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Abstract In this study, we performed 16S rRNA high-throughput sequencing to examine the diversity of endophytic
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bacterial communities in Gymnadenia conopsea growing at four different locations on Mount Sejila. The results revealed
that a total of 715 920 effective sequences were obtained from all samples, which were associated with 2 365 operation-
al taxonomic units, classified within five phyla, 38 families, and 62 genera. Proteobacteria was identified as the domi-
nant bacterial phylum and the predominant genera were Pseudomonas, Methylbacterium, and Sphingomonas. Diversity
analysis revealed that among the collected samples, the stem samples (LHS) collected at the Linhai Observation Deck
were characterized by the highest endophytic bacterial community richness, whereas the richness of fruit samples
(LDF) collected from the Radar Station was the lowest. The stem samples (FMS) from the Abandoned Wood Factory
site were found to have the highest diversity of endophytic bacterial communities, and the diversity indices of commu-
nities in the stems, leaves, and fruits of plants growing at this sampling point (FM) at a lower altitude were higher
than those recorded at the other three sampling points. Among the four types of tissue collected, the richness of endo-
phytic bacterial communities in the stems, leaves, and roots was higher than that in the fruits, and we found that the
diversity and richness of endophytic bacterial communities in fruits declined with increasing altitude, with the values
obtained for the endophytic bacteria in fruit pods (LDF) being the lowest. Furthermore, we detected significant differ-
ences in the diversity of endophytic bacterial communities in the same tissue in different habitats, whereas there were
differences in the diversity of endophytic bacteria within the different tissues of plants growing in the same habitat.
Principal coordinate analysis indicated that the composition of endophytic bacterial communities was influenced by en-
vironmental factors and tissue types, and redundancy analysis and correlation heatmaps provided evidence to indicate
that total phosphorus, total potassium, pH, and altitude were the main influencing factors, significantly correlated
with the composition of these endophytic bacterial communities. Moreover, PICRSt prediction analysis revealed that
the endophytic bacteria in G. conopsea were mainly enriched in three primary metabolic pathways, namely, metabo-
lism, environmental information processing, and genetic information processing, and the activity of most of the identi-
fied metabolic pathways was found to show a declining trend with increasing altitude. This study employed high-
throughput sequencing technology to analyze the effects of environmental factors and tissue types on the diversity and
community structure of endophytic bacteria in G. conopsea. It aims to enrich and improve the resources of endophytic
bacteria in wild G. conopsea, laying a foundation for the future resource development of beneficial endophytic bacteria
and the protection of wild G. conopsea.

Keywords Gymnadenia conopsea; endophytic bacteria; diversity; bacterial community structure; environmental factors
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Table 1 Geographic information of the sampling sites
PRI Rt (=) 55753 Z 4/m TR HY
JRFEARM ) (& W) (FM) RIE(FMF) 29°46'04.16''N 94°43'53.13"'E 3244 b
it ( FML) 29°46'04.16''N 94°43'53.13"'E 3244 Mith
ZE(FMS) 29°46'04.16''N 94°43'53.13"'E 3244 b
R (FMR) 29°46'04.16''N 94°43'53.13"'E 3244 bS]
MZEWE S (AR (1Z) WIE(LZF) 29°33'30.70"'N 94°33'36.70''E 3525 Mt
n(LZL) 29°33'30.70"'N 94°33'36.70"'E 3525 piS:i!
25(128) 29°33'30.70"'N 94°33'36.70''E 3525 piS:i!
H(LZR) 29°33'30.70''N 94°33'36.70"'E 3525 b1
MR & (AR ) (LH) HLIZ(LHF) 29°37' 00.85''N 94°41'51.90"'E 4295 it
i (LHL) 29°37' 00.85''N 94°41'51.90"'E 4295 Mt
25 (LHS) 29°37' 00.85''N 94°41'51.90"'E 4295 bs:
H(LHR) 29°37' 00.85''N 94°41'51.90"'E 4295 pS:L
ikl (@A) (LD) JIE(LDF) 29°37'05.95"'N 94°40'57.21"'E 4513 HEAR I
" (LDL) 29°37'05.95''N 94°40'57.21"'E 4513 THEAR
Z5(LDS) 29°37'05.95''N 94°40'57.21"'E 4513 HEAR
H(LDR) 29°37'05.95''N 94°40'57.21"'E 4513 AR
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U/pL, bt XS Y EAR M A RAF) . %
1841 96 9% B i ( NanoDrop2000, 3¢ [E Thermo 72y
) ;s AR BT - KA (DY-CP-32C, Jb 5i7s—AL
) s ERARAT WL Ay S EE T (TGL-16M, 1 JE
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JERILERA PR ED) 5 53 8 Uk 2 041 ( Eppendorf
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TR A R T A M AL AL (AN) FILA R
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Fall S IRAN T JE N 41 DNA 4R BURF) &k
VR U A R 5 DNA | 1% B I8 0 5 i v Tk
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PCR J I 1 22 F1 Sy A 5 5 5 I 96 e 462 ik,
PCR 7=WIRA 5 2% BB Wi E i re Dk ks T, B 1
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ON AT Rl Y

