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The influences of citrus huanglongbing on phyllosphere microbiome
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Abstract: To determine the influences of citrus huanglongbing to leaf microbiome, citrus leaves were
broadly collected and detected without/with the causal agent of huanglongbing with quantitative PCR
method. In combination with fungal and bacterial amplicon sequencing, the phyllosphere microbiome
of the selected huanglongbing-negative and -positive leaves were compared, and the association be-
tween the causal agent of huanglongbing and different microbial groups were analyzed based on the cor-
relation and network analysis. The results showed an obvious increase of the average huanglongbing in-
cidence from 7.5% in summer to 32.3% in autumn in sampled orchards. The occurrence of citrus huan-
glongbing significantly altered the composition and structure of the phyllosphere bacterial communities,
and had a relative strong influence on the relative abundances of bacterial taxa. In comparison, huan-
glongbing had a minor effect on the phyllosphere fungal communities. Besides, the causal agent of
huanglongbing showed general negative correlation to the phyllosphere bacteria, while the positive cor-

relation was less but more significant. The causal agent of huanglongbing might convey its negative in-
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fluences to the whole bacterial community through its negative interactions with multiple bacterial spe-

cies (Anaerotruncus sp., Clostridiales sp., Pseudomonas sp., Sphingomonas sp., Lachnospiraceae sp.

and Streptococcus sp.). This study indicated the different influences of huanglongbing to the phyllo-

sphere fungal and bacterial communities, and the influences of huanglongbing might be achieved by the

negative interactions between its causal agent and multiple phyllosphere bacteria.

Key words: citrus huanglongbing; phyllosphere microbiome; bacteria; fungi; community composition;
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OISR M AR A T B B B KRR
IR F ] LM GY LT AT AR 35 pH A i, B TR
& KMAE 7 IX T2 53 41 (Zhou, 2020; Pandey et
al.,2022) ., MIAEE e HIA N 2 i3 TAE IR
P 14 468 35 ) K T TR JE 40 TR Candidatus Liberib-
acter spp. 5| A2 (Jagoueix et al., 1994; Garnier et al.,
2000; Teixeira et al., 2005 ) , Fo AR 47 75 Jp i 7 7 I
T Candidatus Liberibacter asiaticus 42 ¥ [E 434 Fl &
Y EE IS (Lou et al., 20183 Bao et al., 2020) .

A7 ¥ e o TR AT 38 ) 2 B PCR A5 7 ¥4 iE A 71
PRKTI A0 2 AN JC AR SE 0 % S5 T AT 40 B
Hi % (Zhou, 2020) , 35 B Kb BE % 1 A4 280 ks 7
AW AR R ARG B B 45 BRI ARG .
ARk, BEAE Y IN P BOR AN B S8 35 A2 i H
SEPRT R E S R SRR SR A T A A
A A T 1Y) 0SS R e A DX AR T g PRI
Sase B S RUN =B iR =Rl A 2 S alll ki G sty S U7
FRIEHE R 2R A SR AT A E R
(Caporaso et al.,2010; Liu et al.,2021) . 444 il
FEERTERE Y R T 0 I T XA A4 7
FVE A TE 25 s i A B0 A O [ 2H) AT 7 T2
FNE (B T30 ) R BRAgE | ] BspIE B AE AR ik 5 ]
Phl it N T & B b5 L P vs ok Bt m i
X7 9 R T A C L i P4 (Bass et al., 2019; Liu et al.,
2020) o AEE S I A T REPAE AR PRI PR
FE P~ ) NG - B 1 2 (B AR, DT
BT PR s PN LT A TR 2 R R ek s, Horp
oY) 2 A T AT REAE NG R B BA 25 TS
XiF 25 e i B4 i P4 (Zhang et al., 2017 ; Ginnan et al.,
2020). #RiM, HATX TG A S 5k
A BRI AR X E D | i HLAF IR N 4 e B v A AR
PR 49 (Zhang et al.,2021) , KL, §7 K RAEEFI
5830 B B TG i A A 2 5 3 ek &
A B, T R E b DA GRS RS AR

DU TR E R 0 B AT SR 2T R
FE I Az — CERIAEFIZ8 R, 2010) .

