
SUMMARY

A virus recovered in 2006 from Phlomis fructicosa L.
(family Lamiacee) by mechanical transmission to Nico-
tiana occidentalis had flexuous particles ca. 850 nm long
with an outward aspect recalling that of some members
of the family Flexiviridae. Sequencing of a 3035 nt frag-
ment of the viral genome, spanning from part of the
RdRp gene to the 3’ terminal poly(A) tract, showed a
structural organization comparable with that of species in
the genus Trichovirus. The 5’ proximal open reading
frame  (ORF1) encoding the RdRp protein, was followed
by two ORFs showing homologies with movement pro-
teins of the p30 superfamily (ORF2) and the coat protein
of flexiviruses (ORF3). These polypeptides had a sub-
stantial level of similarity with the corresponding proteins
of members of the genus Trichovirus. A putative ORF,
showing homology with nucleic acid binding proteins
(NB) of some flexiviruses, was identified at the extreme
3’region of the viral genome. Its origin and expression are
discussed. 

Key words: Trichovirus, cloning, molecular analysis,
nucleic acid binding protein.

INTRODUCTION 

Phlomis fructicosa L. (family Lamiaceae), a native
Mediterranean plant widespread in the Greek Ionian is-
lands and Epirus, grows mainly in sunny and rocky
slopes, and at the borders of cultivated areas. In several
localities of Epirus, plants showing mottling and defor-
mation of the leaves were observed (Fig. 1), in which a
filamentous virus with distinct cross banding was present,
as seen in leaf dips. This virus was studied at the physico-
chemical, electron microscopical and molecular levels. 
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MATERIALS AND METHODS

Virus purification and particle analysis. The virus
was mechanically transmitted, using phosphate buffer
0.1 M pH 7.2, to Nicotiana occidentalis, which reacted
with leaf deformation and strong vein clearing, and was
multiplied in the same host in a greenhouse at 22-24°C.
Virus purification was as described by Boscia et al.
(1993), with slight modifications. Briefly, symptomatic
leaves were blended in 0.01 M Tris-HCl, 0.01 M MgCl2,
pH 8.2, and 0.15% b-Mercaptoethanol. The ho-
mogenate was clarified with 2.5% of Mg++-activated
bentonite and the virus precipitated in 8% polyethylene
glycol (PEG) 8,000 (2 h at 4ºC) after a centrifugation at
10,000 rpm for 20 min. Pellets were resuspended
overnight at 4ºC in 0.01 M Tris-HCl, 0.01 M MgCl2, pH
8.2 (TM buffer). After a high-speed centrifugation at
40,000 rpm for 2 h (Beckman 50.2 Ti rotor) pellets were
resuspended in TM buffer and fractionated through a
25% sucrose gradient at 24,000 rpm for 3 h (Beckman
SW28 rotor).

Genomic RNA was extracted from purified particles
with SDS/phenol (Diener and Schneider, 1968) and the
viral coat protein (CP) obtained from purified particles
was analyzed in denaturing 12% SDS polyacrylamide
gel electrophoresis (Laemmli, 1970).

Electron microscopy. Leaf dips from symptomatic P.
fructicosa and N. occidentalis were negatively stained
with 2% acqueous uranyl acetate. For immunoelectron
microscopy (IEM) tests (Milne, 1984), the following
reagents were used at 1:50 dilution: polyclonal antisera
to the definitive trichovirus species Apple chlorotic
leafspot virus (ACLSV) and Grapevine berry inner necro-
sis virus (GINV) (kindly supplied by Dr. N. Yoshikawa)
and  monoclonal antibodies that recognize the tentative
trichovirus species Peach mosaic virus (PcMV) and
Cherry mottle leaf virus (ChMLV) (kindly supplied by
Dr. D. James).