1.23 FEANE@ARL SR> TG
AL F AR R FLASH 1.2.11 BHER FASTP 0.
19.6 B B4t . UPARSE 7.0.1090 X4 %%
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CLASSIFIER 2.11 5 SILVA %4 % (https :// www.
arb-silva.de/ ) #EAT L X S Wy FhF B¢, 83 MOTH-
UR 1.30.2 53 #fr Alpha Z#EPE45 %L, £04& Shannon
T840 Simpson F8 44 . Chao $8%UF1 Sobs F5 %4, 1 R
155 M Mothur A2 IR R, R RIES
(version 3.3.1) #HATHETE ZH il . Venn & HI 3 Ak Fr
M7 ( Principal Coordinates Analysis, PCoA) ., &
FH Bray-Curtis B 2552 E . TORDHTITR
(redundancy analysis, RDA ) F1AH 54 $4 ] 43 H7 24

Be R R0 40 B ORE VR S5 R A B R,

PICRUSt 1.1.0 #47 KEGG HJRETM
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2 HREHAHH
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J7 508 8 B0 FIR 2, BB A% 4 1 A 5 T A AR
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FESZE T OTU Bt /e £, o 1 092 4>, FM 3k
FES M OTU it e £, Jy 998 4>, R¥E
OTU % i V4K 1 T 3 S o e 3, DU A gl 41
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AR TR RIAH SN A A R I 2 e —
E5,



48 moE W F Zx K 46 &

E1 FESNEMEHOTUKFRE
Fig.1 Venn diagram of OTU from endophytic bacteria of Gymnadenia conopsea
A~F GPI3R 4 A RAE R UFRH SR 25 I RURIERE R OTU B

A-F represented the number of OTUs for four sample points, four types of tissues, roots, stems, leaves, and fruit pods, respectively

