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Abstract

The 3’-most genes in RNA-2 of the Crinivirus genus members (family Closteroviridae) code for non-structural p26 proteins
that share amino acid sequence similarity [Stewart LR, Hwang MS, Falk BW (2009) Virus Res 145:293-299]. In this study,
sensitive bioinformatic tools have been used to identify the homologous p26 proteins encoded by the 3’ genes in monopartite
genomes of the members of Velarivirus, another Closteroviridae genus, and mint vein banding-associated virus, an unas-
signed member of the family. The p26 proteins showed similarity in their predicted secondary structures, but an amino acid
sequence alignment showed no strictly conserved positions, thus indicating a high plasticity of these non-structural proteins.
The implications of the sequence analysis for possible functions of the crinivirus and velarivirus p26 proteins are discussed.

The family Closteroviridae includes about 50 filamentous
plant viruses with large positive-sense RNA genomes that
show numerous traces of recombination events, such as gene
duplication and gene capture [1-3]. Closteroviruses contain
up to 12 genes, most of which are arranged in two conserved
modules: the replicative module, which encodes proteins
responsible for RNA synthesis and membrane modification,
and the five-gene block, which encodes proteins involved in
particle formation and cell-to-cell movement [2—4] (Fig. 1).
In addition, closteroviruses carry variable accessory genes in
the 3’ part of their genome (Fig. 1). Some products of the 3’
genes are conserved in some members of the Closteroviridae
[3, 5], whereas others have no apparent homologs and are
species-specific.
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The members of the genus Crinivirus have bipartite
genomes with RNA-1 and RNA-2 bearing the replicase
module and the five-gene block, respectively, plus some
additional 3’ ORFs [6, 7] (Fig. 1). The 3’ genes in RNA-2
of criniviruses code for proteins with a molecular weight of
about 26 kDa (p26) that have certain similarity in amino acid
sequence and predicted secondary structure [3, 5] (Fig. 1). In
this study, our purpose was to identify the p26-related pro-
teins in members of the other genera and unassigned virus
species of the family Closteroviridae.

The p26 protein sequences (Supplementary Table S1)
were downloaded from the Refseq database using BLASTp
and PSI-BLAST searches (www.ncbi.nlm.nih.gov) [8]. Mul-
tiple alignments were produced with the T-Coffee program
[9]. HMMERZ2.0 toolbox [10] was used for Hidden Markov
Model (HMM) reconstruction and sequence comparisons,
HHpred [11] for HMM profile comparisons, and JPRED4
[12] for secondary structure predictions.

Initial BLAST and PSI-BLAST searches did not reveal
any putative p26 protein homologs outside the genus Crin-
ivirus when the crinivirus p26 sequences were used as a
query (Supplementary Table S1). At the next step, we used
HMMER 2.0, a sensitive tool for detecting remote protein
homologs [10]. The hidden Markov model for the crinivirus
P26 proteins was constructed and used for directed search for
the 3’ ORF products in members of other Closteroviridae
genera (Velarivirus, Closterovirus, and Ampelovirus). Low
probability values (indicating a statistically significant simi-
larity) were obtained for the 27- to 29-kDa proteins encoded
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Fig. 1 Genome maps of representatives of the genera Crinivirus (let-
tuce infectious yellows virus, LIYV) and Velarivirus (little cherry
virus 1, LChV-1) drawn approximately to scale. The arrow indicates
the RNA 3’ end. ORFs are shown as boxes. Encoded domains: PCP,
papain-like cysteine proteinase; Mtr, methyltransferase; Hel, heli-

Table 1 Significance of similarities between the crinivirus p26 hid-
den Markov model and the velarivirus p26 proteins

Sequence ID Score E-value

Cordyline virus 1 -141.2 0.066

ADU03662

Cordyline virus 2 -138.7 0.049

AFJ05053

Cordyline virus 3 AGF73886 -126.8 0.012

Cordyline virus 4 -136.9 0.04

AGF73893

Grapevine leafroll-associated virus 7 -130.0 0.018
AEQ59451

Little cherry virus-1 CEO12417 -125.1 0.0098

by the 3’-most ORFs of velariviruses (below, also referred to
as p26 proteins) (Table 1). Figure 2 shows a sequence align-
ment of the p26 proteins of criniviruses and velariviruses.
Although some positions in the alignment are occupied by
similar amino acid residues, none of them is strictly con-
served (Fig. 2). Analysis of secondary structure suggests
that the p26 proteins of velariviruses and criniviruses are
alpha-helical with a few beta-strands (Fig. 2), which cor-
roborates the previous data for the crinivirus proteins [5].
Six alpha-helices in the p26 proteins have a similar loca-
tion (Fig. 2), suggesting that these proteins share a common
three-dimensional structure.

