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ABSTRACT

With a high mutation rate and fast replication, a population of mutated viroid
progenies is generated and co-exists in the same host plant as a population of variants (so-
called quasi-species), showing a huge level of genetic diversity. In our work, we report the
evidence of the quasi-species in CLVd in several solanaceous plants; tomato (Rutgers and
Seda 50), bolo maka and eggplant. An infectious dsDNA CLVd was synthesized from the
recombinant plasmid containing the full-length genome of CLVd isolate Solanum-1
(JF742632) and then inoculated on the plants under specific conditions. The initial
inoculation only successfully infected tomato cv. Rutgers. This CLVd-infected Rutgers was
used for subsequent inoculation of the above-mentioned host plants. When all host plants
proved to be systemically infected, RNA extraction and RT-PCR were performed. To study
the CLVd population in individual host plants, the specific CLVd primers linked with an eight
base sample-tagging sequence were used for amplifying libraries. The average 20,237 CLVd
reads per PCR-replicate and 22 progeny variants in total from the first infected tomato plant
were obtained. Among these 22 of CLVd variants, we found 22 total number of single-
nucleotide polymorphisms in which average three point-mutations per CLVd genome mainly
in Terminal Right and Pathogenic domains were observed. In addition, the estimated

mutation rate of CLVd was calculated at 8.15 X10_3. Our data demonstrate that CLVd
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in a host plant exists as a population of
quasi-species while showing host specificity
of the dominant variants as host-driven in

planta evolution.

Keywords: columnea latent viroid; quasi-spedies;
population study; mutations; high-throughput

sequencing
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hiseeatdnsinsnateiugganasziinig
F1a93f7398590n deawaliiinnisasnengy
variant veshisesAfifiafuasiugnssuadedu
Iuunnegswiulufivendedunednu ie
quasi-species d@iuavilitAnAIIUTAINAY
yaugnIsegisumma euidedlddne
quasi-species 994 CLVd Tungiioinaiug
Rutgers wazdnn50 suiviazdn wazuzidowsne
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Tnaldinaiia amplicon sequencing wazld
Twswesfisnniziuge cLvd fideusadu
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wiia variant 999 CLVd Tu library Wan 5@ nen

wudn Tusifug Rutgers Iédeyadnuau CLVd 10de
20,237 read 619 PCRreplicate TagWud1u7U
variant Vlzﬂélu 22 variant uagdl single-nucleotide
polymorphisms 1ade 3 funtssadluy aglu
U340 Terminal Right Lag Pathogenic domain
uenntl wudhsnsnanewuiiadeves CLVd
Solanum-1 7 8.15 X 10 mae1naiiseiu
N157gaUN1siAn quasi-species a9 CLVd uaz
wud wiAved dominant variant SAnanieatos
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Columnea latent viroid (CLVd) wu

Wwelisesdluana Pospiviroid Miwideans

q

)}

Tsrugiiomanazniniidvuinidnian i
sarUsznouduefiueaeiionafilid
Tsfurenuaynin wazliaunsneiusia
Wugnssurseduasizilusaule 4 10 dauie
Fundeud 367374 analolnd (Ding and
ltaya, 2007; Gago-Zachert, 2016; Navarro et al,,
2012) Taesialu3Tunvedelasesdly
ana Pospiviroid aglusulassa¥ienfegili
Janwazaaeldivin (rod-like secondary
structure 1losan drduiuaiidnuazidu self
complementary base-pair (Dingley et al.,
2003; Palukaitis, 2014) lnglassasneianan’
faudAgyaesasnisnelsnluivefuves
L%a CLVd waganunsaduunaenidu 5 domain

