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Hippophae rhamnoides shapes endophytic microbiome in
root nodule by self-selection

ZHAI Keyao', LIU Juan', DONG Yue', LI Yatao', HE Yicai’, SUN Haihong’, MA Yuchao™'

1 College of Biological Sciences and Technology, Beijing Forestry University, Beijing 100083, China

2 Forest Breeding Institute of Shanxi Academy of Forestry and Grassland Sciences, Taiyuan 030012,
Shanxi, China

3 Liaoning Poplar Research Institute, Fuxin 115000, Liaoning, China

Abstract: [Background] Revealing the microbiome structure of plants is critical for enhancing
plant tolerance to biotic and abiotic stresses and improving the quality of agricultural and
forestry products. The nitrogen-fixing nodules of Hippophae rhamnoides is the key to the
tolerance to drought, cold, and barren soil. [Objective] To provide a theoretical basis for
revealing the roles of H. rhamnoides-Frankia symbiosis and plant-microbiome interaction in
plant tolerance to stress, we studied the structure and influencing factors of bacterial community
in the rhizosphere soil and root nodules of H. rhamnoides. [Methods] The rhizosphere soil and
root nodules of H. rhamnoides were collected from 3 sampling sites in Liaoning, Shaanxi, and
Shanxi, and high-throughput sequencing was performed for the V3—V4 variable regions of the
16S rRNA gene. The bioinformatics tools were employed to compare the community structure
and abundance of bacteria between the soil and nodule samples. Furthermore, the effects of soil
physical and chemical properties on the bacterial community structure in rhizosphere soil were
explored. [Results] Actinobacteria and Proteobacteria were the dominant phyla in the rhizosphere
soil and root nodule, and Frankia was the dominant genus in the root nodule of H. rhamnoides. The
three provinces showed significant differences in the abundance of the top 10 dominant phyla and
27 of the top 35 dominant genera in the rhizosphere soil, and they shared only one common
dominant genus Sphingomonas. Soil pH and soluble potassium were the main factors affecting
the bacterial diversity in rhizosphere soil of H. rhamnoides. The dominant phyla and genera in
the root nodules were highly conserved among the three provinces, and only Allorhizobium had
significant differences in abundance among the three provinces. The diversity and abundance of
bacteria in rhizosphere soil and root nodules were not completely consistent. [Conclusion] The
bacterial diversity in the rhizosphere soil of H. rhamnoides is strongly affected by soil pH and
available potassium. The root nodules of H. rhamnoides assemble a conserved and stable
microbiome by self-host selection of bacteria from the rhizosphere soil.

Keywords: Hippophae rhamnoides; rhizosphere soil; root nodules; 16S rRNA gene; bacterial
community structure; influencing factor
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PRI R R N L S AL
FEAS [ AE S A (R B . MR B PR 48 X 52 1
B ORrEe I AN TN= % =¥ N 0L - et 7/ 23
SEAH ) N EE IR T <45 BT S AR R, Y
R BT T SR AR IR, AR T AR AR P ) [ R T
Kah AR A EY AR AT,
W) -5 968 TR S IR BRI S 49 ) EL R B IR I DA
SYRW N F, HREWAAAEE 35 ARSI
A, H 2Rk AR ARSI A T R
A PR D BE A D B AR TR T BT, MR
ST R R A AL, IR Y TR
Z VAR £, AR N YRR 21 &
() 4 ) R BB 2 v oK Dt ) B2 ) A

V>3 (Hippophae rhamnoides L.) /& # Fil 7 F}
(Elaeagnacaae)V M AR S /N A, 1204 F
MEUH AR o PR R S5 2 AN AR TR
KEAE MR OWEmE . A B A A ) S
FESE 3T 200 FEFRAAEYEEALE Y, $91h
FE A2 FOWE B 25 8 [ K SR v
AIHFE TR S 2 LR Y
AR, IR B KU T L oK R EE
o+ EE LA ES M E, WA k2
PO R A AR, CHTE T LA RE 08 45 78 ]
R, Mg 2B Z MR, aE
HRBR AR NI VIR Akl . Tk . U
YOS . S PRI AR gy T
VO s JoT e R DAL ZE N e ) 5 BRI D - 3R 2 5
FC B e A o3 AL el e U™, el v -3k 22
e, PR R AR A A 4 v e A= ] UL A F 5 1 B
FBARZR o VIR BR 1 FIAR IR AT & B
Azt HOAR R s 43 AR AR 2 kAl A Y
AR N AE TR R e M . DhRE M2 1 Rk
NRREWARF EEL, X HHETEA A BT
B SR VRS R A RO, IR 55 T
VOB ARAREE & A 0