SRNTIL AT SRAH A B 1) & A 2 32 B B T AR
B K R RN R —, R RE
Al ELAE 3 G AR ARG el , B AV 2 TR 1) 2 A Rk 3
17% , Wi 7648 BN DR ARG el , R AR 2R 119 & A 2%
RIS INE] 50% UL (BREESE,2021) . HET UL,
ARWFFAEA AL E 9 S 4 (BT ) TUMT SR Il R -
RGN 85 e g 1) e A A O Ti) et 366 6l g T A A
SESL PR 2 5k B PR BRI F 1 ) DNA KR
A A T L RN AN B R IR A 38 1, A BT A A
PRI F R 2 REE AR K LA )
TE1) %) A X6 26 s A A A O A2, AT A A
BRI I B LRI ZE A 454 AR 10 S B

1 MR5REE

1.1 ##

HERFE :20204F 2 2 (7 H 30 H) FfkZ=(10 A
2123 H) AT RAT KT AE 94~ 2 B (Hif)
(4 15 A BT FE 45 R 4 LR STRERY I FRR S A &
AL (T3 ) BE I 1~2 A ST M e 76 51> BoAH [l v, B L
VEHL 10 BR GTHIBY , I AEEREART 1 B HLEY B 1 AR 2971
A 10 Ak R B BLAE R LR, A TR I SR 4
10 3 FES:, BT REE 17003 o REERIRE SR %
4, BT UK AR 38 I S JR TR S
AN PR E M E . AT BT R PR f A:
LA AE A TG AR AR I 2 TR 50 7 S TR RN 40 B
% , DA SR P 2 T 75 7 s Bt e BB AR T

TR AL A : SteadyPure 1 47 3 [ 21 DNA 42 H
R &, R R R AR TR BN B 5 Ex Tag TR
7 (Probe qPCR) , K% 5 H B A= W £ R AT PR A F]
Phusion = ff H PCR % & i FIR K , 5¢ |5l New Eng-
land Biolabs 47 BR A 7] ; AxyPrep DNA BEJ [0 i a5
& e Z A AR BRA F]  TruSeq™ e § 14
DNA #Eiat5 £ , 25 [ Nlumina 23 7] s AR 24
[ r= 4y M4l . Tissuelyser-24L FBEAS, |45 5K
v & A BR S ) 5 ABT 7500 SE 2% 5658 B PCRAY,
2[5 Applied Biosystems 2\ F] ; PowerPac™ i H Hi Uk
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1%, 3% [ Bio-Rad 23 7 ; HiSeq 2500 4% , 35 [ Illu-
mina/A 7l .
1.2 Ak
1.2.1  REH T & LA E 4 PCRAA M

MCRAE B S T BEPLEE RS 6 it R, flE
HAEN 1 em MATFLE AEE it 7 EREALFTHC 1>t
B o BB R A SR B S RS G T
FIE , K H] SteadyPure FH 4 55 2H DNA $2 B &
PRI BR IR Y41 59 DNA, I T-80 CARFE4 o
SRS 5 1 PCR J7 32 KGR i v 8 s 1
()5 5, RN T R Y34 5 1) HLBas (5-TCGA-
GCGCGTATGCAATACG-3")/HLBr (5-GCGTTATC-
CCGTAGAAAAAGGTAG-3") (Li et al.,2006) , PCR
J2 0 4% 41 5 HLBp (5'-FAM-AGACGGGTGAGTA-
ACGCG-BHQ-1-3') ,FAM J& 6- R 37556 & , BHQ-1
SEDOCHMCZ IR AT A 51 ) AR ET S5 A T
A AR (i) Iy A BR A RIS . 25 pL PCR X
I /K £ : Premix Ex Tag(Probe qPCR) 12 pL HLBas/
HLBr#%0.5 uL . HLBp##%f 1 pL.50 ng/uL DNA1 pL,
ddH,0 10 uL. PCR [V f&#)F:95 CTi#430 5,95 C
S s,60 CHEMH 30 s, L 40 NMEIR . FEFIBITSS
Fe B CAE (x) , 3 I — P45 (2020) EE 7 A9 A
3 y=-0.286x+11.924 115955 JFL I 1 H5 VLR (y) o
122 Beiket KA S PR AWEEZ G Y 3T 05

