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Succession of carbon-fixing microbial community in different stages of biological

soil crusts in the Mu Us Sandy Land
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Abstract: Biological soil crusts (BSCs) are key contributor of carbon sequestration of arid land ecosystem. Carbon-fixing
microbes are the critical functional groups in the carbon sequestration in biological soil crusts. However, the detailed
research on carbon-fixing microbial diversity of BSCs in Mu Us Sandy Land was not reported. To explore the variation of the
abundance and community diversity of autotrophs in the succession of biological soil crusts, qPCR and Micseq sequencing
were performed for the samples from Mu Us Sandy Land. The key environmental factors driving carbon-fixing microbial

community were also explored. The results indicated that the abundance of form IAB, IC and ID gene increased with the
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development of BSCs and reached the highest in lichen crusts, then decreased clearly in moss crusts. Chaol of form IAB and
Shannon index of form IC showed the increasing trends with the succession of BSCs, whereas Chaol of form IC and ID
reached the highest in algal crusts. In terms of species composition, TAB-type autotrophic microbes were dominated by
Oscillatoriales of Cyanobacteria, their relative abundance reached the highest in algal crusts and gradually decreased with
the succession of BSCs. In the bare sand, IC type autotrophic microbes were dominated by Solirubrobacterales,
Hyphomicrobiales, Nitrosomonadales and Rhodospirillales were dominated in BSCs. Naviculales of Bacillariophyta
dominated the ID type microbes, and their abundance reached the highest in bare sand. The community structure of IAB and
IC type autotrophic microbes were similar in algal crusts and lichen crusts, but significantly different from that in bare sand
and moss crusts, which also had significant differences. The variations of biological groups and soil physicochemical
properties provided different microhabitats ( niches) for autotrophs. The total organic carbon, total nitrogen, ammonium
nitrogen, total phosphorus, available phosphorus, and pH regulated autotrophic microbial communities comprehensively.
Through the screening of carbon-fixing microbes, the community composition and structure were finally changed. The study

provides new evidences in understanding microbial mechanisms of carbon sequestration of BSCs in desert ecosystems.
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1 D) fiE P 3 58 o R R SUIE I E E CO,, 1, 5- A% FOBE 2 ALt/ fin %80 ( RubisCO ) &R IR SXAE IR
PR, Form 1 A HAR A H RuBisCO TR FEAAEE R, M 4AY form 1 RuBisCO TRV FER ebbl, F
P2 WTFT Calvin A HCHETE /R BE A, BB 2 HIVE 23 5B ic W ok Il 7 #1058 i [ e B RE TR Vs 22 R S HL38t
AR AE O MR R cbbL FEE ) 225, form] cbbL FPH XA 434 form IAB(#5 40 ) | form IC( 2 1H 4%
) K form ID( EAZIEZS) " WFFT T 75 5 i e - 18 R R TR LA e 1 AR R RS,
TIPS R B Fe SRR 93 v e 30 [ i 1 e A T o, LS v IR bR P O X
BRAE D 2R ) Fe 3 B G fy 2 50710 T Ao T SR R M X A ) 2 e 1 [ Bk ) BE T 32 B G A
WFFE I A 25 e AN TR TR [ Be X 3 A - 6 O TR D RE T, 3 45 K b 22802 TAB Y [ BR DI BETAT, a0 220K 5
R 2 R R SO0 R A 5 B R 1 R 2 B R R R AR T B T R B L B AR T R AT B 1T 41
J T Zhao SR & B R MR i AR VDA W 45 2 form TAB [N EAEAE TR SR, 1 A form 1C
PR 1 6T Ty B AT R AR TR AR R S R

B LRV HAE Ry IR S A T B A B 2 2 R E o H RN DA Y45 K B AE ) 07 T ISR 32
S K AT LR R (AT S 2 B T D) BB DR TR VA IO IF S oK DL TR AR o AR A ) 485 e
T T R R Y st DA KO - SRR TR S e, AR SCE DA R RS IR, 1) FEAE ) 45 B i i AR
[¥il B I RE T 4 = B2 R I 2 AP QAT 28 Ak 2) 52 Wl [8 ffk B BE T Y O B BR B8 A 72 A 27 D itk A BIF 58 id it
qPCR 5 &l f U PRI 6 5 3R VD 1l [ B h R TR Vs 70 28 W 435 B T i v i A8 AR LA, O i — 2D i e e A
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Wk e TSI T 0 X HEER BRI T, T A BT 5 3 b M L 5 e 2 TR B L SR 2
1 HREE