AHFSE AT 77, PP AL P = HhoRAE T
B V0 B AR B = AR AE S, R 16S rRNA
FE R V3-V4 1] A5 X i 3 8 I3 AR A 152 40 TR
PIREIE S50, LB o3 B - R Ak 1 Jo X v AR
B 4 0 B RE VR S = b I YRR i ) 40 B
RN F B 22 5%, LA AR PR 4= FIAR IR N 1 4
B AEVE LB EJE 22 5, DU IR ARG 1D
HR I TR T8 PN 200 P % A 2B AL ) R AT 2 P9 2B T
P &R PR AL T B4R A

AR

1.1 ¥&
1.1.1 DRRARBR L FRIREHE MK &

2019 4 9 H Tl . BEpE . thvg 3 M
I3 RE 31> 20 mx20 m B A TV kR )7,
FEHD SR AFRAE . VDAY A2 A RRAE A1 A S Y
W3R 1. BT NSRRI RELRE 5 AR
PEA AR, TEREHERER 4 A5 SR bR 1
AR, BRSNS Y [F] S0 i 55 LU TR
GBSEVE N — A FE S . MR SREERT, KBRER
24, 7E 10-30 cm WIS RS BHE AR AL
oy, I B R 6 R AR Y A
AR BR A, K AR PR - R ZR AR A 430 e A TG
LSRG i Pl S5 =, B SR R R
FW Ay, — 0 T AR BT A M (4 °CIR
), — 0 T A BR A W v a8 5 0 T 45 A
(-80 °CPRAfF). HMAMBRM TS, H 75%IW
LR 3 min T RANTHE, ZERAET
—80 °C, FHTAHR M 16S rRNA JE[K § 18 - ¢
43T
1.1.2 EZERFNEE

PowerSoil DNA Isolation Kit, MoBio 2 f] ;
E.Z.N.A." Plant DNA Kit, Omega Bio-Tek 2 i .
45X pH 11, Sartorius 23 F] 5 3% 23 81 0 HT1%
Seal 2\ H] .
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Table 1 The sampling information of Hippophae rhamnoides forest lands in three provinces

Feah SRAEH AERPERBEROCH ¢ AP BOK R FIRE © R MRE EIE R IR
' Sampling site Annual average Annual average NEZ7 Plants Crown Tree age Soil
Sample temperature (°C) and  precipitation (mm) Altitude  height width  (year) texture
ID frost-free period (d)* and humidity (%) (m) (m) (m?)

L1 ITEERE 72156 510.3, 61 127 3.0-3.8 2.1-33 6 it

L2 Zhangwu County, 245 2836 3245 7 Sandy soil
L3 Liaoning Province 225 2.6-2.8 3243 6

S1 PErgA kA 8.3, 150 365.7, 52 1075 2.5 2.7 9 i+
S2 Yuyang District, 1075 4.6 3.6 9 Sandy

S3 Shaanxi Province 1075 3.1 2.1 9 loam soil
X1 INPEE M 79,141 367.0, 48 962 1.5-1.7 03-12 3 bt
X2 Huairen County, 1062 1.7-1.8 04-0.8 5 Sandy
X3 Shanxi Province 973 1820 03-05 4 loam soil

L: 1075 Se BRPY; Xe 1y, *: Xk T E R IR Bl o

L: Liaoning; S: Shaanxi; X: Shanxi. *: Data from the National Meteorological Sciences Data Center.

