki; Sand; Bk, EC. H 5% Flectrical conductivity; SOM ; HHLF Soil organic matter; TN A Total nitrogen; TP . 4218 Total
phosphorus; AN HRLA Available nitrogen; AP B Available phosphorus; I, : V5 YL fa7 55X Pollution Load Index; * P<0.05; ** P<0.01

Syt —2 JE T A SRR AR A A 4 R R 2 SRR R TE 1520, R Canoco 5.0 BXFHEAT T 1]
AR A 5 IR BT 7 1) RDA 43 H7, 45 3 7R, X 40 B8 VK A8 S5 DTk R AT 5 A9 HHEN A As
(14.3%)> Clay(11.4%)> pH(9.7%) > Ph(8.3%) > Zn(7.7%) , VW] As Pb Zn J2& 5 Wi 24 Hb 40 15 #F 75 45 9 1Y
HAJEICER , MRVRL S I pH J2 5 ) >4 M 20 BT 7% 2540 i OC | R I Ffb Y+ (3% 6, P<0.05)

R6 TESM(RDA) FREFHEEEREER

Table 6 Significance of factors in redundancy analysis (RDA)

F84% Paremeter As Clay pH Pb Zn Cr AP Silt
R RE Explains/ % 14.3 11.4 9.7 8.3 7.7 7.6 5.4 5

F 3.9 3.5 3.4 3.7 2.8 2.5 2.7 1.9

P 0.022* 0.014" 0.044* 0.026* 0.064 0.062 0.05 0.144
F84% Paremeter I Cd TN AN TP EC Hg SOC
B Explains /% 4.2 4.1 3 2.7 2.5 1 0.2 0.1

F 2.7 2.4 1.5 1.9 1.1 0.7 0.1 <0.1

P 0.062 0.052 0.192 0.168 0.312 0.534 0.944 0.988

Clay: Zhi; Silt: #pki; Sand: #0FL; EC. HL 53 Electrical conductivity; SOM; F #LJ Soil organic matter; TN 4% Total nitrogen; TP . 4
Total phosphorus; AN: #HA{Z Available nitrogen; AP . 3§ Available phosphorus; * P<0.05; #* * P<0.01
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