1.1 WFFE XA

EORHAI TN N T E BerE =4 8 B AL (37°31'—39°20' N, 107°25'—111°22'E ) , & i AL H
4.22x10%km’ , B RDH Ny i 2 T BRI Z KU, AR SRR 7.6°C 5 AR REK i PG L 3 AR m i
WG, 2978 250—400mm , [EK FEAE R B MRk ) 4R 28 R 2008 1800—2500mm,, IF 5 IX + 38 L
U L FRAS R 3 R AN 001 1 AR AR E T 5 1 BRI B, 03 o V085 (Artemisia desertorum ) (ZLH0
( Reaumuria songarica) VWM (Salix cheilophila) F75%( Caragana korshinskii) 55, M IX A= W45 B & & BT,
THA PGS P HOAEE B RNBESS e, A5 P 22 1 IRAERE ], P35 Sy HLS SO B8 ( Microcoleus vaginatus) (/&
PR (Nostoc commune ) > AR S5 B AL B Fh 2 IR AR ( Collema tenax ) '™ | BELE i 20 AEHENT | L) FLE¥
J& ( Bryum argenteum) N3 1%,
1.2 FEARE S

2021 4F 7 AT RV s B M 235 B 28R 55 4 1 IX I 9T A (38°42'N  110°4'E) |, 7EREHE
HCE 3 4> 20mx20m B RAETT (FET5 Z A BE B 50m) | 78 4> RAE 5 v BEAIL 18 BORR V0 FUAS [) A= 4 235 Bz 26 Y
(BEGE R MhAR S, Ry BEZE ) BRI SRR 2 A Tmx Im B/ NEETT , HERAES RV (0—2em ) FIBERS F 4R
SR BS Y A2 B TR AR i (O [R) 285 Bz 28 R L JRE B IR AN [R] , BE 45 B 2 2—5mm , M AR 45 B2 10mm 747, BE 45 | 2
10—20mm ) ,3 N REEDT B A= P45 Je sl b 2Ll B 6 AR I A 3 24 Dy, sk S e i 22 [B] 1Y
S5 SRR, PR EURAED™ . RS IBGR S 3 0 AR IR B T T B A8 IR ISPz M1 9250 %, By
FEROEYI5 R 2 A0 RE , — 0 ASRIAT, ORI S + HEEAL AR s — 1 ¥ T - 80°C UK W A1, HkRiEA T4 F
30T
1.3 THEMALP e

+3% pH ] pH T %E ; B/ HLEK ( Total organic carbon, TOC) >R F 2 4% R #1—4M i #43% ; 4= A ( Total
nitrogen, TN) > HHL K AE A% 8 8 A ( Ammonium nitrogen, NH;-N) Flfi§ 25 % ( Nitrate nitrogen, NO;) 2% H]
2MKCI 245272 (5:1) =4, SRR 3l 73 B A 5 5 FHBE PR LE 6250 5E 42 ( Total phosphorous, TP) ; HI14H
BT HE L7200 22 A R ( Available phosphorous, AP)
1.4 1+ DNA $2H qPCR 5 =38 57

FIrfi DNA #8525 % J] SPINeasy DNA $2IE & (MP Biomedicals LLC, USA) $2H, 45 B AE SR 1g, #R
PR FRER 2, BRAE AR 58 24 FRUL T Bk T, $RHUA DNA A5 R H] Nanodrop 2000 I 2 ¥ B Fi 46 B2 J5 fif
FAE-80C VKA . 2K, 24 fnAf it rh  DNA B G RURE S A 19 0y (BRUD 4 1y, =FhEh e 268045 5 1)

RIS POLE i PCR Tk A IR ity v (9 [ B D RE BT (TAB \IC (1D ) JEPN £, PCR 3 26 1 K 5 1 )%
FITERER 1,519 LA THBRA R A, £ & PCR 10pL [ & R 135 SsoFast Eva Green®  Supermix
SpL, AT 1904 0.5, 1pL YR FER RS 10ng/ L B DNA itk ,ddH,0 3L,

*£1 SI¥MF5I K PCR RNEF

Table 1 Primers and qPCR reaction procedures

ChbL 3 ElEE40 51975 qPCR ¥ 37

ChbL gene Primer name Primer sequence qPCR cycling conditions

IAB IAB-F TCIGCITGRAACTAYGGTCG! %! 95°C 5min, 35 fif ¥ (95°C 30s, 54°C 455, 72°C
IAB-R GGCATRTGCCAIACRTGRAT ! 30s),72°C7 min