For thin sectioning, tissue fragments excised from in-
fected N. occidentalis leaves were fixed in 4% glu-
taraldehyde in 0.05 M potassium phosphate pH 7.2,
postfixed at 4°C in 1% osmium tetroxide in the same
buffer, bulk stained with uranyl acetate, dehydrated in
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graded ethanol dilutions, and embedded in TAAB low
viscosity resin (Martelli and Russo, 1984). Thin sections
were stained with lead citrate before observation with a
Philips Morgagni 282 D electron microscope.

Nucleic acid extraction and cloning. Total nucleic
acids (TNA) were extracted from infected N. occidental-
is tissues according to Foissac et al. (2000), whereas
double-stranded RNA (dsRNA) was recovered from the
same plants as described by Saldarelli et al. (1994). 

RT-PCR with Flexiviridae degenerate primers (Dovas
and Katis, 2003) (katu 5’WGCIAARGCIGGICRAC3’;
katd 5’RMYTCICCISWRAAICKCAT3’), was carried
out using as template 50 ng of purified dsRNA which
was denatured at 95° for 5 min. Cycling conditions
were: 95°C heating for 3 min, followed by 30 cycles of
30 sec melting at 94°C, 60 sec annealing at 42°C, and 60
sec elongation at 72°C with a final extension of 7 min at
72°C (Saldarelli et al., 1999).

The 3’ terminal region of the viral genome was reverse
transcribed and amplified from 100 ng of purified viral
RNA using the 5’/3’RACE kit (2nd generation, Roche Ap-
plied Science, Germany). Briefly, cDNA was synthesized
by a oligo d(T)–anchor primer (5’GACCACGCGTATC-
GATGTCGACTTTTTTTTTTTTTTTTV3’, V = A, C
or G) and used in a PCR reaction with primers Flo1
(5’GAGTCGGACTATGAAGCCT3’), internal to the se-

quence obtained with degenerate primers, and the an-
chor primer (5’GACCACGCGTATCGATGTCGAC3’).

To fill sequence gaps or confirm previous sequences,
additional cDNA amplicons were produced by RT-PCR,
using different sets of primers spanning a large fragment of
the viral genome as shown in Fig. 5: PS1 (5’CACGCAC-
CTTCATGTGATAG3’), PS2 (5’GCACGAGATGGAAT
TCGTAC3’), FloNAB (5’GTCAACATAGCTGGAAGG
TC3’), FloNABr (5’CGGTCAACCACCTATTCGTG3’),
Flo2c (5’AGGATCTTACTCTGAACGTG3’) and Flo2cr
(5’TGCGGAGCATCTGCACAC3’). 

Amplified cDNAs were cloned in the pDrive plasmid
(Qiagen, USA). All manipulations were carried out fol-
lowing general molecular biology protocols (Sambrook
et al., 1989) and manufacturers’ recommendations. 

Multiple nucleotide alignments and phylogenetic
analysis were done with the Clustal X software, using the
neighbour-joining algorithm (Thompson et al., 1997) and
CLC Combined Workbench 3 (www.clcbio.com).

RESULTS

Virus purification and particle analysis. The virus, to
which the name Phlomis mottle virus (PhMV) is provi-
sionally assigned, was readily purified from tobacco tis-
sues. In agarose gel electrophoresis, RNA extracted
from purified virus particles, showed a single band mi-
grating more slowly than plant ribosomal RNAs (Fig.
2a). In SDS/PAGE electrophoresis CP subunits migrat-
ed also as a single species ca. 24 kDa in size (Fig. 2b).

Electron microscopy. Leaf dips from symptomatic N.
occidentalis plants confirmed the presence of very flexu-
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Fig. 2. Gel electrophoresis of RNAs (A) and proteins (B) ex-
tracted from purified viral particles. Arrows point to the ge-
nomic PhMV RNA in panel A and to the viral CP in panel B.
rRNA, ribosomal RNAs from a total RNA preparation from
N. occidentalis. Mk, protein molecular weight marker. 

