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Abstract: [Background] Microorganisms in grassland soils are important for ecosystem functioning and
stability maintaining. To discover the profile of microbes along the soil vertical depths is essential for our
understanding about microbial contributions in grassland ecosystems. [Objective] To comprehensively
investigate the vertical patterns of total prokaryotic quantity, diversity and interaction networks in 0—80 cm
soil profiles. [Methods] Based on the quantitative PCR and high-throughput sequencing on 16S rRNA
gene in a typical agropasture grassland, Inner Mongolia, the total microbial quantity and diversity were
cautiously measured. Besides, the molecular ecological network approach (MENA) was used to explore
the changes of microbial species interactions. [Results] The quantity and diversity of prokaryotes
decreased with depths, as well as the variations of community. Along the soil vertical depths, the close
association among microbes would gradually become sparse and the network structures become simpler. In
addition, Acidobacteria was one of top abundant phyla, and network analysis revealed that some species in
Acidobacteria were the keystone taxa in this grassland ecosystem. These species might play an important
role in maintaining the stability of soil ecological functions. [Conclusion] The quantity, diversity and
interactions of prokaryotes showed highly consistent with vertical patterns. The quantity and diversity of
prokaryotes is negatively correlated with the soil depth, and the variation of community structure will
gradually expand at deep soils. Meanwhile the interactions among species in molecular network are
decreasingly weakened. These results provide important insights into the dynamic change of microbial
community, and are valuable for the ecological protection of grasslands in typical agropasture area.

Keywords: Agropasture area, Grassland, Prokaryote, Diversity, Molecular ecological network, Soil depths
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Mok T AE B &= 2 4 R E 43 BT (non-metric
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B 25 5. FI B 2 507 2% 9 Bt (permutational
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TR T A ) - SR T T B P A A 22 50 il P
Mantel 1 Partial Mantel £ %% LL K S35 %55 1 434
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F1 TIEBUMERILER

Table 1 Comparison of soil physical and chemical properties

i B R A S B X DA A W R 25 5 B R G
TRk TEMATIFRLZ T, KX A AR g R T AR v
b, AR EME . T gt
FI R AV 3.6)#E1 75",

2 HRE4h
2.1 HIEBUMRMTH

AR SR 125 R F 2 AN 3R 1 FTR
BE 75 -+ HEVR BE BB, pH B A /INAT I B
(7.26-7.81), AR HADESECE mE 2B EHD
J A SEAEARRNIREE R Iy 220 B d R o, &K
RAEFEA L HEH & AT B 1 2 5(P>0.05), T
pH S5&EAHIITERIZSWIZZ MR IR H
AN (P<0.05), HE5 I 38 SRR BLAR 5 i
TEIRIZE T 3E(0-30 em) 8 AL L 35 . EiAk
ME, et B A —a i A AR,
MFRZBNRIZ R IE ) T a3
22 WMEMRE. HRS5%EN

64 A HIEREAILIS S 473 L7 4k R EER
AEY 16S rRNA JEFJFS, iXE 7408k 5
37 720 4~ OTU. HF&HEATFINZERER, ¥
A ARG — F AR A4 5 Reads £ (20 291 4 )X 4
AMFEAGEATRENLE I, FEHS I OTU RASHATIS
SERIHETE o3t B EAZ A9 OTU i . e
MR FOREEEN o 2R, AR A

