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Application of high-throughput sequencing in citrus virus

identification and analysis of population diversity
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Abstract: Citrus, as an important component of global economic crops,is the world's largest
category of fruit. However, citrus is also a host for many viruses and bacterial pathogens, and its
production conditions are threatened by various viral diseases. These diseases are widely
distributed worldwide, causing severe impacts on the yield and quality of citrus, resulting in
significant economic losses. The viruses that severely affect the citrus industry mainly include:
citrus tristeza virus (CTV), citrus chlorotic dwarf-associated virus (CCDaV), citrus tatter leaf virus
(CTLV), citrus yellow vein clearing virus (CYVCYV), citrus psorosis virus (CPsV), citrus vein
enation virus (CVEV), citrus exocortis viroid (CEVd), citrus leaf blotch virus (CLBV), citrus

sudden death-associated virus (CSDaV), and satsuma dwarf virus (SDV), etc. Among them, CTV

Wk H#H: 2024-11-05 B2 HW: 2025-01-16

BEEUH: EFXARFFESIE (31860488)

W%mn &), &, EEBEORRAR, O T O E R . E-mail: X18317513414@163.com
1B{E1E# Author for correspondence. E-mail: yilongswu@163.com



is one of the most destructive viral diseases in the citrus industry, leading to reduced citrus yield
and quality, weakened tree vigor,and even death. CTV, a positive single-stranded RNA virus in the
Closteroviridae family, exhibits significant genetic diversity and strain differentiation, resulting in
varying pathogenicity. Based on symptoms and genomic sequences, it can be classified into quick
decline, stem pitting, and yellow shoot strains. CYVCYV, belonging to the Mandarivirus genus of
the Alphaflexiviridae family, has a positive single-stranded RNA genome. Transmitted among
citrus plants by citrus mealybugs, contaminated tools, it causes leaf wrinkling, chlorosis mottling,
and yellow vein clearing in lemons, posing a global threat. CTLV, a Capillovirus genus virus in
the Betaflexiviridae family, is an ASGV strain, seriously harming citrus production. CLBV, a
Betaclosteroviridae family Citrivirus genus member, is a positive single-stranded RNA virus with
filamentous, wavy particles, infecting diverse hosts mainly via grafting and seeds. Lately, citrus
viral diseases are on the rise, yet some pathogens remain undetermined, like for citrus cristacortis
disease. Citrus -infecting viruses often have latency and are hard to detect directly. Therefore,
accurate detection and identification of citrus viruses play a central role in the disease control
system. In recent years, with the rapid advancement of molecular biology technology, rapid and
accurate virus identification and in-depth study of their genetic diversity have become key to
ensuring the healthy development of the citrus industry. citrus virus detection and identification
are mainly based on the biological characteristics, physical characteristics of virus particles,
protein characteristics, and nucleic acid characteristics to establish some methods. At present, the
conventional detection and identification methods for citrus viruses mainly include biological
indexing, electron microscopy, serological detection, and molecular biological detection. The
above methods are well-suited for known viruses and can be combined with multiple methods for
detection and identification. However, when it is necessary to accurately identify unknown viruses
or newly emerging viruses, the above methods are difficult to work. With the emergence of
high-throughput sequencing (HTS) technology in recent years, the above problems have been
solved. This technology uses the principle of sequencing by synthesis, which can sequence a large
number of RNA and DNA molecules in a short time without prior knowledge of the virus's
biological characteristics or genome structure, thus obtaining its nearly complete genomic
sequence. This capability solves the limitations of traditional methods when facing unknown
viruses and greatly accelerates the discovery and identification process of new viruses. Through
HTS technology, researchers have revealed many previously unknown virus types and deepened
the understanding of the genetic diversity of known viruses, providing a scientific basis for
targeted control strategies. HTS technology also shows great potential in population diversity
analysis. By sequencing a large number of virus samples, researchers can obtain rich genetic

sequence data, thereby analyzing the genetic variation of viruses, evolutionary trajectories, and