1.2 RN E

KT RV EE 51 20 B, AR 4 € 3k
Ak 2434 5 ) U 2 - SRR AE . SR
H A2 0 - 358 pHL; 1) 5 2 vk o 1 g e
£h (total salt, TS) % &t ; RAFE KR AL EIL
5 133246 HLT (organic matter, OM) ¥t ; K
TR TR SCZR IR LN AE J5 & (total nitrogen, TN)
i AACER S TR N 43 A SO0 R - S R
K (available nitrogen, AN)% & ; KR -H18
P HL A0 5 138 B B (total phosphorus, TP)&
i 5 R FHER IR - A B I A - S8R AU W (available
phosphorus, AP) 7 &5 SR SR - = SRR TH Tk
72 1338 S (total potassium, TK) & ; KA
PR a1 I X 4 3R B (available potassium, AK)
Tyt
1.3 16S rRNA EE F5I &SRB ENF

{i Fi§ PowerSoil DNA Isolation Kit $2H{ 1 15
FEAS ISR 2 DNA, ] E.Z.N.A." Plant DNA
Kit $EPURIEREA B L R 4 . ff 7 A barcode 1
514 338F (5-ACTCCTACGGGAGGCAGCAG-3")
F1806R (5'-GGACTACHVGGGTWTCTAAT-3")§"

HAANTE 16S RNA JEFH ) V3-V4 Al 25X 7411
PCR #3128 1% (Bt fRBUT B3OS bl
e R UK RN G A% I, TR R W 2 AR
J¥3CJE . i A Tllumina MiSeq PE300 i =il
75517 paired-end Wy, MLt B 4E AR
PRIRH A PR vl 58 A
1.4 HiESTALE

F H QIIME1 v1.8.0 F1 Pear v0.9.6 Xf
lumina HiSeq X 5 £ 48 254 73k g A PF 4%
i/l Vsearch v2.7.1 ZBkifk G4, I/H UPARSE
BAEHE 97% 1 )7 4 A AL P 3R 15 OTU . LA
Silval28 #fa e 2 M, {fif] RDP classifier 5
AR OTU #ATH A 43281 R . A QIIMEL
v1.8.0 FAFTHE SR LA E o ZHEMHIRE(E
5 Shannon Fl1 Chaol 548 %0) . | H £ 540 #r
(principal component analysis, PCA)FIIUA 207
(redundancy analysis, RDA)¥EZREA A AR Fx 1 41
FRETE AL, DA PRI R F 5 Al i R
A EIRE ORISR S s o v 1 2 I N X )
“vegan”, Canoco v5.0 fil Origin v8.0 ZiTH /4
17 .
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2 EREGHN

2.1 PERIRPR T IERYIBL 4R

I, BRGNS =& WA & v s
Ui, SRS 5, A VDA B (3R 1)
LA TR AR TR 2 XK ER
foe, BRER, REmE 37.4 °C, SR
—30.4 °C, 4EHFEKAE 5103 mm, FHJFIRHE
JE 61%. BEPEAILTPE XK . T8, 4FF
Rk b B VE 2 A PH X i R i o
TR, B R B SR T E SR
PR G RV FOMEDC 5 T L VS A8 R TR A R
S, BB AEHSRIE-9.2 °C, R R
I 22.7 °Co XSS MREA AR 5 M I Y AL
PSR WIS B AL . R AR AR 3R Ak
SItTARUE T, BATIE T REHL T . B
AN PG = VD BRAR b R S pH . axdha
AL, B BEE. B R R
R . g5 B R, XF 43 pH, KA
B VG B AE S R R (8.3) Ok A AL T A RE S B A%
(7.4); XTFaEhE&a, ok A PR R
(0.26%), >k B ILPHAIFE S EAR(0.21%); X T
SR B DB AR OO AR
i, R AR EAL, 308 0.23 g/kg.
0.19 g/kg. 15.87 glkg. 7.02 mg/kg. 5.34 mg/kg Fl
41.83 mgkg, kB ILVGMRE SRS, 25N
0.68 g/kg. 0.53 g/lkg. 21.39 gkg. 41.53 mgkg.
10.37 mg/kg 15731 mg/kg, FiRZERFH, BrA
MUT AL O oh, 38 pH ., 44k . B, Bk,
VBB, USRS R AR B i AE 3 A
RIAAE R 78 1), XEERATRERE
b5 e MR PR A A A 0 A RN
2.2 CERIRBR L E B R AN S
22.1 PEMBHEFEFEEMZHEMESH

