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Abstract: The quality of the same herbal medicines in different daodi-origins in China is significantly different.
Our research team previously found that using protocatechuic acid as a chemical marker can divide the Cynomorium
songaricum into outside-the Great Wall (Inner Mongolia) and inside-the Great Wall (Gansu). However, the ecological
mechanism that causes the quality variation of C. songaricum is unclear. Based on the microbiome-ecological
strategy, 16s amplicon sequencing was performed on rhizosphere soils of C. songaricum in two origins (Inner
Mongolia and Gansu), and the composition of soil microbial communities was analyzed. Tax4Fun was used to
predict the metabolic function of soil microbial communities. Correlation analysis by combing with the abundance
of key microbial community and ecological climate factors was performed. Microbiome sequencing results
revealed that the diversity of soil microbial communities in Inner Mongolia was significantly higher than that in
Gansu. Five core microbiomes (Arthrobacter, Streptomyces, Bacillus, etc.) and six specific biomarkers of soil
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microbial communities (Microbulbifer, Methyloceanibacter, Cynomorium_coccineum, etc.) which could be distin-
guished from two origins were identified. For the first time, metabolic function prediction showed the metabolic
function profile of soil microbiome of C. songaricum in two origins. Redundancy analysis and correlation analysis
results showed that the annual sunshine hours was the main ecological factor affecting the composition of the soil
microbial community of C. songaricum, and it was extremely significantly negatively related to Streptomyces
and Bacillus. This article provides a new idea for explaining the formation mechanism of quality variation in the
daodi-origins of C. songaricum, and also provides a scientific basis for theoretical research on the quality ecology

of herbal medicines.

Key words: Cynomorium songaricum; quality ecology on Chinese medicines; soil microbial community; 16s

amplicon sequencing; Daodi herb
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Table 1  Soil sample information and operational taxonomic units (OUT) results

Sample ID Origin Longitude Latitude Altitude/m  Raw-tag  Clean-tag  Final-tag OoTU

NM1 Jilantai, Alxa Left Banner, 105.80335299  39.750 601 20 1642.00 43163 41432 32753 1492
Inner Mongolia

NM2 Tungujar, Alxa Left Banner, 105.378 856 92  38.755 978 20 1291.00 35831.00 35116.00 25272.00 1272.00
Inner Mongolia

NM3 Zahabrugg, Alxa, Inner Inner ~ 105.692 13510  38.878 973 40 1598.00 26700.00 25860.00 20314.00 1081.00
Mongolia

NM4 Jilantai, Alxa Left Banner, 105.773 858 47 39.762 496 46 1627.90 39187.00 3343500 26488.00 977.00
Inner Mongolia

NM5 Jilantai, Alxa Left Banner, 105.780 23140  39.762 051 07 1621.44 42129.00 35278.00 27868.00 1124.00
Inner Mongolia

NM6 Jilantai, Alxa Left Banner, 105.81958081  39.751 672 88 1667.15 32491.00 30116.00 21247.00 1333.00
Inner Mongolia

GSs1 Dazhuangzi Township, 99.057 73401  40.236 032 85 122041 37052.00 33861.00 31835.00 373.00
Jinta County, Gansu Province

GS2 Dongxiangzu Township, 97.699 87106  40.245 270 86 1280.00 35697.00 32185.00 26210.00 824.00
Xiaojinwan, Yumen City,
Gansu Province

GS3 Huahai Town, Yumen City, 97.702 10266 ~ 40.324 364 71 1258.00 33025.00 28949.00 20342.00 1051.00
Jiuguan City, Gansu Province

Gs4 Huahai Town, Yumen City, 97.707 767 49 40.326 654 96 1262.39 40868.00 35484.00 26180.00 962.00
Jiuguan City, Gansu Province

GS5 Huahai Town, Yumen City, 97.705104 59  40.329 711 25 1259.60 40494.00 31417.00 27 196.00 449.00
Jiuguan City, Gansu Province

GS6 Huahai Town, Yumen City, 97.705192 57  40.325 869 74 1261.73 41128 33234 26 675.00 797.00