Aa terminal left (TL), pathogenic (P), central (O,
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variable (V) wag terminal right (TR) domain ag
TL domain a2 C domain Sunumiigitesiu
nalnmssnasssveaiiohsess (Flores et al,
2012) Wurinaiddduiuasysngdiuiunn
fidnwazidu lethal mutations Faazdsuanszny
Feussonsnelsalunte Y (Tangkanchanapas
et al, 2020; 2021) vouzdi P domain vigates
AUNISWAILIBINITVBILSAVUNTD1AY LAy
vV domain tHuusiiasunusiidssuiua
ﬁmmimaﬁqm (Keese and Symons, 1985) Lay
onfldiigidestunismunudnuuyeinis
WAZAIIUTULTIVBILSA (Tangkanchanapas
et al, 2021) wazluusiaas TR domain ¥mting
Aeadeatunisiadoudrsvesounialisesd
AMelutgaaivludiuSiiuidlindeainy
(nucleus-specific trafficking) Taua1991 8
Virpl TWsAufivifiguand@lunsduiu TR
domain vatlisaeiuazniaynialiseenluds
fupdvaie |Juusnafihsessinnissiass
é’hu,azL?]uaaqm'%'uéfusuaqﬂa"l,ﬂmsam%a 59389
n3nszaefvendelunussuuriodndsdly
Wwefe (Kalantidis et al.,, 2007; Steger, 2017;
Zhong et al., 2008)

o cLvd wuasausnluduavadn
(Columnea erythrophea) filsiuansa1ns

a

AnUNA Tusguusuaun Yssinaansgaiusnn

£%
a a A o

(Owens et al,, 1978) 1¥pUUANId Ny 1A
1 1% o o 1 = C% QIJ A

ABUYNANNA LU UelVana Jurse ugleilsie
w3n Wyl Uedn Gynura 1iNg1Y LAZKAINI
Wudvodeundn (nunudl way adefing, 2561
U3y wagAne, 2556; Matsushita and Tsuda,
2016; Owens et al, 1978; Verhoeven et al.,

2004) 139 CLVd @1u150818MannIun1nlan
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Wuglungilawna fyilly WAINI1 wag N3N
(nunuel wazAtlafing, 2561; ARUSEAN, 2551;
Constable et al, 2019; Hammond et al.,
1989; Matsushita and Tsuda, 2016) Tlu
Uszmelne wuideviadiduadausnlunlas
wAnaiuguzTomagnuan 7 9. vouunu Tu

v sa

Y w.a. 2547 Fadutudanondwusnuniiann

9

a 3

AgUszina Lilethanldlunisudaudniug
anuay (USiwwg, 2548) waglul w.a. 2554 wu
e CLVd variant afeusnlunzdn de CLVd
isolate Solanum-1 (GenBank accession No.
JF782632) FaFeroliiAneinisgunssluugdn
wazuziloma (USiuwg wavae, 2556)
T15980lu13d Pospiviroidae o1#y
\ouleal DNA-dependent RNA polymerase |
(Pol I Tuineduaveswadiialunisiiuusune
(Flores et al., 2011) dleveulay polymerases
YoafiuAold RNA aasliseundu template
wnuiiazld DNA muUnd nafiniuundsinly

Y v 6

hsegdndnaesioanunlnliidnsinisnatenug
= =4 ¢ L. 5
ngeun¥u lng luied Pospiviroidae 3¢i8n1
v s -3
N1INANYNUG 5x10 (Brass et al.,, 2017) uay
4 . -
1.43-2.63x10 T potato spindle tuber viroid
(PSTVd) (Lopez-Carrasco et al., 2017) #9013
\indnsinisnatgiugngaludunaunisdiaes
fveuteliseent dwaliinngy variant 994
aunahisesd (eumahisosandiluundasu
dl U U [ U 6 A L3
wanuansaii) suuegswmiluwadiuead
Weniu 93enUsIngni1sainenanddn “ quasi-
species” (Brass et al., 2017; Domingo et al,,
2012) N19LANNITI18DIAIT 9 V9 variant
aynialisaed v lviiianisazauveIngy

s

variant 1asedsugnuauniinisnangwus

]
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avay FuSundnuaeding1ain “swarms” n3e
“clouds” Fausiay variant fiUSumazaud
wansrefuluTufusiinvesiivedende
dauandeu (Domingo et al,, 2012; Lauring
and Andino, 2010) sAdeiiiitagUszasdifie
Anw13TmUIN19999U5881ns CLVd variant
luivordevatevin dnsIn1snaenugued
o CLVd mnuiuudsvesdifuiuaves quasi-
species Fldsuntatsniueiinfivends was
AnwIMaued hotspot mutation UUILUNVDS
o CLVd Solanum-1 fifisiearuaissves
Tnssadranfogiives variant veade CLVd Lo
Wudeyalunismuuimistasduidauazan