K 16S rRNA LA ) V3-V4 1] 48 X1 5

R P EA, HLIRM 72 738-226 132 KJ5lA
FP, 2 :Brim Ak, A E 15 205 R 51
67 793-209 665 &, ARTFHIIT A HH
79.71%-93.20%, i) 751K 4341 T 400-440 bp
Z 18], R A 97% LA b, g Ak,
Al DA R WA A o 4 R 22 5500 S % U E A B
(% 2), Clean F¥a A HIs, kBT . BEIGA
LI P R i VDA B+ R A OTU B 4y
WM 5 654, 3944 15307, HhA OTU %k
A 2 356 (K 2A). XFF Chaol $5%k, iL77>1l
VE>RBEPE , R Bk B I T4 i 0 VD R B £ o
OTU i HixZ , MWW EtRRE, LIk
B LT A S, R B BT B4 2 At T A
e/, T Shannon $5%k, 1LVE>1L T >pk
VG, RIS [ 1L TG RE S b 8 VD TR PR 20 B R R
2 FevE s, HUOh kR BT RS, kA
I PG A 5 b 130 VD TR I 1 45 w400 B TR U 22 B
AR 2).
222 FEITKFELEWYMHERS

FLF unweighted UniFrac [ 25 %0 [ F1SF- 14

RIEE(UPGMA), FATHE THT 10 MLHT]
(5 B EAZBEYR 98.53%—99.68%) Y WAl AH
X (B 3A), SREILT . BRPGAILLPE =,
B S B VD SRR o 398 10 200 R R 48 DA 4 v 1)
(Actinobacteria)f148 JE I% [ ] (Proteobacteria)
F, LRI LR 3 B OFE a5
32.76% . 58.44%FH1 19.13%, ZZFEHEI 15055
43.12%. 19.61%F1 31.00%. Kix 2 AN146, 78
LT R P 2R BT [T (Chloroflexi) . BRFT IR
(Acidobacteria) Fll 2f Hifl 1| ] (Gemmati monadetes)
AL R, BN 5.8% . 4.85%F 3.14%;
TERE PO AL & TP R BE RS ] (Firmicutes) . i 41 &
(Cyanobacteria). #l#T &[] (Bacteroidetes)#l
2 #7 | ] (Acidobacteria) 5 ot Fb a5, 40 5]
di b2 7.69% . 3.72%. 3.41%F1 2.04%; 7E1l
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Figure 1 The physicochemical properties of rhizosphere soil of Hippophae rhamnoides. L: Liaoning; S:

Shaanxi; X: Shanxi; OM: Organic matter; TS: Total salt content; TN: Total nitrogen; TP: Total phosphorus;
TK: Total potassium; AN: Available nitrogen; AP: Available phosphorus; AK: Available potassium. **:
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Table 2 Comparison of diversity index between rhizosphere soil and rhizobia in Hippophae rhamnoides

AR5 Chaol Shannon Coverage (%)

Sample ID iy - i UHES 1R UH7EE 1R
Rhizosphere soil ~ Nodule Rhizosphere soil ~ Nodule Rhizosphere soil ~ Nodule

L 5404.85+144.87a 481.49+187.50a 9.51+0.30a 1.57+0.78 0.97+0.00 1.00+0.00

S 3 747.61+266.24c  454.09+38.89b 6.84+0.60b 1.64+0.87 0.98+0.00 1.00+0.00

X 4 896.85+£123.79b 733.00£114.79a 10.24+0.05a 3.02+2.40 0.98+0.00 1.00+0.00

[F) S AN [R] /NG B R A [R] 3R i 18] 22 57t 2. 2% (P<0.05). L: 3075 S: Bkl X 17y

Different lowercase letters in the same column indicate significant differences among samples from different regions (P<0.05).

L: Liaoning; S: Shaanxi; X: Shanxi.

A

2 REFETQA)FREHESEB)H OTUHFER

P A & Fh R AT 1] (Acidobacteria) . ZF B EA ]
(Gemmatimonadetes) . #1#T [ ] (Bacteroidetes) il
SIS ] (Chloroflexi ) A R & I RE S H, 4
B8 14.63%. 9.17%. 8.97%F1 6.23%. {HHFf
FEE 22 R R (F 3B), KRBT BErAIL
PY = H VDR bR B RT 10 MBS TR AP =
FEYIfAE 35255, HBRE AN ] (Cyanobacteria)
AN, £k B 1] (Actinobacteria) . AF T B 1)
(Proteobacteria) . W2 [ ](Acidobacteria). #
FF 517 (Bacteroidetes) . %#25 ] (Chloroflexi).