Jiuguan City, Gansu Province
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Figure 1 Information on soil sampling sites in two origins of Cynomorium songaricum. (a) Soil sampling points map and close-up photos

of plants C. songaricum in Inner Mongolia (NM) and Gansu (GS). (b) Based on unweighted unifrac distance diversity clustering tree
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Figure 2 Classification of the microbial community composition across the two ecotypes of Cynomorium songaricum. (a) Histograms of
phyla abundances. (b) Histograms of genus abundances. (c) Phylogenetic tree at phylum level. (d) Pie chart of the top 10 microbial genera
and their phylum-level species in saline-alkali land. (e) Pie chart of the top 10 microbial genera and their phylum-level species in desert-
steppe. (f) Within-sample diversity (a-diversity). ACE, which is used as an indicator of species richness in ecology. The higher the value, the
richer the community species. Chaol index, which indicates the bacterial community richness (expressed as the projected total number of OTU
in each sample). Fisher, in which along with the number (richness), the abundance of organisms (evenness) is also measured to describe the
actual diversity of a community. Observed species. "P<0.05; “P<0.01. (g) PCoA plot based on the unweighted UniFrac distance matrix of
the 16S rRNA gene amplicons. (h) Heatmap of core microbial abundance of two ecotypes of Cynomorium songaricum. NM: Inner Mongolia
province; GS: Gansu province

Figure 3 Hierarchical clustering heatmap of soil microbial community abundance in two origins of Cynomorium songaricum (Distance
measure using correlation and clustering algorithm using ward. D at Genus level)

W, % K K )@ Nocardia. 2F 0 FT B J& Bacillus A1 {4 {4 KTF 287 15N Mnbric ¥ (oiomarker). % BEHL
'V 14 J& Bordetella % %2 N i . LEfSe 73 # o] LA S 43 AR 77 (number of trees to grow = 5 000) %5 T
M LLEL N AT WAL LB o i, MR B RIEE S AN B L h 2= 71 E . Kl 4cJBun 1 1% 0Tmk i
JE A 5 35 22 5 (1) biomarker. K] 4b %1% T LDA score KE/NHEFE AT 15 4 biomarkers. [l 4e % W BEHLAR #R
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Table 2 AMOVA results

NM-GS Among Within Total
SS 0.618 655 2.843 63 3.462 29
df 1 10 11
MS 0.618 655 0.284 363
Fs: 2.17558

P-value = 0.014 014

J7AEAE FH 5 000 A48 IR, HEAA 1) R 5% R B AIK (Errror =
0.2). ZRE MR ITIEILIRAT T 6 REIX P A i+
HEREAS ) biomarkers. b £E N B2 REAR T AR 0 B
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% i J& Pedomicrobium., Rufibacter. £ H 7 #f A f 75

7% % v 1 9 Cynomorium_coccineum AT f# 48 4% # &
Bordetella. 6> biomarkers ()3 & # & & 7~ Cynomori-
um_coccineum A1 18 78 4 1 & Bordetella 7% H it £ A
= ¥ 4% 7, Microbulbifer A1 Methyloceanibacter 2 7£ P4
S FEAREEE &, X580 A4 RAHIERL,
3 NIRRT IE R E MRS E S E S

18 F TaxdFun i 9 4> 7= b 85t BH -F S 2 o vk adk
ATARE h e T . Tax4Fun B 5 5 F SILVA £ 7 3k
185y K45 5 Pt BLASTN 43 #7457 ¢ BE S [ ; %
J A SILVA 733845 - 5 KEGG #udls e b J5 iz 70
RIL MR R, LU A VI BETE ThRE R T . &5 2R

Figure 4 Differential microbial profiles of two origins of Cynomorium songaricum. (a) Manhattan plots showing enriched and depleted

OTUs in saline-alkali land vs. desert-steppe at phylum level. The dashed line corresponds to the false discovery rate-corrected P value

threshold of significance (¢ = 0.05). The size of the point represents the relative abundance of the OTUs. The point identifies the type of

changes, the shape of the solid triangle represents increased enrichment, hollow triangles represent the cut depleted and solid dots indicate

no significant difference. (b) Graphical summary at genus level in group sample type of the top 15 biomarkers by LEfSe. (c) Significant

features identified by Random Forest. The features are ranked by the mean decrease in classification accuracy when they are permuted. (d)

Heatmap of biomarker microbiome abundance of two origins of C. songaricum. () Cumulative error rates obtained through RF classifica-

tion. The overall error rate is represented by the black line, whilst the error rates for each class are represented by the red and green lines.