© IC-F GAACATCAAYTCKCAGCCCTT!! 95°C Smin, 35 ff ¥F (95°C 30s, 63°C 30s, 72°C
IC-R TGGTGCATCTGVCCGGCRTG!?! 30s),72°C7 min

- ID-F GATGATGARAAYATTAACTC!] 95°C 5min, 35 fif # (95°C 30s, 50°C 40s, 72°C
ID-R ATTTGDCCACAGTGDATACCAL3Y] 30s),72°C7 min
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AW e B AE R A BR A AT, 158X TAB IC ID = Fp[EBRIEF HE4T PCR §73% 519
SR 1 5 R b 973K & g . 5 xFastPfu Buffer 4pl,2.5 mM dNTPs 2uL, 7 )5 51974 0.8pL, FastPfu
Polymerase 0.4pL, #b ddH,0 % 20uL, SRIGHIE PacBio ¥ 3CJE , I PacBio Sequel 113 [ vk 47 s 2]
10ng/ L. 59 DNA BES AT , UK B 43 3R TAB, 625bp;1C, 552bp; 1D, 554bp, FEIIF i, o — (3 4t vd
FE Y form TAB A1 ID FEH | W03 #E 25 B2 AE G Y form 1D JEPR 2 TP 508 , REGEITHEN
1.5 AWME B0 0

PacBio £ 4% T HLJ5, I HIAX &% A 4F £ SMRTLINK (v9), 345 — B CCS 5 41 (circular consensus
sequencing) , CCS J# 8 BYHERHPEILE] QV20(99% HERAG R ) /K-F-, 1 reads il it SMRT Portal 4- 3, DL 2 7
I AT i, B3 ABR barcode 51T 5 B ARFIAL B 10 A7 LA AH R BRIE 19 7 51 SRIUAT & 225k 1
J¥591, {fi /] UPARSE ¥ OTU 4% 8 98.65% W AHIVE B 2R 2 , Jf1 ] UCHIME %55 - 5Bk &85 . H4 45+
G ST B[R] — IR BE 4 SIS B4 RE S form TAB 11844 45)¥%1), form IC 13242 £5J%%1 , form ID 10663 4%
%) ; I RDP Classifier( http://rdp.cme.msu.edu/ ) Fl Silva ( SSU132) (¥ 2 43 H1 54> TAB IC 11 1D K[
YIRS LB KRR (BFEEBIER 70%) , JF TR, RSB 20 MZ E LR (LSD) fa s +
BEFRAL P form TAB IC \ID FEPH FEBE | BRI RE A o 22 R4 b 2 B E A 4 285 Bz A I R o B [ ) 22 5
BENE, IR Origin2019b #AFAER, Phylum (7)) Order( H ) Hl Genus (J& ) 7328 7K - &4 & 14 [E B 2 g
PS4 A R4.2.2 #F Microeco £ 43 M. 38 2 JU 4 70 M LA I ik T RE o BE V& 45 M 22 5%, R W
PERMANOV A 5 56 7 7% 41 1] 22 57 1 25 ¥, I3l 18 Mantel test 4 56 [ fk 21 58 B 7 7 15 PR 58 P A DG 1k 1) B
FE,

2 HREHSH

2.1 IERRARE

HUP BB 8R4 5 RARMK, 148 TOC B N LA P 5 5 {UH (0.761£0.094) g/kg . (0.0640.015) g/kg
F1(0.077+0.009) ¢/ ke ; B % A= W0 45 K 3 B, 184k (TOC) (2R (TN) FIA R (AP) 23 W 2 1 LT
#(P<0.05) , (EBELS B IR BN (R ; 4 (TP) (B ZU(NHL-N) Fl pH WIAEHBACES B2 1K BEEAE | 7EBELS B [y BE X
ErEEE(R2) .

F2 TEBASHE
Table 2 Physical and chemical properties of soil

B ¥ w» ey A K BELS B
Environmental factor Bare sand Algal crusts Lichen crusts Moss crusts
AW AP Available phosphorous 1.428+0.110d 2.347+0.102¢ 2.870+0.129h 3.977+0.167a
45T TP Total phosphorous 0.077£0.009d 0.427+0.042¢ 0.638+0.016a 0.512+0.014b
2% TN Total nitrogen 0.064+0.015d 0.257+0.030c 0.430+0.016h 0.522+0.031a
fili#&% % NO3-N Nitrate nitrogen 0.006+0.001b 0.011+0.001a 0.007£0.001b 0.013+0.001a
B 5% NH}-N Ammonium nitrogen 0.003:+0.002b 0.018+0.002a 0.019+0.002a 0.012+0.002a
JAHLEE TOC Total organic carbon 0.761£0.094¢ 6.645+0.847h 10.916+0.546b 25.344+3.070a
pH 6.273+0.135b 6.778+0.071a 6.678+0.022a 6.432+0.042b

AN FRER IR 7] — L B B AR 1 AF W 25 B8R 2% B BURY 22 5+ 1835 (P<0.05)