ANUTULIIvaslsasialy

aUnIaluazIsNTs

1. M5WA3BY infectious dsDNA vauda CLVd
isolate Solanum-1
Tusuddeididenlddansdansiza
infectious dsDNA CLVd clone 310 recombinant
plasmid fiflany full-length genome ‘U’ejx‘il,%a
CLVd isolate Solanum-1 ‘Uiiﬁ]‘as“j (Figure 1)
dieldidu cLvd variant ien (single unique
sequence) lngduATIzsiany linear full-length
CLVd dsDNA 310 recombinant plasmid
(FigurelA) fifiang full-length genome WY
‘U@QL%@ CLVd isolate Solanum-1 YuUn 369
bp (MU 178-177) U338 (Figure 1B) lng
anfAlnsiues PC-2 (Table 1) MuBn15v04
USiug wazaue (2548) lnelloanusynauved
UFATendatl; 10X Afu buffer 5 pl, 0.2 mM
dNTPs, 2 mM MgSO,, 0.16 mM glnsiuas,

Pfu DNA polymerase with proofreading
activity 1.5 U (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) wag purified recombinant
plasmid 120 ng TasUfigeniiuTunssausiedu
50 pl 91t blunt-end CLVd amplicon
fdaaseAlFlusinliusandsie SmartPure
PCR kit (Kaneka Eurogentec S.A., Seraing,
Belgium) AydadoumLtuLazANIUTANS
e NanoDrop ND1000 spectrophotometer
(Isogen Life Science, De Meern, The Netherlands)
ey 2% agarose gel electrophoresis Fudinan
11 blunt-end CLVd amplicon Aldluidousie
LU self-circularization Wag multimeric linear
form ladaAs1g9t CLVd infectious clone
(Figure 1A) Imaﬁaqﬁﬂisﬂawawﬁﬁ%mé’ﬁ;
polyethylene glycol MW 6000 5% (w/v), T4
DNA ligase 5 U (New England Biolabs Inc.,
lpswich, MA, USA) wag blunt-end CLVd
amplicon 10 ng/ul MniuUURATeNT 16 o,
Prudu wagngaUfATendaenisund 65 o,
17U 10 W9 (Tangkanchanapas et al., 2020)
M519dpUUTEANTAINYRIUNTe ligation
(Figure 1A) meinaila PCR Iagldelnsiuas
CLVd-infect (Table 1) #iuuus 23-68 (Figure
1B) duusenauvealisen PCR ﬁé’wialﬂﬁ;
10X PCR buffer 2 pl, 0.2 mM dNTPs, 2 mM
MgCly, 0.2 mM @lwsiuas, FastStart™ Taq
DNA Polymerase 1 U (Sigma-Aldrich, Saint
Louis, MO, USA) wae ligated product 1 ul
Uisenfivsuimssan 20 pl anliudfnsen
PCR #1135n13984 Tangkanchanapas et al.
(2020) M519@0UNA PCR A28 2% agarose

gel electrophoresis
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2. nmsUgnialasesduuiisnadauuaznis
iusnw

11 infectious dsDNA CLVd mﬂ@um%a
UuNgWawmANUg Rutgers 918 3 §UAM 6
75na (slashing) 97uau 10 au laen1slddiania
vuunud i uasunagUUInaaiy 91ty
Jeluinansavany infectious dsDNA CLVd
USH1ad 5-10 pl RuAasuULKNe LazUaunanie
ws1fdy anduilugualulsadeunisld
JEUUANNUARAENINTINN TngArunLanil