R2 FESHNLEME Alpha SHESH

Table 2 Alpha diversity anasisly of endophytic bacteria from Gymnadenia conopsea

B Sobs 5%k Chao 84 Shannon 84X Simpson $5 44 WEERRE  ARUTIN/ A B/ %
FMF 237.00%17.08cd 309.83+54.58¢ 3.23%0.05hc 0.08+0.00b 0.59+0.00b 42018 99.56
FML 631.67+119.68ab 823.26+83.71ab 4.4320.17ab 0.030.00b 0.69+0.01ab 41 873 98.69
FMS 690.33+56.15a 841.61x151.69a 4.87+0.17a 0.02+0.00b 0.74+0.02a 31 348 98.86
FMR 329.33+47.43¢ 350.01+45.13¢ 4.19+0.46ab 0.06+0.05b 0.72+0.08ab 35 245 99.83
LZF 169.0024.96¢d 229.73+59.29¢ 2.55+0.44c 0.1620.09b 0.5020.08bc 44 020 99.65
LZL 453.67+24.01bc 605.02+37.68b 3.96+0.07ab 0.0620.00b 0.65+0.01ab 41 505 99.02
LZS 402.33+145.29hc 532.37+138.37bc 2.83x1.22bc 0.28+0.27ab 0.4720.18be 33 196 99.16
LZR 435.33+171.96bc 508.50+145.14bc 3.57+1.05h 0.09+0.08b 0.59+0.14b 42 959 99.36
LHF 133.00+42.53d 195.76+34.00c¢ 1.98+0.41cd 0.26+0.07ab 0.400.06¢ 35975 99.65
LHL 500.67+25.54b 666.24+57.52ab 3.3920.47hc 0.1420.08b 0.55+0.07b 32 638 98.88
LHS 705.00+155.71a 855.87+139.77a 4.77+0.42a 0.03+0.02b 0.73+0.04ab 43 251 98.89
LHR 557.33+134.52ab 621.45+151.60b 4.21+0.16ab 0.07+0.03b 0.67+0.01ab 39 936 99.33
LDF 67.33+38.07d 153.03+11.37¢ 1.49+0.17d 0.34+0.07a 0.37+0.02¢ 38 224 99.77
LDL 549.00+118.44ab 714.12£179.56ab 3.92+0.50ab 0.06+0.03b 0.62+0.07ab 35210 98.83
LDS 342.67+92.46bc 493.08+82.02bc 2.98+0.99hc 0.1620.14b 0.5120.15bc 26 574 99.17
LDR 349.00+133.41bc 434.14+106.54bc 3.72+0.56h 0.08+0.07b 0.65+0.12ab 38 041 99.45

TE B A B b i 22, AR R)/ING T RoR 22 etk 35 (P<0.05) 3£ 3 A
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23 NEHEBSEAMTT

AN REESFESNAEMERET 5 AR
(K 2) , 452 IE H T ( Proteobacteria) |\ UZk A 1]
(Actinobacteria ) AT & ] ( Bacteroidetes ) | iR T
] ( Acidobacteria ) Fl1JE BE B[] (- Firmicutes ) ,
HA AR T R RTRET], R AR FM R
FESTFESHE M, AR FEFE N 76.66% , 14K
BRI LD SREE S FE SR AR R R
90.27% , % W | VTEAS [ 4R T A6 = BE AR AE —
A2 WG R T AR R R R R

WL AT, AT B R 6.02% ~ 16.
89% , FEVFIR AR FM Al LZ KL 5 FE SR 5
rf ARG 3 B 3 i TR K Y LD SR A B A
i FP R B WA FM CRAE TS
FE A AP AURE B T AR X 32 B R 2.99% , i
il 3 ARAES, AR (K] 2B) 3R,
T B AT AR A R A S T S AR S A
X = B R T AR AR I R A A R TR T T 5 2
AL o ARTE B T THE S SE R HhAE X = B, ik
LR IR ZE A R X R T AR SERIAR

B2 NMAFELFESHEMRENEZAN
Fig.2 Community composition of endophytic bacteria from Gymnadenia conopsea at phylum level
A4 DRAE R AR B TEE AL B2 BTA R it P9 A 2 B ARV 4R

A:The community composition of endophytic bacteria in four points; B:The community composition of endophytic bacteria in all samples

A it v 9 A 40 R T TR K- SRR T 62
A&, 2 UM X =F BE AT 30 4@ B 4 R 4 il $4 -]
(& 3)  ANTE]E AR SR A b oA A 0 T 1% R X
FIE MR B2 R IER N R, 3R
BH DA A 0 B ) AR 7 45 ) 0 A B S AR R 5 4 3
=Y LH AT LD SRAE ORISR — 73 3, HifFik
BARH FM F LZ SRAE s 1Y R TEAFAE— 8 1 22 57
P AR 3R g — %, 5 A ZH 2N A= AR A v
itz W . AR mOU IR B AL R R
ML & ( Pseudomonas) W FEAT B J& ( Methylobacte-
rium ) FI1¥H AG P800 1 J& ( Sphingomonas) . P A ¥
pire P A B T T 7 T A v AR i P AR R S
o TR RCR AR S, e SR I i R R AR XS
B AL S, W LHF AR5 AR R s,
PR BT T e 7 2 20 8 R o = 8 ey, AR
SERIENZE  Hh e LHL #R 8 P e, HHPE SR
TRl PR AR AT R I AR G = B ey, AR Hh eI
TR & (Variovorax ) TE2E AR I vh AR YT =