H i 1.2 0Kz 45258, 5 C>34 F1 C<30 BYAFE i
DNA F3 i/ AAs: (I ) s s (B ) 5 e
BRES A T PR E DAL B e . B
XF ITS1F (5-CTTGGTCATTTAGAGGAAGTAA-3')/
ITS2-Fungal-ad(5-TGCGTTCTTCATCGATGC-3")fll
335F(5-CADACTCCTACGGGAGGC-3")/769R (5"-A-
TCCTGTTTGMTMCCCVCRC-3") 43 54 14 BL 14 1Y
% WA 53 (] B X (internal transcribed spacer, ITS)
FIZH TR Y 16S TRNA JEPR 7 5535673 )7 51 (White et al.,
1990; Caporaso et al.,2011) #47 PCR " #4 . 10 pL
PCR J % & % : KOD FX Neo Buffer 5 pL . KOD FX
Neo 0.2 uL ,dNTP 2 uL ., I F #5144 0.3 uL .
50 ng/uL DNA 1 puL.ddH,O 1.2 pL; X W FEF : 94 °C
TASE 5 min; 94 CAEME45 5,56 CiH k305,72 °C
FEAF30 s, 235 AMEER s 5 72 CCHEAH 10 min, X
BAFERIY I 38 YIS R RIR S P4 2% B

EWEEE I FL UK, AR 25y R/INEA T DX 43 o B [T g

() £ 18 FH TruSeq™ ety 14 DNA 2 PRI &5 18 1t
BB A 2212 , SR )5 F F HiSeq 2500 I {3 52 AL FE
m PRI <

1.2.3  vHERB A SN 5 50 & % AR RO SE

4 1.2.2 e A5 00 )5 1y 51 $48 56 A Trimmomatic
0.39 &} (Bolger et al., 2014 ) i AR & 42 (1) ¥ 41,
SR J5i 18 1] Cutadapt 1.9.1 # 4 (Martin, 2011) 3551 A1
THERD 1Y 81, 45 2 897 518 3 USEARCH 10 %4
(http://www.drive5.com/usearch/) #£ 17 Hf 2 , P
UCHIME 8.1 #f/-(Edgar et al.,2011) 2 FRi 51K 7
G, e AT B 5 BT 1 P 91 - A QIIME2 1
(Bolyen et al.,2019) , J{ff F H: " ik & 9 dada2 F2 7
(Callahan et al.,2016) #E47 2 M , BRIA LU PP i 45
FIELI 0.005% V5 Ay IS (B i U8 ARAR 1 17 51 28 57
TR R ILHFIESR . FLR AP 3G 77 90 28 S A i Lot
F| UNITE %045 % (https://unite.ut.ee/) A THIFIF B,
20T 1S 5 P 91 A8 S AGE 5 X 3] SILVA138 %5
P51 (http://www.arb-silva.de/) FEA T FR . LT
FRfE R AN A RS B A ] QUMER B354
AREAS b LG RN R V& 1 o Z2 RV B, G045 Y)
FIEL . Shannon $5 BRI R ZREMEAE 2L, DL AR AR
SPRHITRE R PR AR R, T i R
A rh ERFEIEIE . AR ZH 0 S i i BrisgA:
Wy 2H 1Y 2= 5 % A Bray-Curtis 1 25 R4 7118, B fif
RN TS OO A A A 2H NS5 14 1)
SENR R 2 o0 7 22 e Ik - AT o b, 4 R
F Ak R4 HT (principal co-ordinate analysis, PCoA ) J7
TR RT 2 4 85 PCoA T FI PCoA2 HEA TR
FLREHEAEA R LA Z R 3 25 57
e HX A R SRR T DO BB RE , >R BugBase %K
4 (Ward et al.,2017) 5¢ )% o
1.2.4  SERSAH 5 AAE TR0 8 948 K Feo W 2454

T 1.2.3 734 R SR FA AR P 4 T DS
5SROI T i AT AR DG 38T L 48 Hmisc 807
(https://hbiostat. org/R/Hmisc/) 58 i , I X} 43 Mt 45
{111 pheatmap £ /F #4547 Ji€ 7 (Kolde, 2019) .
A e TR R 225 SR SRy I M B A b e R EUF
FIVECR T 1 000 25 A B 93G5 51 A8 S A4 53 Sl 4
HE— N R A 1 [ 2% 5], i ] SPIEC-EASI (SParse
InversE covariance estimation for ecological associa-
tion inference ) 7715 5¢ B M 455341 (Kurtz et al.,2015) ,
AT S R R BOA S EGHE TR W4 A
R APEZ BT | 4% T ) A 2 AR R 3 il il
igraph 1.3.2 #{'f: (https://igraph.org/) Fl Gephi 0.10 %X
{4 (https://gephi.org/) SE i
1.3 HIESR

TE R 4.0.0 °F- & (http://www.r-project.org/) 1 7
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BAR AT BRI P SRAS A Y R Vs AR AL
B AN [ G A O e AR AT = BE 25l , S kA T
22 57 1 (bartlett. test) A1 1F 2% P (shapiro. test) ¥ 56
X85 BE PCR RS I 2355 5 A7 B 1A A1 BH A i 7R
ZHBCHE (B B He s, 4 ¢ K 56 75 50 Wilcoxon JE S
BORT Yk A 7T 25 5 0 S PR 50, 6 T 2N Bl 1Al Y
H %% , i FH Benjamini-Hochberg 2: X} PAHMEA TR IE .