their interactions in the ecosystem. This provides a powerful tool for understanding the
mechanisms of viral diseases, predicting virus variation trends, and assessing the effectiveness of
control measures. Although HTS has achieved significant results in citrus virus research, it still
faces some challenges. For example, the complexity of data analysis and the need for
bioinformatics knowledge limit its popularization and application in some areas; the high cost of
sequencing is still a major obstacle for resource-limited areas. In the future, with the continuous
development and optimization of technology, HTS will play a more important role in the
identification of citrus viruses and population diversity analysis, providing strong support for the
sustainable development of the citrus industry. This article reviews the latest progress of HTS in
the detection and identification of citrus viruses, as well as the challenges and future prospects in
citrus virus research.
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HTS AR NFAH —ARMFHA (Next-Generation Sequencing, NGS) BIR Ml [5 (Deep
Sequencing) 1. HTS AR A% OAE T4 & AT (Sequencing by Synthesis, SBS) JiHE,
RERS — XX E 7 2 40A T34 DNA 73 7T IR, s34 ik DR A el e s AL I 18 R
M, HIETESE 7 MR T A e e I 2R AE . B S5 sP P B, BT fiddhr
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Table 1 The citrus viruses identified through high-throughput sequencing in recent years

L& Y4 FERFA R E R H 0y SR
Chinese name English name Genome Viaceae or order Age Reference
HH R AR SR citrus chlorotic Geminiviridae

ssDNA 2012 [20]
R TR dwarf-associated virus XL R EE R
AR PR XU 2 Kitaviridae
citrus leprosis virus 2 +ssRNA 2013 [21]
AR 2 Jb & iR
FHABIRBEBE A Rhabdoviridae
citrus necrotic spot virus -ssRNA 2014 [22]
Ik LI
LI INES S
citrus jingmen-like virus; citrus Martellivirales
WiTE: HHAGATIR +ssRNA 2017 [23]
virga-like virus SRR BT H
FAR T
MR RS Rhabdoviridae
citrus leprosis N dichorhavirus -ssRNA 2017 [24]
A B AL T [N
FHATABERBE A Rhabdoviridae
citrus chlorotic spot virus -ssRNA 2018 [25]
i PP R
FEA7S 110 58 £ B citrus concave gum-associated Phenuiviridae
-ssRNA 2018 [26]
T virus SRR E
Phenuiviridae
R A citrus virus A -ssRNA 2018 [27]
SES T
FH B 2 440 R RNA Pospiviroidae
citrus bark cracking viroid 2020 [28]
ES R Circular RNA BRLE il 3P E S ST
FH A 2 ik £ Bt citrus yellow vein-associated Tolivirales

+ssRNA 2021 [29]

kS virus F A MBS E H

Betaflexiviridae
AT T B 03 B citrus yellow spot virus +ssRNA 2022 [30]

LRI R

A jivivirus Af Virgaviridae

citrus jivi-related virus 1 +ssRNA 2023 [31]

K E 1 HAIFE SRR

A7 240 ik B citrus yellow vein clearing Alphaflexiviridae
+ssRNA 2024 [32]

Ik virus RS i 35 )

2.1 HTS £ARTE CTV SRR

HTS HARLEMIG 3B %5 8 SR EE 2 FEvE A 7 R, YR B T ok 7 5
P BT 3T, A AR 5 1R 00 A A AR Pk A 1 DB A AR 3 IR B (citrus tristeza virus,



CTV) 51K, ZIREEE IR A WA DL 2 Ml du ) 2 AR 48B4, CTV T E A fE
R 7R, PR R R E CTV RIE TR . VL7 S5 ) B AR A A, Bl 75 DD
NI ER WG AR WL TR ARSI R AT A B R,