2.2 UIREEEFEEA a-Z RN

TRV W25 BRI AE B T form 1C FEH F B 555, form TAB “F R form ID FERAL(E 1) .
Form TAB JE[R 3= B AL, B 556 LI IG F e, NARYD B BE25 K A B Th i, 6 b ACZE 2 7K S {5 (1.26x 10° 4%
W8/ g) 3w TH BB B (P<0.05) , MAEERSS K 3B FFEAR . Form IC cbbL FEPN -FREAE 10°95 D&/
g B 10°48 D8/ g 2 0], HBEA P45 Ko i A2 AL 355 form TAB — 34, MK 45 Je i form 1C B F A,
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Form 1D F& [K = BEAE 45 He A1 B B Be 38 o A Bk 25 5% (P>
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Fhimn , TEEESS KRB e ey, MAR S8 B R gl e ik . b
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IC 1 Chaol 5EUBEA W45 2k B B 6 BTG TR
(R TERRSS b By, 35 5 T D RN EELS B B Bt
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Bz AR B LSS fz BT i H2E 7oA W (P>
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lg(chbL gene abundance/(# ME /g 1))
(=)}

4 s ot B sV R e gk 0
0.05)‘O Form ID /4 Chaol E{%/HEZTWI—J RV s 2 S B EAC TR LG fi G
Rk 2 M AR 25 Bz 5% A1 ; Shannon $5 3507 2E #) 45 Hz A [F)
fﬁ%mg{ﬂﬁﬁ%%ﬁ([)>o_05) B1 chhL ERFEHMEVERBEENTL

Fig.1 Changes in the abundance of chbL gene with the succession

2.3 [EBRIIBER ALK o
of biological soil crusts
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RFEJZ W] ( Cyanobacteria) , I AT ] ( Proteobacteria) | crusis; MG, 845 1% Moss crusts s /K 7151 3 25 [FI R cbbl, 3 [ i
T ] ( Actinobacteria) (2§ ] ( Chlorophyta ) FIVEEFE 76/ 04% pe B 45 W Be i 2% 53 3 ( P<0.05)
II( Bacillariophyta ) ( K 3), EATHIAXS = B A= Yy 4
ANE BB B B RS R . e T7E TAB BUGA: Wy vh o 98 32 St 47, EAERR VD b B AR 0 32 52 B AT
WA BRI R L 1C R BR DD RE I B ARIE TR T VRIS R 1], 28T BT T 0 RE X o BE TR 8 45 F fe ey
BELE B FNHAR S5 B2 R 2 RV B B e I TRCZR TR 1 D00 2 FEAE R VD B e, TE P45 B2 M A5 Bz RN 25 Je 1) 2 3
ik, ID B EGRIIBETR T, Ak e T AENT = BETERRYD v f i (94.28% ), AR 25 K de 1k

Il Form IAB [ FormIC [ Form ID
3200 8¢

2400 l a
a

a a

e
&

]
Q
E ®E O : a 4
S £ a a4l |a a
< D =
= a s 2
o 1600 | by 2324 Wva 7 a ;
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Fig.2 Changes in the o-diversity of chbL gene with the succession of biological soil crusts o

AR FRE IR cbbl, HEP a-ZHREVELE AL W45 B0 25 DT BL Y 26 53 .35 (P<0.05)

EHKE I, TAB 5 [# fx 27 68 B B9 5 200 A 28 8 2 8 3 H ( Oscillatoriales ) , H ¥ & B Bk 3 H
( Synechococcales ) FHARXT F= EFEMEVD e B A 45 B2 e 28 1z 4351 4 (3.31% . 11.66% . 13.59% .25.16%)
WA 22545 H ( Hyphomicrobiales ) | Chroococcidiopsidales | /& 2k # H ( Nostocales ) f4AH X 32 B8 43 5 ZE ML VD |
S P MEE LG Bz W AR T A (8 4) . 1C B Bk D BE W AE AR VD b ) Rh B — ) B A I
(Solirubrobacterales) | Gaiellales , Jii#& H ; 75 i 45 K¢ | A 45 Bz FIEE 25 1z b, 320 AT 18 B (AR X £ BE R T
M, A 228w B . WAS AL 5 i % B ( Nitrosomonadales ) | £ #2 & H ( Rhodospirillales ) B & 7+ &1, 1A 52 [C & H
( Burkhoolderiales ) TE#: 4% ¢ 1) £ 2 B & T H B 45 e 280 T3 8, RN Fh TR LR W 46 K vh i o5 80 L 19
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(20%—30%) , FHE#: H (Naviculales) #2& ID 7 [& 5% T BE B P fie 5 32 A9 2T, ©ATTHE A b b (% A 6 3 5 o
T RS R RNV LE B TR AR 45 B e fIG  H 25 3 H ( Cymbellales ) 76 R RN 45 Bz J& 55 0 3EBE IS AR
gh BBk H ANERSE H (Mischococcales ) B H A1 5 3 H ( Chattonellales ) 45 3B AR X455