1 27 °%. p53daueINIsisAnn 3-4 Ju Lile

UziWanaug Rutgers uanan1slsanaaugn
WD 6 dUAY hAZASIANULTD CLVd A1835n1S
RT-PCR 9UNAUNLLUDLNANAALTDAUAINGTD
ulgugnizelviuiianaasusiinie q lawn
= [} = = =l
ULWWOIMANUGANI50 Uz wazuzlalUsiy
v aa o %7/ 1 a = %3 =
AEITNA U 5-6 TsavRANTD A TagN
gj @ [ = ¥
Maruagniiuinelulsusouniglaaniie
= ) A vy A o
WEINU LB TDIANTNAADULAAIDINITNI N
99415ADYNTALIY IINUUIITUSUNITAMNLTD

CLVd sewmaida RT-PCR

A PC-2 primers
~ self-circularization
romoter
Ling A ; e
\ ' Sy . multimeric linear forms
PCR blunt-end amplicon ligation
S —— e lioear
(wrong orientation)

Recombinant plasmid: pGEM®-T Easy Vectors s non-ligation

e-CLVd infect  h-CLVd infect
— ey

CLVd-infect primers ‘ PCR (for checking infectious clone)

——

Jn 7[ |]u
1
370 300 2%
1 1

Figure 1 (A) scheme of infectious dsDNA CLVd construction: start from blunt-end linear

dsDNA CLVd synthesis with PC-2 primers and Pfu DNA polymerase, then licated the
blunt-end amplicon which resulted in several ligation product forms (self-
circularization, multimeric linear, multimeric linear with wrong orientation and non-
ligation) and examine the efficiency of the ligation reaction by PCR with CLVd-infect
primers; (B) The position of specific CLVd primers: PC-2 and CLVd-infect

Table 1 Details of primers used in this work

Primers Sequences (5’-3°) Positions Tm®°
c-PC-2 TGTTTCWRCDGGGATTACTCCTG 153-177 56.5
h-PC-2 GGGTTTTCACCCTTCCTTTC 178-197 56.2
c-CLVd-infect TGCAGGGTCAGGTGTGAACCAC 23-39 63.2
h-CLVd-infect GCCATGCAAAGRAAAAAGAAYGGG 40-68 63.0
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3. N15ENABI51UD N1SIATeN library uag
n19¥11 amplicon sequencing
afnesioueaInmedsluiivnadau
fifieudo CLVd #10819a% 100 un. daoyn
Spectrum™ plant total RNA kit (Sigma-
Aldrich, Saint Louis, MO, USA) #1338n15v84

Y a

Juan uaziionfiduledliundaaiiziae
complementary DNA (cDNA) ¢18 iScript™
cDNA synthesis kit (Bio-Rad, Hercules, CA,
USA) a1ndusinujAsen PCR Tagnasléy
Twsiue$ CLVd-infect (Table 1) fifinnsideuse
tagging sequence 911U 8 Tamdlalnaneving
fiuane 5°-end wosglnsiues el dusvily
AM3SUNUATAnALTU DNA amplicon 210
NINAABUUAATZAI0E19 dIUUTENDUVD
U§3en PCR fifarialuil; BIO-X-ACT short mix
10 pl, 0.2 mM fjlWiLua%ﬁL%amia tagging
sequence kaz cDNA 1 pl UfAsendiuTung
593 20 pl Alludgisen PCR mm%’umauﬁ’ﬁ;
94 o5, Y1y 3 Wi nTuALFETuREU PCR
40 58U (94 °%. w1y 40 U9, 59 °%. W 40
T wag 72 °%. WU 40 TuN) wag 72 °w.
17U 10 W9 (Tangkanchanapas et al., 2020)
Fre¢19a 4 91 Tneld tagging sequence
wonAfuiiosyyuenviaunasinvesiegn
RRLGE!