T &S PR SA HEA THSR SR ALK
Depth (cm) Moisture (%) pH TN (mg/kg) NH,'-N (mg/kg) NOs -N (mg/kg) TOC (%)
0-10 5.10£1.08a 7.26£0.05a 855.71+69.78a 1.19+0.22a 8.38+0.90ab 1.83+0.18a
1020 3.63+0.86a 7.47+0.05ab 585.96+66.95b 1.28+0.16a 9.26+0.66a 1.35+0.10b
20-30 3.17+0.89a 7.60+0.06bc 282.82+57.19¢ 1.18+0.14a 8.11+0.47ab 0.79+0.14c
3040 2.95+0.93a 7.66+0.06bc 106.73+30.66cd 0.92+0.12ab 7.05+0.43abc 0.5340.07cd
40-50 2.71£0.97a 7.68+0.07bc 112.13+26.29¢d 0.75+0.17ab 6.38+0.35bc 0.4540.06¢cd
50-60 2.71£0.95a 7.79+0.05¢ 90.29+11.18d 0.74+0.18ab 6.49+0.51bc 0.35+0.05d
60-70 2.784+0.89a 7.78+0.06¢ 71.384+9.57d 0.46+0.12b 5.77+0.22¢ 0.234+0.05d
70—-80 2.934+0.99a 7.81£0.07¢c 59.57+10.65d 0.38+0.07b 5.554+0.22¢ 0.16+0.04d

TE: B REN AN EEREDR. B — S R 1 7B AS SR T 220 B P<0.05 ZKF-30A 1235 22 57 (n=8).

Note: Values given are arithmetic mean+standard error. In each column, values sharing the same letter are not significantly different at

P<0.05 by ANOVA tests (n=8 per strata).
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FMZER R, AT E, MY OTU it fl

Depth (cm)

2.0x10° 3.0x10° 4.0x10°

Average OTUs

0 1.0x10°

10-20

20-30

30—-40

40-50

Depth (cm)

50-60

60-70

70-80

Aok B R B T B I X B e (1) (R SE
ANOVA Turky )5 HER 560 & Bl bR () — )2
TP MAEY o ZAMEREEMES, R
KESHZRMAEY o ZREENEER 2R,
RVRTRZ A Y o ZRMEE/NFRZ LI,
10 MEAEYFE R 2R, 9 A8 T4,
HE—MRBETHEWE 10). EAra AR,
R TR (18%—23%) . A i A (13%-23%) . ZZTE

0-10
10-20
20-30

30—-40

Depth (cm)

40-50
50—-60

60-70

70—-80

0 5.0x10°  1.0x10'°  1.5x10"  2.0x10"
Average gene copy numbers per gram soil

[ Others
I Planctomycetes
B Gemmatimonadetes
I Bacteroidete
1 Firmicutes
Verrucomicrobia
I Unclassified
Acidobacteria
Proteobacteria
Thaumarchaeota
B /ictinobacteria

B1 TIEEZEVZEE. HEERENTL

60 80
Relative abundance (%)

100

Figure 1 Variation in the diversity of soil prokaryotes along soil depth

e A: OTU $it; B: JUAZGUAE Y E R (16S rRNA FEFESE ft PCR 25585 C: ARREINTAKCEMAXFEE, MR FRHRES S

J7 B TTE P<0.05 KB B2 R,

Note: A: Number of OTUs; B: The quantity of prokaryotes by qPCR of 16S rRNA gene; C: Relative abundance of different phyla, values
sharing the same letter are not significantly different at P<0.05 by ANOVA.
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(12%—16%) FRFF 15 (11%—18%) & BE 75 P AL 3
FE, A R A A R 60% A I
5 OTU FE S E A B, A W03 28 27 2 R AE
i T 2 R AR AR AT B . AR AT
TR AR R B N2 R B R A R ]
IR EE2E 5 (P<0.05), (AR B0 H B E AR
fbo DL EZSRUIN, 7ER/NOIREZE S |,
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—EFEE I 25 (R 2), MK 5 NMDS K
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K2 REEEMETE TR

Table 2 Dissimilarity test of prokaryotic microbial community

JEM 3R, S R B G, R
WA AR S A . o, REBNHAED
RERE, MERENM, FENHEDNE
KRR 2), DEWITEBRBERG N it /v, 1
VIR TE B — 2 TR S R R . UE
ZERULIITE LIS, BRI RN, (k2
AT DATE32)2 3R 2 2 18] 2 B0 35 () Z2 e AR
RS 25 5 . RIZHEVE AL UEEA —F, 1
DRIZAETERRIG BT A8 Sk, I FLIXORN AR S5 bl
TREE B R

0.6 L Stress=0.086
Depth (cm)
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e 1020
§ 0.2 A20-30
= v 30-40
2 0.0 #40-50
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Figure 2 Variation in the community structure of soil
prokaryotes along soil depth

T R 2L 37 Sk 2 B RS IR W 1Y) SR B 12 e R 3
G

Note: The red arrow line in the figure indicates that the clustering
of microorganisms becomes dispersed with increasing depth.