2021 4, Cunha Z5COERYN 22 BHRL T FRSCHIA 78, 41X CTV %5 SR 2 BT 2
Mo ABATTIEH HTS HR, i KBTI, 4546 RT-PCR Fl RNA-seq /7i%, MAHHEJE
Y SER DO B RNA, SIS 4 E H 2 A CTV MR EBIEENLGIY
RNA-seq, fETHWHOCHIFIIEERZATT, HEAHIEEEEEERAMZ RGN, ST
XF CTV BRI ) s R U 5 R Ve  BIF FE 30 A TR 7R 1 2 S RHE A s b CTV MR
AR, XK RS TR0 P B 2R DUA A 1 DR IR PR AR R s BEARRL, D T
CTV HIsFR AT . AL 7 SRS AR A 1 A PR A BB 5% . A, BEIOUT 70 Rk
HTS $AR 58k 1A% G0 7 77 1R SR BR-A%E, DA SE AR RS A NI S8 R I 1) 56 RROK BERE i AR B, 3 —

B T 5 Z 5 Fhs ey 1 (Multimolecular Marker Amplification, MMM) 5 HoAth 7 A 11 ik
BB X Ay 22 B e AR H At [ 5K s AR R B 4R SRR SR A TR AR, A IS
TR EEAIT TSR AR AN K

[FJ4F, Bester ZB8EES | HTS A5 B 1E, F T 4%0E 51— BUR & B GUIRE T CTV
BRI % AR S B T R M S IR T R R B A S P R 4L G R A R R
RS T 50% 5 92%iIX P A~k R 4178 o 4 BRE 75 X 43 AF H Atk 5 8 55 98 78 7 B 5 [R] Y
TR v BT R B A o LR AT RO IX 73 1 B SER R A 5 5 AR E AR BT A e
P RIS TR A G A B R A X ) B AERR, IR AR 1 AN [F) 2 (R 2 2 ) 52 2% A A B
ERINLE . (5B HTS HoR 54EM1E B0 A HLES &, Bester D %€ 1 AN CTV
FERIAY, (A I R I 1B () R B AR AR BR A P 41, 1K — R AR R T BOR A B 2
PERZR GRS S . RN, AR 8w RS B i s, v CTV 2R AL
MBS E SR A 7 IR SRR S, ) TR T RRNAB SRR ERANKE, XI5
TEA 75 55 27 I 5 U — T0 E R R

2023 4, Ghorbani SFPIIEF BIALERE X, FIH HTS BR, HIRFEM T CTV Sari
PR A B Ak R AL P A o B FEANBORE B AT 17 200 3 PR B AR R e A L HE A R 2R, T HL
B FUEW T Sari £k 2 -5 HoAth 356 PR 2 [ (R b S RUBOREME o 8 Sk TR ON R T B R DR A R
MR RIEZE R, R RET P13 FEF TR @RI R, NIRANEE CTV 5L
TANLEITTRE B EAL A . BAh, (5B HTS HoR, BEFEN RiEd#E— SR TR EREE RS
TR RERR I I N FEBCR , RS HER 12 CTV DL BERTAG P b i e R R 5ok T B K
R T o

2.2 HTS FARTE CYVCV F R

HTS HiAR R H M 55 A Bk B9 8 Ccitrus yellow vein clearing virus, CYVCV) H1% € &
TR 2 AR 2 BT 800, ST 77 5008 205 JEL AR FRD RS Rl 5 5 DR LR FEE A, TR B Al R b A )
TR S YA EAE RSN R R, Dy IR T BOAE AT 9 2508 B1F 70 U 12 F B33 5E



TR, 2017 4F, Yu 25UNZ H sRNA M5 4R, MR FT A5 Hh s L n] 4 Hh 4 e
CYVCV-CQ FERAr Bk, FFmzhill e H A KILRA 75, X2 BT E IR CYVCV
YERR, I E S AN A KL E YL CYVCV B Y, WOKHIRTE T 9% 359% AR KRS
AL ST AR FE T, BFFE N G AR sSRNA ST HOAR M KL RS J1, #87R 1Yk
2% (R BE R O BR WL A1) 5 00 T B0 A TR T 3R, A 3 - R AH LA T W OO R 4 T R A2
I, @I RGHA M, R R IR R HUFERIE CYVCV 40 B bk 2 [ 6 R 5 7
YA — Bk, Dy AR R AR 2 REVE AT B A SR AT 0 O S