2 BER55H

2.1 L ER#HERPELFENRNER
HZERAEN 40 3RS R A 34 S (B I 44
UM, o [ OB EE R LR el AT B AR 8 SR bl 1
R PR A H BRI B, ok 11 P T BRI SR el A
BT e WA R R T R A A R
5394 10.0% F120.0% , 4 4> 5t el 14 8 e i B -2
KRR 7.5% . KR 130 ARSI R A 91 5

B (T 19 144 DA el , AT b el R A A A L
R TR A R R AE 10.09%0~60.0% Z 8], F
Yo th %o 32.3%, W EH BRE MRS (R D).
2.2 TTHM BRI R K X E R AL
R A7 25 R B ARG T O, AR R B 1Y
R R B RERIN 285 5 0 B M (C>34) FIBE M (C<30)
(1) DNA M i 45 27 (3 4 7 LB TTS FIAH TS 16S tRNA
Y Iy (£ 1), FAUR VBRI T s e, A
54 Gy FE S T RS 8 069 963 45 ELIE ITS 741 I
3 881 333 5541114 16S rRNA JF41] . i — 2 i s
GIHEAT RS IR BRERIT AN D 9 8 15 51 A8 57
A B RIS 5 3 837 LA A1 21 338 A4 B
WP PO SR, OB A BT B0, B T TR A N 4
SR Ay BF A A0 S 4 P 22 T, i I o R R 40
V& 19 4 Fh 5 . Shannon $8 BRI 22 2 FEVEFE £
T (E 1),

R FECHERHMAERREFEEMELRERIIER

Table 1 Information of collected Gonggan leaf samples from Renhua County in Guangdong Province and their occurrence of

Candidatus Liberibacter asiaticus

R TR REE G(Ca) g VTR
FH /T IE | ! No. of sequenced
Sample Orchard No. of No. ofdetected Detected mol
season Town/street Orchard area/hm’ samples samples (C<34) incidence/% e
! C>34 (C<30

kS KA Dagiao Town K41 Changba 73.3 10 0 0.0 0 0
Summer F}EIfEE Danxia Street  FEE Kangxi 20.0 10 1 10.0 0 0
WU Huangkeng Town =3 Gaotang 6.7 10 2 20.0 0 0

N Xiaying 8.7 10 0 0.0 0 0

SFII{H Average 27.2 10 0.75 7.5 0 0
&S K YT4H Changjaing Town HLJE Lizhou 33 10 5 50.0 5 5
Autumn JKif% Shuisong 0.7 10 2 20.0 2 2
35 %8 Chengkou Town &K Encun 40.0 10 3 30.0 2 2

JE47i Houkeng 6.7 10 4 40.0 1 1

K4 Dagiao Town {31 Changba 16.7 10 6 60.0 4 4

FFEE#71E Danxia Street 1% Kangxi 20.0 5 1 20.0 0 0

EJ4E Dongtang Town 15 K Gaoliang 6.7 10 5 50.0 2 2

R Nanhu 6.7 10 4 40.0 4 4

%8 Fuxi Town #:7 Fuzhong 6.7 10 2 20.0 1 1

H 4 Huangkeng Town & Xiaying 8.7 5 3 60.0 2 2

£1J#4H Shitang Town HUE Jingqun 13.3 10 2 20.0 0 0

FH4E Xiazhongben  13.3 10 1 10.0 0 0

[EI¥#A%H Wenshao Town  #£3# Huatang 133 10 1 10.0 1 1

£177 Shizhu 6.7 10 3 30.0 3 3
F-H4{H Average 11.6 9.3 3 32.3 1.9 1.9

e 437 S Bl b A B R I o 1 10
X TR PR LR A DA R 7 2 RN 25 A8 s el L B
S el b HE A7 N R A EL TR TR (R*=0.32, P<
0.001) FIAHFEFES (R*=0.14, P<0.001) By 4H ) A2k 4
(1 2-A~B, 2 2) . 8 e o B A I 45 2R Sk B4 R fH