IRJ¥ Depth (cm) 010 10-20 20-30 30-40 40-50 50-60 60-70 70-80
0-10 - 0.001 0.001 0.002 0.001 0.001 0.001 0.001

10-20 44545 - 0.146 0.001 0.001 0.002 0.001 0.001

20-30 7.117 6 13022 - 0.204 0.002 0.001 0.003 0.001

30-40 10.1281  3.5446 12144 0.299 0.002 0.001 0.001

40-50 110320 57290 2.9521 1.146 5 - 0.766 0.097 0.010

50-60 11.0923  6.8465 4.266 6 23124 0.747 1 - 0.920 0.225

60-70 123529 85356 57929 3.594 0 1.494 2 0.6189 - 0.945

70-80 9.920 6 73278 53546 3.7676 2.0220 1.166 1 0.602 2 -

e B MR B PR P () T = MBERERE N F{E.

Note: The values of upper triangular matrice are the significance values (P-values); The values of lower triangular matrice are F-values.

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



RS ARSI B )

22 RN ELA: 199 2% 42 3 A PR 2797

23 RIWEMBETRIINEREF

R T RRSE A SRR R SRR A W R VR Y
S, e Mantel 1 Partial mantel #6564 &
AN TR B3 85 R X A B RO A 1 B TR A R
(Bray-Curtis 255258 (R 3). WSRASHERR
HWI%ZEMWE@m,ﬁﬁ*%%% (kT
FOKFE . pH. BA. AR . MAEMEA LK
TE N Y T AT BEAL S BB A% A 4 Bk i 465 e Jon
BN, L AR T A R E S5 . AR
HE B LAt R X A B A 4 B8 2 B0y 5
g R R E S RN S &5 i
N, TSR, pH. A BA PR AVE R
AR 2 — 203 2k W N 43 A VR X i A Y
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G AR AR A AR O R, BB e ) AT 1
Mt B R R R A . BA VLR pH
B ME3¢ﬂUEm,T%ﬁﬂﬁl%mgm
T, AR KRB CCAL #inf, F£W
am17%%L%I§%mﬁmF%ﬁ%Mi%
UREEFZ o T DATR BE 0 5 M 46 T 4R 385
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Partial mantel %

%3  #|F Mantel #0 Partial mantel %536 33 B 5 B X £
AERZEDEZRIESINERRERIME LM

Table 3 The results of correlation between the similarity
of prokaryotic communities and environmental distance for
all pairwise samples using mantel and partial mantel test

TSR Mantel Partial mantel

Soil parameters R P R P

47K % Moisture 0.1035  0.065 0.0552  0.194
Wb pH 0.4202  0.001 03624  0.001
BA TN 0.5631  0.001 03506  0.001
ASENH,SN 01965 0.001 -0.056 1 0.877
MAZ NO;-N 03321  0.001 0.0668  0.072
MAHLHE TOC  0.6027  0.001 0.4152  0.001

F=2.09, P=0.001

2 o - - °
~ Depth (cm)
° m 0-10
*® e H @ 10-20
A 20-30
v 3040
@ 40-50
< 50-60

6070
v ® 70-80

Moisture

3 WA ESMETEX N SR
Figure 3 Canonical correspondence analysis of microbial
community structure
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I 25 B Fh F N2 F4 R BORT DL AR T UL (GR 4)
—A5 fi(node)fGFEK —1> OTU, 4510 (edge) s3]
Form i HE BN S 2 R A ek . R
FMEECR R, A 4% 4 3E M o A R S
ﬁﬂm%&bom&ow&%Aaﬂ FH N 45 11
JChRPE (scale-free) @ Pk . X B K MENs HE /0 H)
ﬁi%%ﬁ@ﬁi%z@%%%ﬁﬁ,ﬁkzﬂ
Tl W 2 A1 Y S /DT ik B R 5 R M B
LA A T35 05 8500 i i BE AL R0 2% G W 22 7
(P<0.01, 3 4), FWIRILEER A& BEHLIC I F
(), R B e HAT 5 R e T R S