2023 4 Yu SEEIURI A HTS £0K, WRAWHIT LT BED LG CYVCV Ja B 45 5% 4H
Bio AT %EE T 3691 2 S RIA LN, X EEELRTERTA & ISR I s
WY ér A AR A B ARU& R R iz A o GBI IR NI AT, B SRR T R R A
5% A ERSRAE CYVCV R YT FE b % O F 5 F W04 31 AN [R] 3 3 AH DTk DR X 7342
(22 Sk ma R, AR A A A DG R 0 A 34 . X B8R IUONER NFLRE CYVCV
(SO0 AL B S5 A A 1A ELVE FARAE TR AL M . HTS BAR B mnd &, R
REIE, TEE AN R G i s ) OG0 SR AR A ) SCF o 9T A 5hidid RT-qPCR
KAIE T RNA-seq Z5RMHERATE, BE—BIUE T HTS BOARTER YR TE0F 50 1 ) 5244 5 5 F
Yo IX—HFFT R AT P M 55 S B 4 Sk B B AR, 700y SRR HTS HoRTER Y
AT AR BTN 5 B R /7. 2024 4F, Park 5WHEH HTS HoAR, £t MEEE 6 MM
O ANHEIXCRAE 118 MG AP B ST AR TE I T LA . W UMD 4 € th 4 Fhis i,
35N CTV. MGHBEEO% B Ccitrus leaf blotch virus, CLBV) « #AG K% & (citrus vein
enation virus, CVEV) Ml CYVCV. M1, CYVCV % @ E H k. XERIY 7T 2
FOREAE IR TR IR, O 5 BT M A 9 T3 B P T B 8k T8 (0 H AT 5

2.3 HTS $AR%E CTLV FRIR

FERE I FEE O U,  HTS BEAR MR G #ER 9 Ccitrus tatter leaf virus, CTLV) 1]
W R B QT S R . CTLV & —Fh™ & MG AL =1 sE, SR 51 e g R A 28
WG, 5 TAERE®, SR, KT CTLV [ RA 2 FEMERFE, LLAOXFR 2 RE VTR 240
LA B AL, H AT ZIRANM T f#. 2019 4, Tan HUER) HTS BiR, X
KEARFEHX . RAFZ ) 12 B0 CTLV R FEFEA R IFIEIT, MUK 12 4~ CTLV 4 5k
(14 KB R ZH P 41 o S AR SR8 e R T A G0 0 37 S 200 8 43 B e /N DR 4L DX sl 1y 43 A SR BIR
SEEL T X AR RE S Bk R G (M A B AL 5 S BT, g T AR I 5 v 1 T S TR
LT HREl, ST I IRRSARBR ], AR T T S DR A ) A T AR AT B IX A
FERA AR, PR 7 CTLV RURYs . SRR R HAEAS [V A 1) ()3 B E, JFiR
NFHINT TR A M 2 RS RGUK B R R, N CTLV 43 AT (i SL A4 T 5 IR S 1y
RSP HTS BiRTE CTLV W FC RN, TR AT 4 s BRI i f b Ab Jif
ZREVERIERN AT T TS T B, 5 B, EREEA 7 im0 BT BT 5 A 56 TIE A
SEI T BRI SR, AR FE R T U R R R ST RE TR AT X — QT A R T



CTLV A A AER VE AT 520, R D s A (B AR A B i o (8 SR A I S (4t 1 56 Dy i
A IR S R, BETAT B T8 B B, PRFEAO A7 22 4

2.4 HTS $£AR7E CLBV Ff9n

A7 M- PESX % 5% Ccitrus leaf blotch virus, CLBV) )& 2. B £k 295 55 £} ( Betaflexiviridae),
WAEZ) 8.7kb HIZktE. 1E . HEERFZ RNA, RefRZMrE 3, W Ey. WEHE
PILA L AR, CLBY 32 Sl id 545 77 s AT A 4, 72 3R R AR B0y 7. B 7T
®W], CLBV JREE il BE4 G4 SRR PIMIS Y HL FEORE ARG A B X I