We also performed an additional HMM database search
using the combined multiple alignment of crinivirus and
velarivirus p26 proteins (Fig. 2) as a query for HMMER?2.0.
The 24-kDa protein of mint vein banding-associated
virus (MVBaV), an unassigned member of the family
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case; Pol, RNA polymerase. Proteins: p6, small hydrophobic protein;
HSP70h, HSP70-related protein; p60,~60 kDa proteins; CP and
CPm, major and minor coat proteins, respectively. The ORFs for p26
proteins are shaded

Closteroviridae [13], was detected as a possible remote
homolog (Fig. 3). A significant probability value (0.009) was
obtained, supporting the relatedness of the MVBaV p24 to
the p26 of criniviruses and velariviruses (Fig. 3). Attempts
to include the MVBaV p24 into the multiple alignment using
T-Coffee [9] were not successful due to the lack of detect-
able similarity in the C-terminal regions (Fig. 3). Addi-
tional HHPred database searches did not reveal any putative
homologs of crinivirus/velarivirus p26 proteins among the
available HMM profiles [11].

The data presented here indicate that the p26 genes are
not Crinivirus taxon-specific as has been thought but are
conserved across the monopartite genomes of Velarivirus
members and mint vein banding-associated virus. Tak-
ing into account the 3’-proximal location of the p26 genes

Fig.2 Multiple alignment and predicted secondary structure of thep
p26 proteins of representatives of the genera Crinivirus and Velari-
virus. Predicted alpha-helices (H) and beta-strands (B) are indi-
cated. Criniviruses: PYVV (potato yellow vein virus, YP_054414.1),
TVCV (tetterwort vein chlorosis virus, ALE18225.1), CYSDV
(cucurbit yellow stunting disorder virus, NP_851578.1), bean yel-
low disorder virus (BnYDV, ABY66971.1), CCYV (cucurbit
chlorotic yellows virus, YP_006522433.1), LCV (lettuce chloro-
sis virus, YP_003002364.1), BPYV (beet pseudo-yellows virus,
AAQ97392.1), SPaV (strawberry pallidosis-associated virus,
YP_025091.1), DVCV (diodia vein chlorosis virus, ADU25040.1),
SPCSV (sweet potato chlorotic stunt virus, AEO37527.1), ToCV
(tomato chlorosis virus, AJY78063.1), TICV (tomato infectious
chlorosis virus, YP_003204962.1), LIYV (lettuce infectious yellows
virus, NP_619699.1). Velariviruses: LChV-1 (little cherry virus 1,
acc. CEO12417.1), GLRaV-7 (grapevine leafroll-associated virus 7,
acc. AEQ59451.1), CoV-1 (cordyline virus 1, acc. ADU03662.1),
CoV-2 (cordyline virus 2, AFJ05053.1), CoV-3 (cordyline virus 3,
AGF73886.1), CoV-4 (cordyline virus 4, AGF73893.1)
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MENPELISY-—-——-———-—-— PS-N-GNTQFAS-DEFIAYQ-INAVVNALQKYA--LYSADELSAFR---DHCGVI-LNLIS-
MME----YPIE--—---— YARND-GGNNESL-INIISHN-FNSIVNIIENY--CMYDVHVIDAAI---ETSHIL-INMCK-
MEF----- PTN-————— DIEHI-QEDGEDF-PAIISKN-LNSVLNAIQNH--SLYDMIMLDNAI---ETCYTL-IIMCQ-
MEV---DYPIQ--—---— EFELT-TDSGKSM-GELIAKN-FHTIVNVIQSH--QMFDIMNLEHVA---NLCYTL-HVMID-
MSL-==——=———————————— e — NDVIAKN-FNTIVNIIQSH--ALFDKIHLENYR---ELCNVL-HVMIN-
MSNMEVDYPIQ--—---— GFEFG-GGGDKAM-AEVISKN-FNTIVNIIQNH--EMYDMIHLNHLH---ELCQVL-RVMIN-
MRRM--DFPVL--—--— TSETT-GEQ-AND-LDMLASN-VNIILNILQODH--RQHDNFELONAL---NSCSTV-INVCN-
MTSSFHDLTTS--—---— DFQIS-NPV-QNE-RGIISDN-INFIINIVENA--TSYTNAELEHAK---LCCQAL-LTFSN-
MTSNVEFDLTLPSDDQVRDQDIS-RSS-TMT-NDRIASN-INQVLNVTNDF--KRYTVAELEHNL---LCCEAL-MTYAA-
MSGWD-DIPMQON----YVSSS-VRNDDDI-AKICART-FNRAVNLLTDYS--QHTIPELRESR---FELGCI-RSLCE-
MEVVYNSDD-—---——-——--— VNSG-AGSGEDV-NTTVAKN-FYSITHVMSNYR--NYTPDEIKDAV---NVGYGL-LNLCE-
MDSPPREFVS-—————-—-— VD-K-NE-ENDV-ILNFNSN-FWRVYSALSNDA--IMTWDELYMFK---QLCLSL-LTECE-
MNNFPEIFD-——--——----— DEST-CDYDKEIDHQELSDT-FWCLMDFISSKH--GKSVADINSGM---NTLINI-RKSLN-