- A R R B 1 DA B A 0 B T 4 ) 32
SR EAAEES, IF H X R 22 SRR B A3
MG 4) . SR ATl X 25 0 F G B — B0
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25T LR SR B ARG R (B 5), K= Ay A AT iz B 7E DA 3 2 380 R U2 0 8 R AR 114 - 349
B IA B 20 S ECS AR S R, B (average degree). HAHK Z % (average clustering
T OTU Z[BIERMR R, PrLMlif53 2 LA coefficient) 2k Sz 3 K R & 25 (harmonic geodesic
YIRS T R IE B RS B 2 i 40 28R 4 distance), XL FNSEE KA N 4% % B AR
KL 4), A, BT IR A% AR P 1A A B OGRS FEREAG, Sme T H4EY) MENs J&Z # 48 Il
D, KRN A E (B 4). M E 4 (Kl 5). LB UL SR LUE N, A Yrfe 55

0-10 ... v,

1020 .ciiesin

70-80 . . -

El 4 TIEWEMSLRFRIERMLE
Figure 4 Relationship networks of soil microbial taxa
T WRHR/NRIR OTU MAIRS F2HE 5 H5A [R] AL DX A5 4 .

Note: The size of the node represents the relative abundance of OUTs; Nodes were colored by different modules.

R4 FKIEDTFETSRERIFRIMFIE SRR LR
Table 4 Topological properties of the empirical ecological networks at different depths in comparison to the random
networks

W SZUEMI4 Empirical networks FEHLMZE Random networks
Depth  JGid Tt B B0 S FEERRE T JRSRE MRER iyl RAEFHL pRVEL Hfe
(cm) Origin  Cutoff Total ~ Total R of Average Average Harmonic Modularity ~ Average Harmonic Modularity (M)
nodes nodes links power-  degree clustering geodesic (module clustering geodesic
law (avgK) coefficient distance number) coefficient distance (HD)
(avgCC) (HD) (avgCO)

0-10 1773 0913 506 859 0.888 3.395 0.333 10.255  0.779(61) 0.175+0.015*** 6.339+0.191*** (.688+0.010%**
10-20 1836 0913 524 725 0.818 2.767 0.298 12391  0.845(74) 0.136£0.015%** 7.857+0.272%** (.759+0.009***
20-30 1847 0913 437 636 0.882 2911 0.312 11.361  0.820(62) 0.129+0.017*** 6.930+0.293*** (.723+0.011%**
30-40 1850 0913 425 538 0.860 2.532 0.333 14.061  0.875(58) 0.112£0.019*** 7.678+0.294*** (.770+0.009***
40-50 1848 0913 336 425 0.834 2.530 0.310 14370  0.868(49) 0.084+0.018*** 7200+0.282*** (.745+0.011%**
50-60 1847 0913 324 339 0.862 2.093 0.328 24.198 0916 (67) 0.061£0.020%** 10.445+0.580*** 0.817£0.01 1***
60-70 1834 0913 279 256 0.785 1.835 0.277 49.787  0.932(63) 0.033+0.019*** 17.10242.168*** 0.877+0.010***
70-80 1829 0913 203 192 0.798 1.892 0.355 33.641 0916 (50) 0.023+0.017*** 11.304+0.766*** 0.829£0.01 1***
o FRROR LI 4 SRR 4600 0 AR FMERUE 0.01 f7KF-A 235 22 5%

Note: *** indicates that the topology index of random network corresponding to that of empirical network is significantly different at the
level of 0.01.
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Figure 5 Progression of network metrics with depth
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Note: A—F represents the relationship of total nodes, total links, average degree, average clustering coefficient, harmonic geodesic
distance and modularity between soil depth, lines indicate linear regressions.