Fig. 1. Chlorotic mottling in a naturally infected Phlomis fruc-
ticosa plant.
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ous filamentous particles with a distinct cross banding
(Fig. 3, inset) and a length of ca. 850 nm (Fig. 3), which
were not decorated by any of the antisera used in IEM
tests. These particles resembled very much those of mem-
bers of most of the genera of the carlavirus-like lineage of
the family Flexiviridae (sensu Martelli et al., 2007). 

Large aggregates of filamentous particles (Fig. 4)
were present in the cytoplasm of parenchyma cells. Nu-
clei and chloroplasts of virus-containing cells were ap-
parently normal, whereas mitochondria were damaged,
showing depletion of the stroma and cristae so as to ap-
pear, sometimes, completely empty (Fig. 4, inset a).
Patches of electron-dense material with finely granular
or fibrillar structure containing single-membraned
rounded bodies were also present in the cytoplasm of
some cells (Fig. 4, inset b). The nature of these struc-
tures was not determined. 

Sequence analysis and genome organization. Degen-
erate primers designed on the RdRp domain of the
polymerase gene of members of the family Flexiviridae
allowed the amplification of the expected fragment of
363 nt from dsRNAs extracted from infected N. occi-
dentalis plants. Preliminary BLAST (Altschul et al.,
1990) analysis of this amplified sequence confirmed that
it belongs to a viral species in the family Flexiviridae.

Based on this information, a cloning strategy was de-
vised (Fig. 5) for the subsequent sequencing of the 3’ re-
gion of the viral RNA. A 2919 nt fragment was ampli-
fied by 3’RACE PCR using primer Flo1 on a oligodT
primed cDNA synthesized on the total genome se-
quence. Additional cDNA fragments were obtained by

a walking strategy using the internal primers Ps1/Ps2,
Flo2c/Flo2cr, and FloNAB/FloNABr.

The 3035 nucleotides of the 3’ region of PhMV RNA
(EMBL Nucleotide Sequence Database accession No.
AM920542) are organized in three potential ORFs. The
first is N-terminally truncated and encodes a 32 kDa
protein with homology with the RdRp region (Koonin,
1991) of the replication-associated proteins of members
of the family Flexiviridae (Adams et al., 2004; Martelli et
al., 2007). BLAST analysis and percentage identity val-
ues revealed closest homologies with the cognate pro-
tein of the trichovirus ACLSV (Table 1). 

The relationships of the viral RdRp domain with that
of members of the genus Trichovirus was confirmed by
phylogenetic analysis (Fig. 6a). However, this clustering,
supported by high boostrap values, showed that PhMV
does not group either with the definitive trichoviruses
ACLSV and APCLSV, or with the tentative members
PcMV and ChMLV which, like PhMV, possess the 3’
terminal NB protein. 

Next ORF, which starts after a very short (19 nt) inter-
genic region, encodes a 349 amino acid protein (38 kDa),
sharing homology with the movement proteins (MP) of
the four genera of the family Flexiviridae (Vitivirus, Tri-
chovirus, Capillovirus and Citrivirus) that possess a p30-
like MP (Table 1). The highest identity (25%) at the
amino acid level was with the MP of ACLSV. 

Overlapping the MP there is a 212 amino acid ORF
(24 kDa), identified as the coat protein (CP) cistron,
which is distantly related (28% identity at the amino
acid level) with ACLSV CP. A neighbour-joining phylo-
genetic tree constructed with CP sequences of represen-
tative members of each genus of the family Flexiviridae
and unassigned species, clustered PhMV somewhat
loosely with viti-, capillo- and trichoviruses (Fig. 6b).
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Fig. 3. Uranyl acetate mounts of virus particles from sympto-
matic leaves of N. occidentalis. Inset shows cross banding of
viral particles. Bars = 50 nm.