NM: Inner Mongolia province; GS: Gansu province
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transduction, ko09132) FJHH X = B 4 &, HIiEid 5%.
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)3 — B KN 2.36 (T 4), AR 5Tk ) RDA
B HEAT 73 . RDA 25 B0t 545 th L B AR AR AE N
0.602 278, Bl fif B 4% &4 60.2%, I+ RDA | % /> HE
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50.53% #19.38% (1) 41 B B & A8k . DA 1 #2408 520 P A
A BH I R BT AR SRS R, R
Effects {E3E 1T 5 43 #, % )5 (177 Z MR RE O 45.3%.
g5 (K 4, Bl 6a) R A RAE-4 H IR 3 (EF12,
P =0.008, F = 8) X i /> Hb 41 [FH 1 338 1ol A= W v 11
4R H KR M52 (P<0.01), fif B K N 44.5%.
Pearson #H ¢ 14 73 B 25 St (& 6b) 5 RDA &5 B A I 7,

Figure 5 The heatmap of normalized relative abundance of imputed functional profiles of KOs assigned to KEGG pathways within C. son-

garicum soil in two origins bacterial microbiome using Tax4Fun grouped into level-3 functional categories
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Table 3 Ecological factors in two origins of Cynomorium songaricum. Note: 12 meteorological stations near the rhizosphere soil sampling

sites in the two places of Cynomorium songaricum. Inner Mongolia: [53336] Wulatzhong Banner, [53529] Etouk Banner, [53192] Abaga
Banner, [53352] Damao Banner Meteorological Bureau, [54027] Bairin Left Banner, [54102] Xilinhot; Gansu: [52533] Jiuquan, [52681]
Mingin, [52787] Wushaoling, [53915] Kongtong, [56080] cooperation and [56096] Wudu

ID Item 53336 53529 53192 53352 54027 54102 52533 52681 52787 53915 56080 56096

EF1  Annual average station 8712 8624 8879 8623 9580 9017 8527 8639 7040 8664 7160 8936
pressure (0.1 hPa)

EF2  Annual average tempera- 53 71 13 42 53 26 75 83 0 88 24 146
ture (0.1 °C)

EF3  Average annual maximum 121 142 86 116 126 97 148 161 57 152 109 198
temperature (0.1 °C)

EF4  Average annual minimum -10 8 -51 -22 -16 -35 10 14 -45 37 -37 106
temperature (0.1 °C)

EF5  Annual average relative 48 47 58 49 51 57 47 45 58 64 64 58
humidity (1%)

EF6  Annual precipitation (0.1 1998 2647 2495 2561 3902 2866 877 1130 4046 4821 5316 4719
mm)

EF7  Annual evaporation (0.1 24353 24946 19220 26256 16317 18310 20049 26230 15215 14370 12368 18975
mm)

EF8  Annual average wind 32 31 32 38 28 35 22 27 51 20 14 15
speed (0.1 m-s™)

EF9  Annual average ground 78 95 35 64 73 53 98 109 18 110 51 160
temperature (0.1 °C)

EF10 Extreme extreme ground 702 700 683 657 680 695 682 714 589 645 627 714
temperature (0.1 °C)

EF11 Extreme minimum ground -357 -422 -468 -405 -357 -437 -359 -341 -344 -309 -368 -141
temperature (0.1°C)

EF12 Annual sunshine hours 31641 29450 30166 30431 29340 29700 30307 30735 25968 23809 23701 18497

(0.1 h)

Table 4 Redundancy analysis of bacterial communities

Explain Canonical Adjusted
ID p Pseudo-F P P(adj) . explained
1% eigenvalue .
variation
EF12 445 8 0.008 0.024
EF2 15.7 1.9 0.106 0.159 0.602278  45.30%
EF5 11.6 1.3 0.286 0.286