PR 2 8] ELRR VR O AN 2548 252 AN B 35 (R'=
0.01,P>0.05; [¥12-C, 3 2) , T 40 B8 FHE 7% 119 40 AN 235
AR B 5 22 57 (R*=0.04, P<0.001; % 2) . PCoA %%
SR, B e s TR ARSI 25 SR kg B A0 BE PR (A i T
LA i PCoA 2 (5 25 BTHRFEH 6.1% ) 47 X 43 (5] 2-
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Fig. 1 Comparison of the microbial a diversity indices between Candidatus Liberibacter asiaticus-negative

and -positive Gonggan leaves
FATRAMY IR 5 A AL T 95% B AF X RSN B . ns /R4 Wilcoxon AESHAG LT 22 A 8 3% (P>0.05) . The dots out-

side the box are data outside the 95% confidence interval. ns indicates no significant difference by Wilcoxon nonparametric test.
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Fig. 2 Effects of orchard location and the occurrence of Candidatus Liberibacter asiaticus on fungal (A, C) and

bacterial (B, D) composition and structure on Gonggan leaves
B AN R 5 AL T 95% B 5 IX 8] 48 . The dots outside cluster circle are data outside the 95% confidence interval.
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Table 2 Permutational multivariate analysis of variance of the factors affecting the microbial composition

and structure on Gonggan leaves

W H E RV Fungal community AU Y% Bacteria community
Item dr R F P df R F P
MG & Orchard location 6 032 372 0.001 6 0.14  1.34  0.000 1
PRSP BB With Candidatus Liberibacter asiaticus 1 0.01 078  0.750 0.04 220 0.0001
IR o7 B < S T 1 1O 6 0.09 107 0330 6 0.11 099 0.5200
Orchard locationxwith C. Liberibacter asiaticus
5% 74 Residual 40 0.58 40 0.71

2.3 HIEEEHY M BRAE X B RN
WE—A PO A B8 T g TR 235 S5 kg B M A BH P
i 22 [A) 20 B AR ARG = B Y 25 5, S R R I 7ERLK
b, 2 R A AR AR R BEHEAS B 10 R FE FE N
MIT IR R PR S R B IR R AR R A7
e QR BEEREA R AT R AT R R R ERAT I
BB AR, BRI 2 3k 5 0.47
F10.54 (E13-A) o Hor, R TRk 40 TR () A X =F B

A 10T B RI92& Unassigned

ABFVEAE St 9 0.01 S 21 3 BHAAEARE S iy 0.1
(P<0.001; % 3-B) , = ZLIH R Tz B} T i (1) M A% 8
TG 7 2 AR L B 9 22 A0 Al . 52 A0 A, S5 AR
AR BERE A T FC AR AT R R A X 3 R AR
FHAMERE i A — 2 538 i (181 3-C~E) , (H X R 15 5
RV 52 AR, FEM MO R BIR R B
BREARHFII AT AR T B BH MRS S o — 8
(Y AR (11 3-F~1) , {H ) A ik 3] g B K

057 B
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Fig. 3 Differences of major bacterial families between Candidatus Liberibacter asiaticus-negative and -positive Gonggan leaves
FEAAN B R AT 95% AR X R AR . ** 7R 4 Wilcoxon IESHUG 107446 5024 7 8 3% (P<0.01) ,ns M FIR 22 5
AEFE(P>0.05). The dots outside the box are data outside the 95% confidence interval. ** indicates significant difference by Wil-
coxon nonparametric test (P<0.01), ns indicates no significant difference (P>0.05).
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2 TR R T D RETE RS AR T, B TR 0 T
B 24 T AR v BB IR A AU AR A S
ARSI AN T S, [ A S 25 A A P S o
PRI T 5 2 QRBP4 B A 2 A Dl . (B
BN T 0T ST I B2 1 AR MR I B (141 4-A~B)

1.0 A ns 0.5

O] sh 3k R T 2 it (8] 4-C~D) HA & 5
(P<0.05) . 1Rz 5T B4 Jad Yo 200 T 2 e A 9 T B A
DURR A ] A% ) 35 PR T 5 5 19 sk (LAAE X =F i
FHE) M 0BG INF] T 12.6%(P<0.001;K4-B D).
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Fig. 5 Correlation between the Gonggan leaf bacterial groups and detected content of Candidatus Liberibacter asiaticus
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Fig. 6 Co-occurrence bacterial networks of Candidatus Liberibacter asiaticus-negative (A) and -positive (B) Gonggan leaves
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