0o m— kT 1AB

[ HoAh
[l 730 Bacillariophyta
JEBER ] Firmicutes
_ [ FHW] Ascomycota
FH-Hi 1] Basidiomycota
07 Bl FRATHT] Acidobacteria
W] Actinobacteria
[ %¥0] Chlorophyta
B A5 JLH 1] Proteobacteria
[ &3] Streptophyta
W¥E] Cyanobacteria

75+

FIX) = BE Relative abundance/%

100

0
|| =y ] — TP 1C 100 Tk D
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= [ 4307 Rhodophyta B 2097 Rhodophyta
ﬁ 2T ¥ JCyanobacteria 25 | ARANI Norank
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Fig.3 Relative abundance of carbon-fixing microbes in different biological soil crusts at phylum level

TEJR AR #RYbHh TAB BY [ D E 1 9 DL 3 2 K B4 BEJR ( Crinalium) GEALTER ( Nitrobacter) JWEIE
FF#i i (Microvirga ) | WU B J& ( Microcolews ) . 15 ¥ 45 B | M A 25 Bz FVEE 45 B2 b GUH i Jm FI 7T 22 3 R
( Planktothrix ) ¥ /2 BRI A0 E A EATT AR F2 BEAEA [ A= My 46 Bz 8 B0 b A7 B A 728 1, a0 0 9 0 AR G
FRETE PGS e - ACE, J B2 e W R i R rh R BB F 223 2 ETHE R BRI LA, U (kR
( Chroococcidiopsis ) TEFESE B, AMEH 22 35 ( Leptolyngbya ) FIH & ( Symploca ) £ ALY Bz | 408 22 35 F1 Stenomitos
TEEELS RO B WARF (£ 3) o 1C BLEBR D) BE T TERR YD h LA -3 ZLAT B ( Solirubrobacter ) o5 4 XA H  WEAF 1k
VR & ( Nitrosospira ) TEFESE Bz M AC L, B FNEE 45 Bz v ¥ 058 — 3R | Gaiella TE L) L = Fh A=Wy 45 Kz vh R o B
TARF B B B AR T A AR TR . BRUICLASE , T IRLLAT A& | i8 A= AR B IR ( Mesorhizobium ) TE 3
gl R p G —E B, PIEEEE (Pinnularia ) S 1D Y [E Bk DI RE o A0 56 — 0 2@ | FEBE LS i p0 i e i, #
VD RIBESS B IR 2 M AL, B B 5 AT S5 8 ( Biremis ) AAENT =F B BEZS Bz BB Wi AR
2.4 SN [ R D RE ARV B O HE R BT A 1

[F51 T ) e TR V% 70 A 045 e AN (R [ B 240 B A W Bl ) 2 5, S 435 B R AR 45 e 22 ] TAB 1 1C 8 [ sk
THREW & IO .03 B9, s HAER 45 i 2R 0L (H S RRYD BELS A B IR i g AR W e 5 22 S ] e (1A
5) . PERMANOVA 7p#ritt— 4678, TAB BU [ 5 D) BE TR VS AERR VD55 MU AC S, B FIBELS B R4l B S 84 fe 2.
[ XA B35 25 57 (P<0.05) , BRVD 5 e 4E Je b je 55 M AR 45 Je M AR 25 Fe 5 B 245 e Z [ I R 7K 22 e AN 1 3
(P>0.05) (% 4), 1C AIFEIBRIIBEEAERR YD 5 845 K FNEE LS K W2 Bz 5 e 235 B [A) 3R B0 Hh B b 35 AR BV 22 5
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1007 H7J<¥ IAB
X
g 75 E - . kﬂﬂ H Gentianales
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'«% = l [ %0 Norank
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Fig.4 Relative abundance of carbon—fixing microbes in different biological soil crusts at order level
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Table 3 Relative abundance of carbon-fixing microbes in different biological soil crusts at genus level
R4 b ) ARG B 22293
Genus name Bare soil Algal crusts Lichen crusts Moss crusts
TAB Group
TS HEE Microcoleus 0.079+0.072¢ 0.347+0.054a 0.250+0.032ab 0.138+0.037be
TFLL BB Planktothrix 0.01120.009h 0.151+0.049ab 0.164+0.043a 0.211+0.050a
K BAET IR Crinalium 0.405+0.074a 0.023+0.008h 0.012+0.009b 0.020+0.009h
N 228 )8 Leptolyngbya 0.008+0.008h 0.035+0.009ab 0.068+0.006ab 0.081+0.032a
Ji& B8 Phormidium 0.007+0.004¢ 0.014+0.002hc 0.0530.014a 0.043+0.013ab
W& Symploca 0.007+0.006h 0.016+0.006b 0.065+0.019a 0.024+0.010b
Limnoraphis 0.003+0.003a 0.019+0.012a 0.026+0.017a 0.059+0.024a
SEHWIEEJE Physcomitrium 0.0210.021a 0.008+0.007a 0.04120.016a 0.030+0.020a
U AERHE Chroococcidiopsis 0.005+0.004a 0.074+0.056a 0.012+0.002a 0.002+0.001a
Coleofasciculus 0.03120.020ab 0.053+0.019a 0.01420.005ab 0.005+0.002b
Stenomitos 0.000=0.000b 0.000=0.000b 0.005+0.002b 0.072+0.009a
Pantanalinema 0.002+0.002a 0.021+0.011a 0.029+0.009a 0.007+0.003a
METEAT 8 Microvirga 0.081+0.081a 0.000+0.000a 0.006+0.004a 0.001+0.001a
5L i 8 Nitrobacter 0.085+0.024a 0.001=0.001h 0.002+0.001b 0.000=0.000b
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&% b HGE AR S B BESE
Genus name Bare soil Algal crusts Lichen crusts Moss crusts
Myxacorys 0.000+0.000b 0.009+0.002ab 0.005+0.002ab 0.040+0.020a
BEREEJE Nostoc 0.001+0.001a 0.003+0.001a 0.004+0.002a 0.042+0.039a
Trichocoleus 0.015+0.007ab 0.029+0.012a 0.003+0.001a 0.003+0.001a
Pycnacronema 0.003+0.003a 0.013+0.005a 0.015+0.004a 0.011+0.004a
Coccobotrys 0.000+0.000a 0.001+0.001a 0.020+0.018a 0.009+0.005a
%R R & Pseudonocardia 0.045+0.042a 0.000+0.000b 0.002+0.001b 0.001+0.000b
IC Group