Tuduneusouith amplicon product
Fanuadidsasgilduriunisiliuians
72875 Sera-Mag™ SpeedBead carboxylate-
modified magnetic particles (Thermo Fisher
Scientific Inc.,Waltham, MA, USA) #579@9U
U5u1nae3 amplicon product 7iladae

QuantiFluor® dsDNA system (Promega

Corporation, Madison, WI, USA) Nt VS
ANULLTUTD AR 019l 80 unlunsy
warsmiedeiil@du brary (2 91/pooled
library) ¥ usiag amplicon pool library Ldeuste
WU Ilumina adapter g liusn1sinsent
a1euLud (Admera Health, South Plainfield,
NJ, USA) saen1slaiym KAPA Hyper Prep PCR-
free ligation kit (F. Homann-La Roche AG,
Basel, Switzerland) 11 ligated library Vavue
TUFmszimigiduiualaeinies Miseq v3
instrument (2 X 300 bp) (Ilumina, San Diego,
CA, USA)

4, %uﬁlaumﬁﬂmsd'm%'aga UAZNNSIATIZH
Tuduving
Fansdeyailindeainitasizsing
d19utugann high-throughput sequencing (HTS)
library @1135n15999 Tangkanchanapas et al.
(2020) Mnsiuthdaya read sequence Hanain
999 CLVd variant #ilduaz CLVd Solanum-1
isolate (master sequence) 1M3LAT1¥% multiple
sequence alignment a1elUsATU MUSCLE
(MEGAT) (default parameter) (Kumar et al,
2016) Laza31e phylogenetic tree paglusuATY
MEGA7 1auLlaani8n15 neighbor-joining
(bootstrap 1000 replicates) ¥INITHATIZIN
major SNPs (single nucleotide polymorphisms)
fiindudianun waslassadiandond
(thermodynamic secondary structure) U84
variant CLVd Solanum-1 %QMN@‘ﬁ@ﬂﬁ]W‘U
AaulUsinsy RNA folding form program
(http://unafold.rna.albany.edu/?g=mfold/R
NA-Folding-Form) Taeidenlassadiamfenii

A1 Gibbs free energy d1igaunlylunig
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WA UaziUTeuiiieulaseasimienives
To CLVd isolate Bulgun Chaipayon-1 LP1-15c4
ag 93007481 (14A) (GenBank accession
KM214216 JF446920 wag AY372392 Anuanu)
591049 progeny variant 614 ) RES CLvd

14 3 isolates Mg

NANISYAABILAZITO

1. a2uarursalunisnelitialsnuag
infectious dsDNA CLVd Solanum-1
HANITATIVADUNITAUATIZN infectious
dsDNA CLVd isolate Solanum-1 fgwaila
RT-PCR U1 infectious CLVd clone fidawnss
Ieuszneuludhe dsDNA CLVd fegluguuuy

self-circularized ez multimeric form (Figure 2)

=

Fana 2 sUnvuAnandauaudinelviianis

a & a a P vy Y]
mm%aLLazLWMUiNWmiuW%aﬂﬂalm IWEJ‘Via\TQ'Wﬂ

M |

dimeric sized mp

monomeric sized wp

n15UgnLdedae infectious dsDNA CLVd 18w
Je831781 6 dUAY Liilesusilowmeiug Rutgers
$1uu 1 910 10 fu winlu fiuansernisinung
AUENYNEe1N1SYeRTe CLVd wavaunse
PuduNanien19m329 RT-PCR sldugiioinea
Wug Rutgers fifnTo97n infectious CLVd
clone dfugfandraidu inoculum lun1sugnide
vuitneaeu 3 wia lawn usameanugdnnso
Ugdn waruzleolusie (Figure 2) Inenasain
Ugnitie 1-2 ey fmasouiavuauaniainis
Tsafilanizaeads CLVd wazaruisadudy
nan1sindolisesdlddioinaia RT-PCR
(Toyalalléuans) mnuanisvaaesgnidoss
infectious dsDNA CLVd Solanum-1 t#iul@an
infectious clone fenaniidnsinisanded

Aoudnes (1/10 &)