1] A I E A A R,
=Y PR O
RIEH AV FZ BN EELR, ENSE
A B S B AR 1Y AR B (module) H B 7E T
BT AT SR 2% 06 2% v s B g TR AT L4 2R G 2
W28 I Ll 2L 4, S L A0 7 L G e g — 25 i R
WK R IBEIE o AT — )2 R E W REYS 1Y) MENSs
B fH (modularity) Y 7E 0.779-0.932 Z 8], .3
1o T A Y B AL AR 0 265 A B R AR, T L T A
[ i #5 MENs # &I B (R 4). A

TRAE P9 A W A v AT EL R R

[FIVRBE ) MENSs #3043y — o4l 15 58 2 AH G SR A%
AR R SO, AR E] 49-74 DA E S
BB (R 4 R 4), BRI SERERN
FLA SR (%) P55 et - B30 DA B AR 0 1 =X % A
HAE T A R £ AR e 2 ] AR R A K Ane] 37
THEESIE R, R )2 B A Y MENs
PRIERT 5 N KIS BT 8T, Ay
WIR A R, BRI AER OTU 4 H M
3(E 6)o 0-10 om R KIGELER 7 105 8 AT
117 62 4~ OTU, 10-20 cm fix K REH: 4 435

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



Microbiol. China

A IR

2800

*3[NpOW YOBS UI SOPOU JO J3qUINU Y} MOYS JYSLI Y} 0} SIeq [BJUOZLIOH] :9JON
g AR RO R N AN N R T AR &
dap JudadyIp Jo sdpnpow [ewnixew ¢ do) Jo son[eAuddId 9y) pue sontddoad [10s UIIMIIQ SUONE[.LI0D SuiMoys deunedy 9 dan3ig

Bl X BB & SIY ER X Y ERSHT I E

gnpowr 1ad sopoN

09 0S U4 0€ 0C 01 0
T T T T T

] (w2 0L-09) EPON
I (wo 09—-05) 0TPOIN
T (wo 0Z-01) 8POIN
] (wo 01-0) TPON
] (wo 01-0) TPON
[ ] (wo 01-0) LPON
[ (wo 0€—07) T1PON
] (wo 0€—07) [PON
[ (Wo 08-0L) 6POIN
(wo 08-0L) TPON
| (wo 08—-0L) TPOIN
(wo 05—0t) SPOIN
] (wo 01-0) PO
DLI2]ODQOUIOY . [ 1 MEU ovlomW [PON
‘ [ 1 wd 09-05) EPOIN
pjoavY24DUNDY | . ] AEO OOlOmv TPOIN
D1I2]ODGO2J04J _H_ [ ] AHM 0L-09) mvwz
[ ] B
D1I2JODQOPIOY . n MEo wmlmw mwox
[ ]
payyissejoun [ ] (wo 05—0%) TPOW
viqosonuoon.Lizf [17] [ MHW 05—0%) TPON
i | 08—0L) YPON
SoInIIULALY . (wo 0L—09) ¥PON
sajapiosa1o0g 1] [ = [ ] MMN mwmmwwmwﬂz
S212PPUOUIIDUIUIL) . T (wd 0b—0€) EPON
s2120411010UD] u [ T 1 AHM 07-01) mvwz
ovdsouny [ I (wo 0z—-01) TPON
I I (wo 0p—0€) ¥ IPON
1-Sdm uorstatp awpipun) 7] [ ] Mao oméw ¥POIN
[ 1 wd 0L—-09) TPOIN
watfoory) . o (wo 0€-07) EPON
D112JODq1ISIIDT . (wo 08—0L) EPON
WQNN.EBQQE.QGSK v\ _H_