FEETH ., W HEE ( Rhizobacter) TEH H B AH X
FRER T, MR ) LH A LD RAE AR
Wi, PURPZH S 2R b R Y R R
'O MR AR AR = 2, B
KA [R5 AT T B [ Feh 28 2B 9 A 20 TRV
i ERBE N BE .,
24 FESHEAREEEEHN LIRS
FIH Bray-Curtis I B Bk X BT A R AT
FAEFR 53 B (PCoA ), UN &l 4 Frw, EH A 1
(PCol) YA FERE Ky 24.51% , F 853 2(PCo2) 1Y
fif BERE N 19.45% , BFK 43.96% ., E 4A IR
TR AR A FM R EE 05 FMEF R LZ R FE 55 LZF
PHANFE il B 5 30T , TT -5 W R /R0 1) LHL SR A 1
LHF #£ 50 LD SRFE 5 LDF A & BE 25 4 X B 2
Bt F IR I 45 3R 38 vh N A 20 TR A VR A LA
SRARARL, T 5 5 T A SR S PN A A R A E 25 S
FML LZL F1 LHL ¥ 243000, ¥ 5 LDL B 2 4
i, RIS LDL A= 4R 9 Fh d UAF e — 2 25 5%



50 moE W F Zx K 46 &

BRI V8% ZH R ARAL, T 55 AR A 22 SR R, AN T
LLZUN LR 20 AR 7 AL A 25 e, RN A
240 T 1 A v 2EL 152 3 PR 05 D IR N2 BT Y 3

4 SRAE SRR i B B T, AR N A A R
i 2 2 PR B8 B RE /I, P 4B R ZE A
RETERE il (9 S BT, 2495 MR i 1) B R A
HARBO N R ZERURSERE M N AR

3 BAEFESHNENEEENAESNT(ZFEER 30 9Fh)
Fig.3 Heatmap analysis of endophytic bacteria community from Gymnadenia conopsea

at genus levels (the top 30 species of total abundance)

B4 FESHNEARBSZAMBELIRSI(OTU KE)
Fig.4 Principal coordinates analysis ( PCoA) of endophytic bacteria community from Gymnadenia conopsea ( at the OTU level )
A JITAT I il PO A 0 T R 7 2L B T2 AR AT 5 B < o 2 2 PA) £ 2 B 1 7 4L B R AR AR S A

A : Principal coordinate analysis of the composition of endophytic bacterial communities in all samples; B:Principal coordinate analy

sis of the composition of endophytic bacterial communities in four different tissues

AN — e 7
RIS RANEE 3 B, 4 pH {H 5.6~ 6.2, W&

25 MEREFNFESHEAEREEMARIN
P SRR A FM SRR AL pH (HI/INAS.6, 164K

2.5.1 EIEIACHIR 4 SRR AL TR



145

51

B LD SRAE R RO (AP) I35 T AR
BEAT,IAF] 12.60 mg/kg, LZ RAE & H 4 b B0
(TK) FIA HLBT (SOM) H 8555, 73 511 9.03 g/kg
F190.0 g/kg, FM K AE G BB (TP) B, 1M
TK ,SOM AP FIHL T3 (EC) BK T HAbRAE £,
4 RAE R P B A (TN) AR (AN) /Y
BT R,

252 ABEBEFEHFELAN LW EFEERN
#E M 5 A T Bray-Curtis B 2 8 7% 69
db-RDA 73 #1 ( distance-based redundancy analysis )
PRENE S PR3 1 AR W (DI 34 T s 1 AR X