ZF B 7 ] (Gemmatimonadetes) . & BE B[]
(Firmicutes) . i fLURJiE 14 [ ] (Nitrospirae) Fl 77 %

L: 7% S: BEVh; X: iy
Figure 2 The Venn diagrams of OTU in rhizosphere soil (A) and nodules (B). L: Liaoning; S: Shaanxi; X:
Shanxi.

] (Planctomycetes) ) - JF 2 bW B % . LU
RN, FETKE B, VB R A 40 R
VA AR — WA, (H = e B 4
FEERBE.
223 HERKFLEHMESSH

S AL T BETE AL T = b AR A VD AR
PR Jl4 5 515, 435 F1 426 J&, 0B A0
HA WS X 5], M — 3mSR
2 1 22 I 50 1 T J& (Sphingomonas),  7E 11T
BV . b P RE S d 2.38% . 4.07%A
4.62%. K BT RV BAR bR 1 1 P 34 R R A
3% )8 T 75K 1 1] (Proteobacteria) 1) 1 2. i i J&
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Figure 3  Analysis of phylum taxonomic bacterial communities in rhizosphere soil. A: UPGMA clustering based
on Bray-Curtis distance and relative abundance of the top 10 phyla. B: Indicator bacteria with significant
differences between Liaoning, Shaanxi and Shanxi. L: Liaoning; S: Shaanxi; X: Shanxi. *: P<0.05; **: P<0.01.

(Pseudomonas) . A~ 31 ¥ 1 J& (Acinetobacter) Fil
Variibacter, X FE4r 510 8.35% . 2.48%F
1.69%; K H P VHRE 5 1 0 34 1R I i 6 435 25 1t
¥ J& (Bacillus) . 4 %% I+ J& (Sreptomyces) . 2
% 71 T i J8 (Paenibacillus) #1 25 i F [ B /@
(Nocardioides), A% 5 B 435110 12.16%.9.21% .

5.62%F1 5.5%; Sk [ L6 RE i 10 1 3 0 g iS4
$5 RB41, ¥(3 % 14 )& (Roseiflexus) . Gaiella Fll
H16, FXTFESSAR 9.49%. 3.05%. 2.49%
12.41% (K 4A), 1EEMKF I, 45502 =
R VRV AR B - 4 R HE 9% 4 BN oF B A A
BHZES.
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A Genus
= Others
Rhizobium

8.35% B Rhodoplanes

: B Mycobacterium
B Pscudomonas
B Propionibacterium
Bl Gaiclla
B /lumatobacter
0 Acinetobacter
B Pedomicrobium
0 Streptomyces
| Iamia
B Sphingomonas
B Bacillus
0 H16
[ Nitrospira
B iariibacter
B Devosia
I Bradyrhizobium
[ Frankia

Genus

) B Others
Shaanxi W s5phingomonas
. B Rubellimicrobium
B Acinetobacter
I Bacillus
I Rhizobium
B \fesorhizobium
B solirubrobacter
0 Streptomyces
Microvirga
Variovorax
[ 1 Devosia
B Paenibacillus
Microcoleus
0 Agromyces
Niastella
Bl Nocardioides
[ Blastococcus
W Oryzihumus
[ | Frankia