HIELIAT R Solirubrobacter 0.600+0.070a 0.066+0.020b 0.118+0.031b 0.05420.011b
WAHALIREE Nitrosospira 0.003+0.002b 0.139+0.035a 0.157+0.033a 0.112+0.026a
Gaiella 0.108+0.027a 0.088+0.021a 0.059+0.007a 0.093+0.030a
rh g AL MR T B Mesorhizobium 0.003+0.001b 0.065+0.006a 0.042+0.003a 0.054+0.015a
W2 [CERTEE Skermanella 0.004+0.001¢ 0.071£0.024a 0.055+0.008ab 0.026+0.007be
18 LE MR A8 Bradyrhizobium 0.011+0.003b 0.018+0.003ab 0.017£0.003ab 0.046+0.019a
Acidisphaera 0.00420.002a 0.01120.005a 0.025+0.018a 0.036=0.014a
RN TR & Acidiferrobacter 0.000+0.000c 0.01120.002bc 0.023+0.004ab 0.04120.013a
T BB Microcoleus 0.037+0.031a 0.017+0.006a 0.0150.007a 0.002+0.001a
Sinimarinibacterium 0.000+0.000b 0.005+0.000b 0.014+0.016b 0.044+0.006a
R BN )R Sphingomonas 0.002+0.001b 0.041=0.008a 0.0110.003b 0.00520.002b
B R R 8 Noviherbaspirillum 0.004+0.001b 0.034+0.013a 0.007+0.002b 0.006+0.001b
KR KT JE Nocardioides 0.034+0.007a 0.008+0.002b 0.007+0.003b 0.004+0.001b
L1 1% B Rhodomicrobium 0.000£0.000a 0.007+0.006a 0.013+0.008a 0.02520.011a
MATEAF B JE Microvirga 0.000+0.000a 0.0150.002b 0.014+0.002b 0.009+0.002b
A Oscillochloris 0.005+0.001ab 0.004:+0.002b 0.013+0.004a 0.01320.003a
WA ® Rhodanobacter 0.000+0.000b 0.009+0.007ab 0.023+0.011a 0.00120.001b
LK AT Rubrivivax 0.001+0.001b 0.010+0.002ab 0.005+0.001b 0.018+0.007a
MR B Rhizobium 0.001+0.000b 0.008+0.002ab 0.006+0.001b 0.018+0.007a
KB Nocardia 0.004+0.000a 0.007+0.001a 0.008+0.001a 0.01420.006a
ID Group