FE) = FH Z MM B OC R, 73 B st e B i il 2k
VIR @ o3 A B IR IR S K -, RS W,
TP(r*=0.216 5,P=0.002) .TK (r* =0.346 1,
P=0.001) .pH (1> =0.215 9, P =0.003) Fl ik
(r’=0.293 8,P=0.001) J FEEHEEH T, 5
HERE PR | TR R R R | AT A
J& Fl unclassified f_Burkholderiaceae 154F 48 &1
HERE R TR i R AT B 5 TP S IE ARG, 1
5 TK . pH FEE3R S TR DG . 5 W05 1 i {1 2
WEH S TK ,pH FER 2 IEA D, S TP 27
AHXK

R3 ANRESNTEEE

Table 3 The soil properties at the four sampling sites

B B TP/ TK/ TN/ AN/ EC/ AP/ SOM/
AR -1 -1 -1 -1 pH -1 -1 -1
(g-kg) (g-kg) (g-kg) (g-kg) (us=em™)  (mg-kg™) (g-kg)
LD 0.62+0.04ab 8.32+0.61a 2.69+0.94a 0.20+0.00a 6.20+0.03a 32.60+1.80b 12.60+3.14a 74.30+2.79b
LH 0.68+0.09ab 6.88+0.35b 2.63+1.27a 0.21+0.01a 6.20+0.18a 52.00£1.60a 9.88+2.17b 78.10+2.74b
LZ 0.52+0.01b 9.03+0.21a 2.83+0.05a 0.21+0.01a 6.10+0.05a 48.60+2.26a 9.56+0.54b 90.00+1.83a
FM 0.71+0.01a 4.68+0.15¢ 2.31+0.03a 0.20+0.01a 5.60+0.06b 24.00+1.18¢ 9.26+0.90b 58.40+1.79¢

BS5 MNEHABESHEEFHTRSH(OTU KE)

Fig.5 Redundancy analysis of endophytic bacteria and environmental factors (the OTU level)

AR PR T AR S PRI R T AR 0T s B 3R 4 SRR S AR T AR 2 S PR T T AR

A :Redundancy analysis of endophytic bacteria and environmental factors in all samples; B:Redundancy analysis of environmental

factors and endophytic bacteria from four sampling sites

K H Spearman AH ¢ FR BUTE J& 7K F- 247 4H ¢
PERRIE 307, 1 1B 6 AT RN 4R i BE TK TP Al pH
X A AR RIS S R B B, AR R AR
FURIER R 5 TK  pH R4 7 J3E S k2 TE A 5
(P<0.01), 15 TP & 3 fiAH & (P<0.05)
Unclassified _f_ Enterobacteriaceae F Rosenbergiella

5 TK 248 2 EA X (P<0.01) , 545 E

BB FIEA K (P<0.05) , pH UK 5 4
FF 5 & ( Chryseobacterium ) 5 1% &t 2 T4 5 ( P<O.
01), 50 JE W J8 ( Frondihabitans) F1 41 3R H &
( Rhodococeus ) Y5 B F A (P<0.05) , 3%
)& (Massilia) 5 TP 5 3 EAE (P<0.05)
RIS B ( Nocardioides ) 5 4K 2 B 5 i & 171
HX(P<0.05) .
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Fig.6  Correlation heatmap of endophytic bacteria community structures from Gymnadenia conopsea and the environment

factors ( the top 30 species of total abundance)
# 0.01<P=<0.05, * * 0.001<P=<0.01, * * * P<0.001
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E7 FESNEHE PICRUSt aEH
Fig.7 PICRUSt function prediction of endophytic bacteria of Gymnadenia conopsea
AF B 2 BIF R FE S N A Y — A =24 PICRUSt et

A and B represented the primary and secondary PICRUSt functional predictions of endophytic bacteria in Gymnadenia conopsea, re-

spectively
30 #
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