R4 H I 4 (EF12) 54 % B & Streptomyces il
ZEFAAT B i Bacillus AR 3 A G . 45 Rk R I &R
HE - M B AR (EF11) 5 %% %5 14 )& Streptomyces
A ZE K 5 J& Bacillus 2 5 35 7 M 5¢ . & 6¢ Fi & 6d
gyl T A Sl e AH R b At B b 5 AR
WS ESHEFROCECM 4, N5l B LI A
Cynomorium coccineum 5 B E P AU E (EFL)
AR E-FE /K E (EF6) 2 0% IEM %, B4R 58
Bordetella 15 B 4E—4F P 44 Xk (EF8) &3 IEAHE. H
i B BH = 438 B A b 1= Rl JE Pedomicrobium 5 R 4 -
SRS 35 R (EF8) AR 35 IEAH ¢, RAE—FF 5 KHE
(EF8) [5] i}t 5 Microbulbifer 11 Methyloceanibacter &
FIEM . TH# 8 Arthrobacter 55 B 4E -4 F ) Ak
AR (EFL) RAFE-EF AR (EF2) Al S A -4 i
B H il (EF10) 2 3% IEAH G . AN I 45 DGk ] 7R

A2 2 TR 0F T A B B L S AR A L B
B,

g

ARHIFFENT A 52 o A TR P AN 7 S8 BH AR B - 43
BEATRUAE A - RS R A R ORPE A0 BT, SRS P 3%
A% OB A H TR S WE WA R, S5 & AP i
LA AR VIRV T B I 12 A S AR S TR 7 B
HEAT AH SRR TU AR 23 AT, 42908 5 0 AN 5] 7= b 85 o 1 338
Tl 2 0 T 2E BSOR T R IR AR S TR, A [ B 4 B T
PERITE L3R S5

R AR I SRR S A TR R e S A, b T
FEW T R KBV E Ry, SO HRE VR E R
Ko BARHAERFKESFEIAETE, =8/, KIH%HE
O e 0T, S BE YD AT T 4R 910~1520 K ) 5
b, HAURAR . A FME FRR 2 K8, 25 b, AT
KFE R AESHEECE S, T 5 MhE e E, JF H 55T
Ry, FE8 HARZEBOKR, Wom SR . A5 50 BT (R H
A7 A BH A ORI A (JRKF) AT AT
4 J& Arthrobacter . % % 14 J& Streptomyces. % T 5 J&
Bacillus. | £k 7 J& Paracocccus Al #l 2 B #. il 14 )&
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Figure 6 Correlation analysis based on key microbiomes (six biomarker microbiome and five core microbiome) and 12 ecological factors.

(a) RDA plot of overall key microbiomes, and ecological factors by Canoco 5. (b) Heatmap for correlation analysis of the key microbiomes,

ecological factors and active components of C. songaricum soil in the two origins. (c, d) Key microbiomes abundance networks of soil in the

two origins of C. songaricum reveal that OTU modules are related to ecological factors

Sphingomonas. i AT 7 J& Arthrobacter |32 4 ffi 7£ +
b HAGARWZ M. o5k min2ED N K
(Setaria italica) #2 b 241 1 £ & 15 AT B J& , 1% )& ¥ 75 4
J& TR P A K AR BR 40 T (plant growth pro-
moting rhizobacteria, PGPR), A = 4= ACC Jiit & i It fig
00 H 3G AR 208 B B IR A T 5 s e 2l
B 75 14 )& Streptomyces 7 7E Tt 7L & Hh (1) -3 b, BE R
BRI (R ZE K, B AR 2 AR, B8 ™= A 4 i 41 oK
FEBEAC IS B R IR A FIRE AT . BRI
Jit P 7% 5 T T R S A R A ) FOK R R
LI (2441 iR 5 ) % 85 T4 Streptomyces pactum Act12 %
Fh#| Cd T4 (Amaranthus hypochondriacus), i % 1
Itk e HRACHI ZE AR Y, d a1 hn A pE K, 2
S B A B AT S8 S Bl 1 DA B ik et e R T
TS B SR AE W)X Cd B 52 R, 2 AT R
Bacillus &7~ 3 K (1 2R BLRE ) AR 2 AE 4, AV 2
AR i PRI RDG JEL R, Qb i IR SR R Ab AR T R, %R
04 4 1 8 T PGPR, Wt 7t 2 BH P 2F F AT 11 ) 1) T4
ALHE I S R BORANBAR T =, R T R
oK (1) B T 5224, B BR B & Paracocceus AR JE 7E
LIt ZJE T BIE S A A 8 A RE
X1 5 ER i E AR KK /N 32 (Triticum aestivum) £ F