[ ]
1 (wd 09—05) YPON
(w2 09-05) IPON

(wo 05—0%) EPOIN

] (w2 0€-07) SPON
] (w2 05—0%) 6PON
[] ] (w2 0p—0¢) YPON
[] (wod 0L-09) TPON

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



A S5 AR R L R R E Y B . AR AR 2% ) 2 1 AR AE 2801

8 AT 53 4 OTU, 20-30 cm I RAYEEHR
345 7 ASARERIT] 38 4~ OTU, 30—40 cm fi K
AL 4 65 9 AR 434~ OTU, 40-50 cm
BRI 5 1% 9 MARMITT 36 4~ OTU,
50-60 cm F KAIAEE 1 405 7 SRR 23 4
OTU, 60-70 cm iz KAgREIEL 1 0% 6 AR T)
17 4~ OTU, 70-80 cm fix KAEYBEHR 1 6175 8 AN
AT 174 OTU., Mantel K656 FFI 5K 8 75 FiF A Bk ik
(R 5 % RS AR B 2 [A]) K R (F] 6). itk
FHES HIER TR, 1020 cm Bk 4 3
BE B3 a5 -5 88 E K R S A o s PR AR
AX, RMEASA . MAZAEA WLURREAL
40-50 cm, fEER 5 WM. KA, R
4 2R B[R] R B A B mT D 4o 23 2R [R] 7
SPAIE (W 60-70 cm BiH 1, 30-40 cm R 4
40-50 cm FH 9), i HiX SEAFH AT 7 I8 Ak 1R
M AH 2, FREIEAT T AE B A AH A s 2SR AR S
o WFFTEERFHT, ML AR fh 4t k) 32 2 i 2R
BRNZEFRE .

BEASTT A AR 2 78 W 2% v 49 3 8] i 4 Fh A
o, AP T S A R B e A B LA

PR T NS Y ASLE 4 R AT BRS04
M, AR S AR P % A AR ] i 58
PEAEHE T R XA AT L SN Birh
L s G SR (B TA). BN R
ZHCT RARSME T A, BB TR ORI A i
HRLESS A R (K TA) . BRI L S Y
1E 2B 90 A (super generalists), {HJ&¥ AT 7EAE
fal 45 Hh R BRI 2% ot . BeAh, T RS
Ho A & B e N, b SRS A
B v BV 22 FLA Y s B R R A, BT
S 45 P 938 4 (generalists) . FATHE 6/8
AN MENs &3 T AR YR S(1-11 1),

SR AT E Foe TR AL P R A1 I 286 v R 3152 12 90 A

M, E4FJLA MENs ol g2 2R s .

0-10 cm U5 41, 1020 cm £ 55 34>, 20-30 cm
5 14, 3040 cm 5% 3 4>, 40-50 cm 5
304, LAt )Z G 4 T AT R IR P
(Bl 7B), XIS ER S T, Hh,

714 BERATET], 3/14 JEEREETT, 114 B
11, 114 4335, 2114 PET 1o PSR A
RO RUR OB 2SOt I HAEM 24

A 4 \ B 12
| L Il Module hubs
ok Module hubs ! Network hubs 11 B Connectors
] 3 % ' 10 [ [ Acidobacteria
= B SR e e Depth (cm) o 9
5 5 jon ™ A a4 = 0-10 g g
5 LSS, YR VN e 1020 =
2 oxaly ad ln‘tv 420-30 & 7
£ 1 Neti ) 2'!"3- 24| v 3040 > 0
2 el "Nz‘{n' *40-50 55
2 0 i;gﬂ TRAE I . 450-60 2 4
g R MR . 60-70 2
< o 1 * 70-80
',":':. -1 > moy, 2 H
— [
= ) 0 \/ 1H
=2 Peripherals 1 Connectors ol
| | | 1 |
0.0 0.2 0.4 0.6 0.8

Among-module connectivity (Pi)

7 ERTREINAR SR KEM
Figure 7 Topology role of individual module node and key spe

T A BHO SN G B TR MA AR

Depth (cm)

cies in networks

Note: A: Distribution of nodes based on their topological roles in modules; B: Number of key topological roles.
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