53 BRI HH RS (1 8 AL 25 AR AIE o XPREAR Bl Haruka (C.tamuranua) HEAT ()2 RIZE 00
s, R B S TN 7 BRI A7 7E 2 2 B A% 22 5, WG/ JLmT ReARER T M 22 1 —
FioHT 481, 2018 45, Cao ST HTS HOAR, il WARILH 7 RBER B RUEAR (¥ Haruka
AR P S8 H — Rl B IR E RNA Ji 8, Andaoy “ M5O e 2 287 (CLBV-2) . HTS
R PR i 250 77 7S 305 15 22 D5 2 6 A SR 23, A B IR FEE 0 e I R 8030 15 i 3 7
CLBV-2 541 CLBV 4 B MRAEFE N AL S5 i 4 2 A AU 5 22 e . U R EARIE R 2,
CLBV-2 £ 5" JEBH1®IX (57 -untranslated region, 5° -UTR) N EHIlFL EH (ORF1) X
JRILH AR T FIARMNE, TifEigsh®&H (ORF2) | 45 (ORF3) A 37 dEREEIX (37
-untranslated region, 3’ -UTR) XIS I H & FERARANE o X — R I E EE T 2 3 R 47

o Hr, BT CLBV-2 AIfgild 5 H AR R A0 75 A A E 2, AT SRR o 3 B B )
e, s H R EEARR O VORI A o EAL, BRSNSl — R F S, it
AN T CLBV-2 fEM I & B MURe s Ar o AR 48 18 B B3 4 28 % 25 01 2% (International
Committee on Taxonomy of Viruses, ICTV ) Jfr il & [ # kil 43 #5 1, CLBV-2 %% iE AN E K
Betaflexiviridae A B — N HFf, 1K — BURFR S G 55 70 287 U BT 1 20k e

2022 4, Kim %FB%zH HTS $0R, MEREGEM BRI B AR OREIR AT Ak
Jr R FRIUE RNA, BEMHE cDNA SCHFEIFSEREGR LT, & ORISR RNA T F7 3 -
GO IR Le R HEAT P R PR AN A e, AN ORI CLBV & B[RRI K BB Sl .
2R DURGHE IS P 81 EEX AT RT-PCR SE56G15 LLIGIE, UESE T ATEFEAR T CLBV 1) H 2RI Gt

X2 o [ IR E AT IR AR 5 ARG CLBV. b4k, #F5E N 5T HTS HAR TS 5

JeTt oM, PRAL TATEAE AR CLBV BIA R, NG ST RIAT W A0t 6 € F %
SRR AL ZAKYE . HTS HORMM A, B3 IPRAEF & i ORI CLBY SR, dl il Hg
HEE RLA 3 BT i B, o B HOAFAE S FLRE R P B B2 (At e e E 3

FER I T HTS BOR TRE 32 Z5 325 78 b i OO B SEG IS, PTIR T 22 2) i R
FEAAG 9 73 22 QU R B A5G AN AT A BERIPE T, 5 o B 48 3 25 10 L 5 46 8 Ak .
2018 4, HHRAELUIE F R e e oK, 208 1 — PP BN AR 7708% RNA Wi BE. HT 205
FESRIN - e 1T M B B SR ARERDE RUREAR, PRl 2 i 44 DA A AR 4k B )M S 5 Ccitrus
chlorotic dwarf-associated virus, CCDaV) . 2020 4F, FKNNHERUER) sSRNA RN FHIAR,
JEEE G RT-PCR 70 AT F-BL, ABL EMIX ) “40R N7 it i 52 CTV. CYVCV. i