R ER B B MLK A M7 T8 Bk, AT 4 i /s 22 iR B il 2R W
G IIb-3- L. (1AA) [RE ), (RidE N E AR, 8
% 5 B4 i 5 J@ Sphingomonas B T H LA R £ fh A
BUACE D, FE ] FEARE 7 56 A T~ AR KR A A2 1 e 708
FLAET R RS b 20 A P B 5 R 0T 50 E R AR
KK 24 Bl PGPR 1 22 B F2 10 1 J 18 M, 1T G 2
FiE, BIAA R B R A KR, 25 E W
A7 RO BH (1) 3 G A% DU A R 2 N R AR
K IIRBR4IE (PGPR), PGPR & M ML 5%, FEARGFEH)
G IR E, R AZ O dE A B AR 2 FE
B, TR R N AR TR, MM AEK R E
ALY o LAl .

2R il 5T AR R S RO A [R) A S I IR A B IE B
5 BRI SE R, P15 R 3R 2 A0 o AR R AR
A 2F IR, AT IE T LEfSe J7 v A BE AL AR PR 77 1
5 3PS 77 1 L e IR MR VR (1) 6 4> 22 53 biomarkers,
o AE N 5l FE AR T A5 5 8 R R B R =22 )& Micro-
bulbifer.Methyloceanibacter £1--7# % J& Pedomicrobium.
Rufibacter. 7&H i #E A Hh 158 438 = B 2 Cynomorium_
coccineum A1 18 1% 4% 4 J& Bordetella. Z 53 biomarkers
AN AT S5 30 AN [ 7= B B 0 - 3R G AR BV I8 R R
M 855 B it S A8 S OIS AE IR o AR ST 45 6 5 AN %O i
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AW, SRAS AN LB B R R SR AR A . K
KA P AH ) B 5 A A TR B TUAR o i AR ORI 43
BRI, s e SR R A W U A R AR R 2
S H IR L (EF12). 5582 AT HARTE 72 K I 5
i 85 T A= K 1) 32 AR 25 R 4R H RIS 5w &1, 13 B
OGS T4 BH A G - 338 i A W U AT S 35 R

AT R B A 7 BB H 3 A AR P 2 AR
WIIREIL . fERRRUHER T, YA F RS
TEREAE B K AL & VAT (CRBEAT T & %X, ko00051;
Tk IR [ M 3% 12, ko00030) A& JE R 1R i (O & R AN
Jifi Z B2 A1, ko00330; H 2 R « 22 2 IR Al 75z BR A,
ko00260). Tk 7K A& W) AR T 4% AL M0 A I Bk K AL & 4
HIACUI T 1% 7 e FHAH EL 5 Ak, DR E AN A= Ak 2
MREZEM. oK ibEYEd EYCE R4
Al At 2R W03 FE, (RIS D 2 PRI I ) SR AL, R )
AT ) INFA 558 R I A ez 3 RS R R AN A ML, &
B B BT . B4 AR AT LR S AR
N, Fe A & e FE IR - 3 ol A= W B ¥ 1) A 2
REFERI AR T & 4, XM & SR R I UE YR nT B A2
PRSP IR N NSRS TR T R i TR
HEYEK .

FEA G BAL B B v, B0 B B i iz (ABC
#1312 H H, ko02010) FI{E 5% 3 (WAL 4 1T R4,
ko02020) i % [ cE WA M FE B . T 5
T4 M R AR E IR B E R A, 2 A8 4 5
HIRFERS R, BB ARG B is AT g Aoy
TR I AR R, B SR 7 U R T ) e B I RO
ATP4i & &\ (ABC) RN R KEARELZ
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RMEYAFT T (RR) SE S 557 5. DA R
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