HHHHHHHHHHHHHHHHHHHHHH HHHHHHHHHHHHHHHHHHHHHHH

MLN---TFGHE-----— GSSTN-K-RVDTF-ATQVSKKLLEFMHNVVTTLNGKNLSINELRGML---PQVLECKRFFEA-
MDLETRNDN--- --TM-F--R-ERD KCKIF-SCIID-
MDKNCVANSTE--—--— FTDTSDFENKKEI-NRVESCI-VEAVDNIIDEI--CSLKVNNENKLKNLSDHLRLI-EHFLKK
MEDNSVVQTCD------ GFDTSDLEDDRVR-NKLFSDM-MDEVDQIKSEI--CSSTTANSHKLKSMLKTLSLI-HHFLKK
MDLESRSTE---——-————-————-—— KNRLK-NQILTSA-IDYFENLKYYI--LKENAITLERKKNLLSKIRYL-YDFFKA
MSSSYNNFD----—-————=—————— MEQKR-NTMFTKI-FNCINDIESSI--LENDSMTVSSLLONISQLKTI-LSFVSK

BBBB HHHH HHHHHHHHHHHHHHHHHHHHHHHH B

RHGESVNMFSRNSK-I-F----ESLTNNSVPEETILRNKGIYFPTLSVYELQDI---LNNFVVTLNFLIDV-KT-GIVTE
TCSGEINLYSLNNK-R-V----ESLRQMNISVNQVVEEKHTLFPTLKGWQLEEI---IYQLIPVLSFLRSV-MT-CIMDD

KLYEDVNLYSATNP-R-T----ESFRNASVNVNTILNNKDKLFPKLSSWQIDDL---VKQLIPILNFLKDS-KT-KIMND
NHEGYVNLYAENNP-R-V----DSFRDAGVKPEVLVNKKDKYFPTLTTWQLRDT---LSQLEPVLNFVTEL-KG-GLMND
ENNNDINIYSENNR-T-L----GSFRDAGLDINNISARRNKLFPTLTPWQIRDV---LQQLESVLWFVTDL-KT-GLMDD
DCTEDINLFSENNK-L-V----GSFRDAGLDMNNISSRRNKLFSTLTPRQLRDT---LDQLETVLNFLTDA-RF-GVMND
LOTEDVNLEFSTHSK-V-Y----QDLKSAGVSHEELSSQRSKYFSTLSTEDLKYL---MFDVANIFRLLLVA-RK-NLVDN
ONNFKVSLEFGKNSK-I-Y----NALRNSSHSDEEIERCKDYYFPTLRSEFDVIDVIELMODFFAVLEFLINM-RK-GYFDF

LNTFDVSLFSENSS—-T-F----KVLRDSGHDEEEIKQNKQFYFPVLNDFDVKTI---MYDISKVLKFLIRY-KM-GYFEN
NDDENINLGADNNN-L-F----QGLNKLGVRADSLRVNSERFFPSISSKVMTNV---IDSISSVMEFVIDL-NH-SGFST

RLDRDVILVSPNSP-V-Y----NNYRDAGIPHNLLMENTARYFPVVNPSELGKI---LLGHISVLKFLEYF-TR-YGVDD

SLPNNLILYHTNTM-P-H----EILGSRRINDTDIDLHSSRYFONVTKQVVRFL---LEDYLIIINMKLHM-KK-GLLDV

GSGKVVSITDSYNK-TYF----HSQR---—-—--- GLTNVDSRINIDILKIDFISI---IDDLQIIFRGLIYK-DK-GFLDS
HHHHH HHHHHHHHHHHHHHHHHHHHHHHH HHHHHHHHHHHHHHHH