Liaoning

67.18%

12.16%

40.01%
Genus

I Others

Il H16

B Nordella

I Bradyrhizobium

I RB41

I Fiavobacterium

B Acidibacter

I Sireptomyces

0 Sphingomonas

[ Nitrospira

[0 Haliangium

[ ] AKYG587

I Roseiflexus
Microvirga

[ Steroidobacter

[ Brevundimonas

B Gaiella

I Bryobacter

" B Skermanella

55.54% [ Frankia
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B Z-scores

2.6 1.3 0.0-13-2.6

Sy

Ll L2 L3 X1 X3 X2 SI S2 S3

Genus Sig. Family

Nocardioides * Nocardioidaceae
Bacillus * Bacillaceae
Paenibacillus * Paenibacillaceae
Streptomyces * Streptomycetaceae
Variovorax * Comamonadaceae
Rhizobium * Rhizobiaceae
Mesorhizobium Phyllobacteriaceae
Oryzihumus * Intrasporangiaceae
Microvirga * Methylobacteriaceae
Blastococcus * Geodermatophilaceae
Solirubrobacter Solirubrobacteraceae
Niastella Chitinophagaceae
Acinetobacter * Moraxellaceae
Propionibacterium™ Propionibacteriaceae
Devosia * Hyphomicrobiaceae
Bradyrhizobium Bradyrhizobiaceae
Mycobacterium  * Mycobacteriaceae
Variibacter * Xanthobacteraceae
Pedomicrobium * Hyphomicrobiaceae
Rhodoplanes * Hyphomicrobiaceae
Hyphomicrobium * Hyphomicrobiaceae
Pseudomonas * Pseudomonadaceae
Tamia * lamiaceae
Sphingomonas Sphingomonadaceae
Gaiella * Gaiellaceae
Flavobacterium Flavobacteriaceae
Haliangium Haliangiaceae
Nordella Rhizobiales Incertae Sedis
Bryobacter * Solibacteraceae_Subgroup 3
Hi6 * Desulfurellaceae
Nitrospira * Nitrospiraceae
Acidibacter * Xanthomonadales Incertae_Sedis
RB41 * Blastocatellaceae Subgroup 4
Roseiflexus * Roseiflexaceae

[ Terrimonas Chitinophagaceae

Class

Actinobacteria
Bacilli
Bacilli
Actinobacteria
Betaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Actinobacteria
Alphaproteobacteria
Actinobacteria
Thermoleophilia
Sphingobacteriia
ammaproteobacteria
Actinobacteria
Az}yhaproteobaczeria
Alphaproteobacteria
Actinobacteria
A?Dhaproteabacteria
Alphaproteobacteria
Aghaproteobacteria
Alphaproteobacteria
Gammaproteobacteria
Acidimicrobiia
Alphaproteobacteria
Thermoleophilia
Flavobacteriia
Deltaproteobacteria
Alphaproteobacteria
Solibacteres
Deltaproteobacteria
Nitrospira
Gammaproteobacteria
Blastocatellia
Chloroflexia
Sphingobacteriia

B4 BATFEMRBRIAEHZSN A BAKTFRMEFELG. B: FERESH 35 NEmH—

e g BRI TAT 2 BB E g, L. 1075 S PRI X: i, *: P<0.05

Figure 4 Rhizosphere soil bacterial community analysis at genus level. A: Bacterial abundance ratio at the
genus level. B: Normalized heat maps of the 35 genera with the highest abundance. Heat map is color-coded
based on row z-scores. L: Liaoning; S: Shaanxi; X: Shanxi. *: P<0.05.
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Figure 5 Redundancy analysis for the bacteria among samples at phylum (A) and genus (B) levels with
edaphic physicochemical factors, respectively. L: Liaoning; S: Shaanxi; X: Shanxi.
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Figure 6 The bubble maps of the top 20 genera of bacteria in the nodules. L: Liaoning; S: Shaanxi; X:
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Lactobacillus
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Nocardioides
Sphingomonas
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L2
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(]

1 2 3
Relative abundance (%)

-2 0 2 4 6
Difference in relative abundance (%)

B7 WRELSREFPAERBKFHENEE Stamp ZF 0 AN VDB ER L AR (B I6 22 g 1T
B J LA PP i i 15 B B AR 2 B B 2 T 6 R 6 VD IO P R P G 22 5 B 3 Mo A+ P<0.05;

**: P<0.01

Figure 7 Analysis of the relative abundance of bacteria genus in rhizosphere soil and nodule by Stamp. A:
The relative abundance of the top 15 bacteria genera in the rhizosphere soil and nodules of samples of
Hippophae rhamnoides (other than Frankia). B: Analysis of the significance of differences between these
genus in the rhizosphere soil and nodules of Hippophae rhamnoides. *: P<0.05; **: P<0.01.
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