PLEIE Pinnularia 0.508+0.012a 0.350+0.075a 0.206+0.106a 0.552+0.130a
XU Biremis 0.186+0.006a 0.174+0.044a 0.132£0.049a 0.087+0.041a
22 P8 Leptolyngbya 0.015+0.015a 0.003+0.002a 0.191+0.091a 0.066+0.066a
SRR Gomphonema 0.071+0.002a 0.071+0.013a 0.033+0.016a 0.044+0.006a
Fibrocapsa 0.003+0.003a 0.052+0.029a 0.085+0.053a 0.032+0.025a
Luticola 0.050+0.011a 0.059+0.008a 0.012+0.004b 0.036+0.019ab
T BB Microcoleus 0.002+0.002b 0.006+0.004b 0.092+0.034a 0.005+0.002b
Sphaerosorus 0.005+0.005a 0.008+0.005a 0.071+0.060a 0.003+0.001a
Pleurochloris 0.000+0.000a 0.006+0.038a 0.04120.000a 0.000+0.000a
TR Stauroneis 0.00420.000a 0.028+0.010a 0.003+0.001a 0.016+0.013a
WUE B8 Amphora 0.01420.002a 0.019+0.002a 0.007+0.002a 0.017+0.009a
Coleofasciculus 0.001+£0.001a 0.026+0.012a 0.006+0.002a 0.002+0.002a
PISEREEE Botrydiopsis 0.002+0.002a 0.002+0.001a 0.030+0.028a 0.001+0.000a
KBEHWIR Crinalium 0.000+0.000a 0.019+0.019a 0.004+0.004a 0.009+0.009a
Scoliopleura 0.01320.009a 0.018+0.012a 0.00020.000a 0.000+0.000a
38 Berkeleya 0.018+0.015a 0.003+0.001a 0.002+0.002a 0.01420.009a
¥ 8 Campylodiscus 0.008+0.005a 0.008+0.003a 0.002+0.002a 0.006+0.002a
Gogorevia 0.009:+0.006a 0.004+0.001ab 0.001+0.001b 0.009+0.004a
Gaiella 0.007+0.006a 0.009+0.007a 0.001£0.001a 0.001+0.001a
Schizostauron 0.004+0.000a 0.005+0.000a 0.003+0.001a 0.005+0.003a

AN /INE T 2R T 2KV L TR — [ B D R TR AR N = BEAE A W45 B T 45 I B 9 25 5 1. 35 (P<0.05)
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Fig.5 Redundancy analysis (RDA) of community structure of carbon-fixing microbes and environmental factors at different succession

stages of biological soil crusts
NO;—N;ﬁ%%ﬁ;ﬁ Nitrate nitn)gen;TOC:E\ﬁmﬁi}% Total organic carbon; AP . A5 % W Available phosphorous ; TN ; 4R Total nitrogen; TP ; 41 Total

phosphorous ; NH; -N ; 45 %0 Ammonium nitrogen

x4 ERINGEERELAEER

Table 4 Differences between carbon-fixing microbial communities

ChbIL FEH AW R 2 HEE Hh AL Ry 237573
CbbL gene Types of biological soil crusts Algal crusts Lichen crusts Moss crusts
IAB #P Bare sand 0.051 0.031°* 0.017"
PGS 7 Algal crusts 0.068 0.017*
HACEE |2 Lichen crusts 0.153
Ic D Bare sand 0.008 ** 0.016* 0.009 **
PEZE 2 Algal crusts 0.589 0.008 **
1A L5 7 Lichen crusts 0.255
ID #) Bare sand 0.429 0.098 0.902
PGS 7 Algal crusts 0.054 0.927
HACEE | Lichen crusts 0.106

e [ FNIR] — Y [T Dy BE BRI v 45 HA 7 A 0 405 B AN IR EURR B BB 22 5 123 (P<0.05) Bt (2.3 (P<0.01)

RDA Z3#r3 W], 20 (TP) A% (TN) A #E (AP) BEAA (NHI-N) | 3 S HLER (TOC) A1 pH 5 [#
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T TR AR I5 A BH S 1 AH DG (181 5) o Mantel test #E—253EB AP TP TN \NH; -N #1 pH 344 2 2 520 1AB
H1IC Y [ R T RE T B BETS 45K (P<0.01) (6 5) ,TOC .35 5200 TAB AU [ R I AE B RE VR 454 (P<0.05) , 5 1C
T[] 5 Ty R AR 76 DU 26 L H A S 35 AH G ( P<0.001) . 1K Ah, TAB B [EIBR DI BE R RETS TH BRI H 5 AP 24K
WE AR (P<0.01), 5 TOC Fl TN £ B FIEAC, TP 542608 H 2 B A (1’ 6) . 1C BRIk
HRER R TOC AP TN 5 2E 22737 H F¥% FLEA H ( Nevskiales) (TP 54k 22 i I H F0 6 AL B L 7 H 4 5
W IEA R (P<0.01) 5 T AP TN TP Al NH;-N 5 382047 H B0 53 AU E R (P<0.01)

R5 INMEETFXERDEERERESANRM

Table 5 Effects of environmental factors on the community structure of carbon-fixing microbes

WER IAB group IC group ID group
Environmental factor P Sig P Sig P Sig
F %W AP Available phosphorous 0.003 # % 0.001 k% 0.925