RRDETLETIGSRSK-M-F----SS-EVLEIDEDTVNEFKELFLMRIPIKLLIQY---CDDFILVFDILKNFLDK-TLINE
KISSALNTLSSTSS-S-IVSKQQALSDISLSKDILKKLGLFAAPVLTQGHTGFL---TESCGVPLEFLDEV-GR-DLLVS
NENANVTFLDRKSREL-V----E--TYVTVNDKFILDNEQVMTTTMRMSEIIPK---VSELTKVLKLKKCI-LSGQVFSR

NENLRVTYIDKRAKEL-I----E--RFIVLDERFILNNEHVVTTTVKLADVLPM---VLELKGLCSLKIDF-SLRVVLTK
NESSSVNYVNIEIKKL-F----E--TELHIEEESLIDSEEMFTSTVKISELGDQ---LNELINILHLKQDI-YTKRVLNN
NEDITIKYVNADHKRL-V----S--SVIGDDDEFFLENETLIVDSVKSKDLVPN---IVELIKLLELKHRL-KTFSLLDS
BBB BB BBBB HHHHHHHHHHHHH BBB BB BBBB
VILSSCID-—-=-——=-———— EF-NVKNF-RGLKNILRAKLTTK---—--— YPLTRFV---SL-—-—————————————— EMAF
FNVNNLFA--—-——————-—— VH-KITCV-SELNDSLYYYLKNK--—-——--— FNFGENV---LV-——————————————— DISL
LRVNNLFS-=-====————— VY-RINDV-RSLLTSLQTFLTSY--———--— YNFGRNT---VP-—-—————————————— EFSL
FRVSNLFT--=-———————— VY-KINNV-KDLINSVHHFLNDM-—-—-—--- FKEFGENV---KA-————-——-————————— EFNM
FKINNLFS--=-=-==————-— IY-KINNV-GDLINSVHSYLNSH------ YNFRDNI---NA----—-——————————— EFSL
FKINNLFS--=-===————-— IY-KINNV-GDLINSVHGFLNSH------ YRFGSNI---QA--—=———————————— DEFSI
VALISIFT---—-—————-- NY-NVTDI-PSFNRAITEYFSKT--—-—-- YPMSYYC---QQ-—-—-————————-—-—-—-—— EYAT
IDVINLFH--—-—-----—- HY-NIYDS-KSLNSAVAKHIEAN------ VSLGYYT---KL---=-==-==—=——————— KIAL
FDINTIFA--—-—-——————— YY-HVNNF-QRINFAIKDMTLTD-----— MQVNDQV-—--DA---—-———————————— VEFYL
LWVGEIMT--—-———————— IY-DVNSF-DKLVDAIYRFLLYT--—-—--— YNFPEEV---QF-——————————————— HMTL
MLITRLFS-—-————————— NEF-VLWST-GDVNAALHSIYQQD-—-———- FHFPVEV---RA-—-—-—-—--—-————————— NENF
LDVDDILR-=-=———————— MI-KSTNL-EVLKSIVLSYICSS--—-—---— FGECKLY---CR-—==—==—-=—=—=————— HLSI
ADLLDLDK-=-=-=-==—=—--— KT-TTRKF-QEYFNILKIKIIEKIGMTKTFHENIDEF---RN-=--—-————————-—-——— T--I

HHHHHH HH BBB HHHHHHHHHHHH BBBB
KDIAEMFD----=--—-———— KF-GTNVKLKMLSEELTEVVLKN-----— ROPSNN----- L KFSL
VNVEEVIDFCDSILVLKPLVS-KRTNS-ELIGESVINELMNM-—-——-— FGFGDRVSKIRAAFMNLVIRENEIYKHGKIRL
YDSEEILI---—--—-—-———— MIPNRSTK-DGILELIRQHITDK--———-- FSIGNHF---NV-————————=—=—————— KIEA
SDCEDILQ--=-—==————— NIPRRTTK-EGILEIVKQKIFEK--———-- YGVSNLL---LI--—————————————— NIDI
ESLSDICI-----—-—-———-— MIPNKYSA-ETTLNVIREKILAK--—-—--- YDLKDTF---NL-----——==——————— ELKI
NEFCDIIE-----=—-———— MLPRKCDH-LLISKKFEEFIVEK--—-—--- FKLSDKY---NI-—-—----=-=-==—=————— NVHI
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LChv-1 IVK-SECLKGFTTTLSSLEFMYNK-GHRNSYARAITLNLKL----FIEH---SGL-LNGELAYNLV--VG----
GLRaVv-7 V-IDEPILKKIIAEIRGSILCNS-NKRKELLELLNKKTLIIYSYYNSVFGDVYI-V-——-—-—-——-— I-—————-
CoV-1 RSDVLAYMKSVAK---GNSYFTF-LKHKPVDVEMNRNIIITL--L-—-—-—-—=———————— o
CoV-2 RRDTLTYLKSLAK---GNSYFSL-IRQKSIDFELNKNLIMSFEKV---==———==————— F-—————
CoV-3 PIMILKTVQSFSK---NLPSTIF-VRASSLLKDINSTMVISFDTTYKQ---L-—-—-----— K=
CoV-4 KRDIIKTIIAMVN---KSPLYNFLYNTKSTCSDLNKSLQIFF---YKG---QGCVKSTTI----—-—-—-—-—————