Solanum-1 | buffer | M

Figure 2 Infectious dsDNA CLVd Solanum-1 products. The mixture of infectious dsDNA CLVd
products; self-circularization and multimeric dsDNA CLVd forms. Monomeric sized bands
indicate the full-length genome of CLVd. Dimericsized bands indicate the double full-
length genome size of CLVd. Solanum-1 indicates ligation products from CLVd GenBank
accession JF742632, buffer indicates non-DNA target and lanes M: 100 bp DNA ladder
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2. 4529115 quasi-specie vau¥e CLVd
Solanum-1 lusziWawmanug Rutgers
Tuns@nw quasi-species sequence
variation v@4nquuseyIng CLVd variant a2
tnAdlA indexed amplicon sequencing WU
37UU CLVd sequence read WA 20,237 o
PCR replicate luziiawmeiug Rutgers (Table 2)
InednwazUszans U9 CLVd progeny variant
Hmuafinuianusansiindsuianalelng
989 Solanum-1 master sequence (GenBank
Accession No. JF742632) 98139aLau Na12Ae
progeny variant Hunfinsanuiisuaueau
22 variants 39dd1fuivadieann CLvd
Solanum-1 (Table 2) Tnevie 22 CLVd progeny
variants ﬁ?u aunsaduunduy major progeny
variant (>1% prevalence) 31U 7 variants
1A variant9 Run2 (60.7%) variant23 Run2
(19.8%) variant207_Run2 (2.8%) variantd72_Run2
(1.5%) variant514 Run2 (1.4%) variant698_Run2
(1.1%) uag variant718_Run2 (1.0%) luvenied
n323ldnu CLVd Solanum-1 sequence Sud
(Figure 3) $9d0AAE0IAUTIHITUVD
angkanchanapas et al. (2020) finu31 &4
nalnnsAngehseeslufiverdeaseliinns
a¥suavaraunguued varant Inififiany
waneneanlasesi3unsn uenani 91nn1s
A539d8UUEIINT Vo9 CLVd Solanum-1 variant
Tuflamagousionun linu CLVd Solanum-1
master sequence #ildvin1sUgnitesausly
Funouwsn
d1m¥un1siesgdsiuntaiiiinng
naneiug (single-nucleotide polymorphisms,

SNPs) wu11 CLVd progeny variant ﬁgwm

i1 SNPs 22 fiunia (Table 2) Usingeg 2-5
funlssodlun Tl SNPs #dn 2 Awnils A
SNPcion W81 SNPay7zy 881UUTIIM TR domain
Fsusngeglunn CLVd progeny variant (100%)
Tuvauefluudians P domain WU SNPs §113u
6 ALNUS bAWA SNPa7ac SNPassoe  SNPasorc
SNPUsosn SNPUsiix WaE SNPsisy Tasfinanui
Tunisasranuwindu 1.0 1.0 21.4 224 15

way 2.2% auannu (Figure 4) wananildy

i
P=1

wu SNPs TuuTiandu q vesitie CLVd Fed
SNP 56 (1.49%) Tu TL domain, SNPagrc (3.6%)
Tu C domain tag SNPcigsy (2.7%) T V domain
(Figure 4) MTIATITAUALAIUIUSAIINITNAY
fugresido CLVd Solanum-1 Taglsissddy
wavdnalnguesng 2 fu wudn §asinns
naneitufiadeveatoogluszdugs fo 8.15 X
10 (Table 2) FelndLAsefusBeuvosLTe
psTVd daidulasesdluanatieniu Afidas
nsnateudiadeeddl 1.5 X 10" (Lopez-
Carrasco et al., 2017)
dmsunisiasieilassainanie gl
U8 progeny variant L‘dga CLVd Solanum-1
WUIT SNPs BEA 2 ARUI A8 SNPgon hAY
SNPy7y danalagnsasiolaseadnanie gl
Tneituflilassasoiondilliauysaives CLvd
Solanum-1 nausnagluanm rod-ike secondary
structure fiasysadls (Fisure 4) uazlumsvaaes
f‘:l:ﬂ‘wu CLVd Solanum-1 master sequence
flggnideliluiurounsnfufiennaeuynuia
wansliiiiugn 1nseadns rod-like structure 7
auysalilanudwdusersdasienszuiunisin
ouazroliAalse Seorafuannsls cLvd

progeny ¥n variant #1a3533anulunzidoina
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Wug Rutgers Lﬁmmsmmaﬁ’uﬁﬁﬁ%mm SNPc1g0n
ag SNPA7ou %"aaeum%nm TR domain #anAa o4
AUT1891UUDY Tangkanchanapas et al. (2020)
ﬁWUdW variant9_Run2 %I’\‘il,flu progeny variant
finsranuldundign (60.7%) & SNPs Using