W e 24402899 5 (citrus bark cracking viroid, CBCVd) LA N HAAH G5 (citrus viroids)
ME GG, 2023 4, BAERZECNEDT RNA-seq HiATEM G F RIL—Fp 2/ B 6 25 M
Z 47 RNA Fowss, M) 2Lk KA, o r iR S5 . P AR 2 3t
R Z, BN MG jivivirus AR EE, fr 4 MG jivivirus FHCHEE 1 Ccitrus jivi-related
virus 1, CIVVID)
3 e S PP BORAEAAG IR B MR 22 AR o A o B8 S

LI BEAR A T A I AT A BN A B ) B 0 HEAT S B B9 1 AR B A1 5
P 1) S SR QR B Y 355 R S A KA , I S 25 1 [R)AE ISt 31 VB 718 230 B 9 B AR
b, HEYIRE BRI ED L BB, R, AR R S BORIR R R R 2 R
—E M) SEPR R X BA. HTS HORBENS A R0R M AR B IF S e B A0 28, (RN ZE AT AR o3 2 A
T2 FEPE 23 BT« R DR ST R 2UHR F0 LA ST W 2 00T 90 45 22 D RL 2 AU e B X I A 1,
IXEE R R T X A A A R I (R DA, RS T A BB AL 1] B T s SRR (R 9 5 O e
[53],

AR, MR HTS BORTEMAGAEE N B LA RE C A R 22 57 . R @ N TR EAL
PAS AR E M 45 77 TR KRBT EIRETE . 2018 4F, LIV RAFPURIA] HTS SRR 1 A HE
MG 2 A w0 e RE K, Hh CBCVd 5 CMFPHIE R 53, BRI & R EL 2k
P, B FUIE A H PE T — 2P 9% RT-PCR 3R13 CBCVd — KAk cDNA, FEKIURRett, Bt
—WAEW] T CBCVd IR Z&PE AR 54

2020 4F, Wu SEBMER) HTS $0R, 7R 7 G 340 BEGOM 58 3% Ccitrus yellow
mottle-associated virus, CiYMaV) {E 821X 8% B & (Mandarinavirus) WOETECR, ZIR B
B U A S50 48 (A A R TR 2 AT . RS CYVCV J2 CTV IR ARG, X RN (A
FAEIEAE A AT 5 U RIBEACBLR , AT o0 B A8 A% 2 FE 1 o 2 [ 2 RO I 1
WEFHAET, RN E] CiYMaV, 1X— 45 R IR 1200 3 OB 0 A R A7 A2 IR, B 3
ARENIERA Z R BT TCIRA TR EE MR 2 R 5 PR A R AE B e AR AT

2021 £, Liu SE0CR ] HTS R, 22 B o 78 L XCH AR AR 9 2 1) 2 AR PR AN SR 2 1k
BEAT THEFE, SRS ENRAL TR E G R (Ampelovirus) FIFHEAH %)
& M 9% B 1 ( citrus-associated ampelovirusl, CaAV-1 ) Fl Al 4% AH 3¢ 5 4 & 9 7 2

(citrus-associated ampelovirus2, CaAV-2) LK A GERFER KL IE Wi 5 FL (Closteroviridae) #i

JEIIAERI B B Ccitrus virus B, CiVB) o i UBUHT & B9 25 7 41 5 C A9 2 2 1) R ]
LR SORFAE 0 A« BEACANEEZH 70 M, 8o 10w 75 55 ORI B A AR A0 1% A0 S AN L 2
A, KININE R KRR 78, B DR E 5T MR IR g I e 38 233 | Closteroviridae T 25 1
BN R Z AL XL RIS T AATX Closteroviridae % K21 A4 il W {4 f)
A, EER TR R R AE R, LRCENT S R A AE Y A A
T AH LA R = 2 ML o



2023 4, AR ZEETS8GE ) HTS B, Ml e i 2 B A A vh sl D) % e — AN 8 CTV
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