4T TP Total phosphorous 0.003 o 0.001 e o 3 0.681

4% TN Total nitrogen 0.003 # % 0.001 ook 0.756

fiiZ45 % NO3-N Nitrate nitrogen 0.306 0.038 * 0.910

#2590 NH}-N Ammonium nitrogen 0.001 e o o 0.001 e o o 0.732

S ML TOC Total organic carbon 0.033 * 0.001 ok 0.651

pH 0.002 ok 0.008 e 0.995

3 it

3.1 [EIBRIBE R BAS B A

LRI R W2 R R TR BRI AR T AR R, £ AR AR
T SRR G A= 235 B Ty, SR BT a3 TR as i B mn s 2 BEAS EUR pH DUIPE AR 25 B ik 3]
WAEAET | 3K SR WIAE W 235 By B o028 Y IS R, i 22 A2 ) 235 B 02 o 2 v o S - b A - 2 AR ) S R 1 A
16 A FR AR YR BE TN E AR B (A28 | B B D R TRV AR 2R Wy i 8 A, TEASER ST R
M bl H DN fR I HL TAB BY[ST i D B B LA B b A B08E H RPN T FE R BEZ T BEAE S R G, e
B A P YR R (Microcoleus ) J§ )& ( Phormidium ) FERBEJE ( Oscillatoria ) F2& £ 4 45 Bz WAL ) Fh ol 7
AR AT RE RS IE I 35 4y PR I AR T R IR BE SR T A M2 B e e T Bl 2R W A
PR A AE S BB RS0 WA T LA D 22 W XTSRS A5V FH RN 22 %68 - S RSURE (%) 4R S A T, el A Y
T ORI B EE LS By, W B AR e A ST B, B A 45 B b TAB 78 [ 6 1y B B DA R E
2 P A3 CRERT B 7331102 89.65% F 78.68% ) , X it Y WA i 7 it 25 K FH AR 24 Ko O 11 ik B R vHh & 4423 DG 1
VERT, BT 38 i A AT LB 380 BA S 38 fn A (i 2 48 B it — 2B R B R0 S Ah AR g
BELS R rf TAB [tk ) B D 1 10 98 2 B8 W Wb A1 T el Bz, LA P R WE P 5 S B A I AP AE S 4 BEAS
() SEAE AR MR R B By, WE AT AN B 5 2 G BRORIE % 7 B8 I8 4 v A T AR i 7 3 38000 40 77 ) A
XS N2 A Yk B R R IR IR A BT R R E M R K R BOLE R R MUE BT
TSR AR A Y AR s B R R R O — A AR B H R N R AT AR &
TR EE HORBRIE (0 R Bk B F BT, XUl B AR W45 M R S5 R e R | RE SRR E 2 R

SRR AN AR R ST T T 1 SR AT 1 1C B B i DR TE 1 L34S, i R il 1 1) I LA TR
H (Soilrubrobacterales ) Fll Gaiellales 7E#R V> BB i #1942 22547 H ( Hyphomicrobiales) | M fi fb. 5.
0B H ( Nitrosomonadales ) (LR H ( Rhodospirillales ) FYAH X = BEAE fa 4l B M 2% jz e ad iy BF g T2, i
FERIN, R P R B TR W A SR A 1C BRI RE RS T S ORE B2 SRR T TR AR T
PRI TR DG T A Vb e - e b i SRR, DRI ICRE LA 222R = i P A AR 3 e TR AN 4
SRR R ME L AT R A A R T R DLRE T T DA A A 2 S R R s Y
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Fig.6 Correlation between environmental factors and key species of carbon-fixing microbes at order level
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B FR R R BRI R FEBORIE P R X, R ISR AS H E EE LAAS TR BT AR B E R
W EEREE H EEREE H 3, MRS B RS SRR R AT 1 B LLIR B H B T H R AR T A T T AR A
JHE L FERIRI A A, fe 2R 1C 7R [ RR ) B B A8 Ak T BB -5 R TR 0 b (0 i 20 R B R - i F o0 22 57
A K (AT S 00 = A U SRR i ik — 2R S
3.2 FRBEIH 0T [E B T AR RV 4 R VR

B R BRSO FE AR TR YR, IR IR E g A K AR e R ™ L AR, A AL
B 4 N 4 P ORIERAL P52 e[S D RE DA DGR EREE IR, ZE2E W28 R B ad B v | 4 D -9 28 - M AK - 15 A 5
S IR I AR AR R O A BRGSO o A BLAR 7 ) S TR a3 ) L Lange 05T
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1115 A AL i b A 25 R G B B SR T, e 6 R S R G T RE R TT RE b ARBESE 4
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H R B 2552 32 R A T A B 5 235 17 1) 3 B [ SR E , TN 25 i B A W 8 B e 2 ol 8 P 34
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