LB 2 FUAULYITUY A SNPcigon b SNPa7aL

Jafieudululedn CLvd variant9 Run2 9191y
variant LLiﬂﬁLﬁﬂmiﬂmaﬁuﬁjwé’amaﬂgm%@
Tunpiemeiug Rutgers Faanuidoildfigay
miiliﬂﬂg]l,l,azﬁaguisuaﬂ quasi-species evolution

‘UEJ\%L%IE) CLVd Solanum-1

Table 2 Summary of the data obtained for CLVd Solanum-1 in the first tomato cv. Rutgers

Data obtained

CLVd Solanum-1 in tomato CV. Rutgers

Total bases read (4 replicates)

Mean depth

Unique mutations'”

Average mutation per genome
Total mutation count” (4 replicates)

Mutation frequencyy (x 10°)

2,606,469,600
20,237

22

3

21,238,300
8.15

" Number of different mutations found (presence/absence)

# Numnber of mutation reads
¥ Total mutation count divided by total bases read

variant718_Run2 | | minor variants
L L S 11.8%
variant698_Run2 -
1.1% —_—
variant514_Run2 —————
1.4% )

[ y
| variant472_Run2 —
15% [

| variant207_Run2
28%
variant23_Run2
19.8%

mvariantd_Runl
= variant514_Run2

m varfant23_Run2
mvariant698_Run2

— variant®_Run2
! 60.7%

= variantd72_Run
minor warlants

= variant207_Runl
= varlant718_Runl

Figure 3 Pie chart displays major variants of the first tomato cv. Rutgers plant infected with

CLVd Solanum-1
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Figure 4 Position of major SNPs on the CLVd Solanum-1 secondary structure. The blue bar
shows the % prevalence of major SNPs and the position on CLVd Solanum-1

secondary structure
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(Tangkanchanapas et al., 2020)
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® : Major variants from 1* infected tomato cv Rutgers
_ + Minor variants from 1* infected tomato cv Rutgers
: Variants from tomato cv Seeda 50
: Variants from bolo maka
: Minor variants from bolo maka
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Figure 5 Evolution of CLVd Solanum-1 quasi-species within different host species from the
neighbor-joining phylogenetic tree analysis. The major and minor variants from the
first tomato cv. Rutgers are indicated with red dots and circles, respectively.
Progeny variants from tomato cv. Seeda50, bolo maka and Thai round eggplant are
indicated with yellow, purple, green and light blue dots, respectively. The blue
diamond shape indicated the CLVd Solanum-1 original sequence. A tree was
constructed using MEGA version 7.0.21 with 1,000 bootstrap replicates and 50%

cut-off value
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Figure 6 Structural consequences of major single-nucleotide polymorphisms (SNPs) of
dominant variants and mutation frequency (in percentage) per individual plant and
plant tissues of CLVd Solanum-1. The table shows the positions and domains where
mutations occurred with mutation frequency in percentage and the secondary
structures. The color scale represents a mutation frequency ranging from grey (0%)
over green and brown to red (100%). 0.0 = <0.1% prevalence, - = not present
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Figure 7 Rod-like secondary structures of four CLVd isolates: (1) Chaipayon-1, Chaipayon-1
variant 1 and Chaipayon-1 variant 3 (GenBank accession KM214216, MN921165 and
MN921167, respectively); (2) Solanum-1 (GenBank accession no. JF742632) and
all variants; (3) LP1-15c4 (GenBank accession no. JF446920); and 93007481 (14A)
(GenBank accession no. AY372392)
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