Fig.2 (continued)

Fig.3 Sequence alignment
between the hidden Markov

Mint: domain 1 of 1, from 1 to 180: score -94.5, E = 0.0093

model consensus sequence for cons *->MesnsrdfptedvetsgesdkdintiisknfnsivNiisnisytvae
the crinivirus and velarivirus M+ +d++ + +f o+is 14
p26 proteins and a remote MVBaV 1 MVD--VDYD--—-—=--—- D---—-——-—- IFKYIMSYIY---—-—- 18
h 1 int vein banding- .
Omo.otg,dm%n V;lrkgn lngt . cons LehaknllntcktllnfcnKnededVnlfssnskelfesLrdagvdeeei
assoc:1ae42\/1rus B a%roleu]l( + ++ +++f + e+ + ++f+ + + + L+ ++t++e +
(NC_038420.1). Due to the lac MVBaV 19 ——-———-- EVLSGFYTFTD--EPLNYTTFD---M-VCNQLT--SIPDEVV 52
of detectable similarity in the
C-terminal regions, only partial cons lenkeryfptltskdlidilddlikvLefLidlkkkgllddfdvndifsF
sequences are shown +  ++y ++ sk ++ + v+ 14k AHHdE+ +++
MVBaV 53 YDVCNKYMINVASKKTQ---VQTEFNVEDTIDYLTKISVVDSVR--QLCD- 96
cons CmyPkinnfedlnnavkefllekfnfgdnvna..................
++ +n ++++ + A+ +
MVBaV 97 -NI------- VENQKMRYHIRKLPGVPEVFDKvsgcsvmstndvktwlls 138
cons efsldvddskrlksllkkiKknkylnkskrkslkkl1lNknLvfefsFryk
e++ + d+ +++s++ +++ + ++++ + +nlL ++ k
MVBaV 139 ELKAV--DETYFDSVTI------—- DSFELHFNIRDAIDRNLSMK---E-K 175
cons gFG1lGlnikpikN1f<-*
+ ik
MVBaV 176 N--------- IKR-A 180

(Fig. 1), similarity of the predicted secondary structures,
and statistically significant similarity of the amino acid
sequences (Table 1, Fig. 2), it is likely that the p26 pro-
teins of criniviruses and velariviruses are orthologs that
may perform the same or similar function(s). It should be
noted that members of the genera Crinivirus and Velarivi-
rus are markedly different from each other in their biologi-
cal properties and the genome structure. Criniviruses have
divided genomes, are transmitted by whiteflies, and infect
herbaceous hosts, whereas velariviruses possess monopartite
genomes, have no known vectors, and infect woody hosts
[2] (Fig. 1). The absence of conserved amino acid posi-
tions in the p26 alignment suggests high plasticity of these
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non-structural proteins, which may indicate their involve-
ment in the response of virus systems to rapidly changing
environmental conditions. On the other hand, the p26 protein
of lettuce infectious yellows virus (LIYV), the type mem-
ber of the genus Crinivirus, induces specific ultrastructures
in the infected cells — conical plasmalemma deposits over
plasmadesmata — that are thought to be associated with the
vascular transport of the virus [7, 14, 15]. In support of
this, a knockout LIYV p26 mutant proved to be unable to
spread systemically in a Nicotiana benthamiana host [15].
Although the Closteroviridae members other than LIYV
do not induce plasmalemma deposits, the involvement of
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crinivirus and velarivirus p26 proteins in systemic transport
cannot be excluded and needs to be tested experimentally.
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