Table 1. Similarity values of three PhMV protein sequences
with those of selected members of the family Flexiviridae, ob-
tained with CLC Combined Workbench 3. Figures represent
the percentage of overlapping alignment positions where the
sequences agree.

Genus Virus RdRp MP CP
Potexvirus CymMV 29 - 8
Mandarivirus ICRSV 30 - 6
Allexivirus GarV-A 31 - 5
Tymovirus TYMV 31 - 5
Vitivirus GVA 42 13 24
Trichovirus ACLSV 58 25 28
Capillovirus ASGV 44 19 23
Citrivirus CLBV 51 12 8
Foveavirus ASPV 49 - 5
Carlavirus PVS 52 - 5
unassigned BVX 27 - 4
unassigned BCV-F 31 - 4
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A remarkable feature of the genome of PcMV and
ChMLV, both putative members of the genus Tri-
chovirus, is the presence of a 3’ terminal ORF (ORF4)
encoding a putative NB domain. The PhMV genome
contains a comparable protein  ca. 16 kDa in size,
which is potentially translated by several non AUG
starting codons. The correctness of this sequence was
assessed by specific amplification with primers
FloNAB/FloNABr, which showed that five of the se-
quenced clones lacked a canonical AUG initiation
codon. This protein had homologies with the compara-
ble proteins of allexi-, carla- and vitiviruses (not shown).

DISCUSSION

Electron microscope observations and the partial
genome sequence of PhMV are consistent with its classi-
fication in the genus Trichovirus (Adams et al., 2004;
Martelli et al., 2007). This conclusion is supported by the
morphological traits of virus particles and appearance in
infected cells, genome organization, size and level of ho-
mology of the products encoded by the three ORFs with
those of trichoviruses, RdRp in particular,  which is one
the main taxonomic predictors (Martelli et al., 2007). 

As mentioned, the putative 3’-most ORF, encoding a
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Fig. 4. Electron microscopy observations in symptomatic leaves of N. occidentalis. Parenchima cell with large aggregates of virus-
like particles (V). Insets show altered mitochondria (inset a) and patches of electron-dense material with finely granular or fibrillar
structure containing single-membraned rounded bodies (inset b). N, nucleus; cw, cell wall. Bar = 500 nm. Inset bars = 250 nm.
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Fig. 5. Outline of the sequencing strategy. Primers and corresponding amplicons are indicated by arrowheads and thick lines, re-
spectively. Open reading frames (ORFs) coding for RdRpol domain, movement protein (MP), coat protein (CP) and putative
ORF5 are showed.

Fig. 6. Phylogenetic tree showing relationships of PhMV with other members of the family Flexiviridae in the polymerase (A) and
CP (B) genes. The neighbour-joining tree was produced and bootstrapped 1000 times using CLUSTAL X. Branch lengths are
proportional to sequence distances. The scale bar represents a relative genetic distance of 0.05. The GenBank accession numbers
are: TYMV (Turnip yellow mosaic virus) AAB92649; PVX (Potato virus X) NP_040882; PapMV (Papaya mosaic virus)
NP_044330; KYMV(Kennedya yellow mosaic virus) NP_044328; ICRSV (Indian citrus ringspot virus) f406744; GarV-C (Garlic
virus C) NP_569132; GarV-A (Garlic virus A) BAA61810; EMV (Eggplant mosaic virus) NP_040968; CymMV (Cymbidium mosaic
virus) U62963; CLBV (Citrus leaf blotch virus) NP_624333; BVX (Botrytis virus X) NP_932306; BCV-F (Botrytis cinerea virus F)
NP_068549; BaMV (Bamboo mosaic virus) NP_042582; ASGV (Apple stem grooving virus) AAP80757; GVA (Grapevine virus A)
NP619662; GVB (Grapevine virus B) NP619654; GRSPaV (Grapevine rupestris stem pitting-associated virus) NP_047281; ASPV
(Apple stem pitting virus) NP_604464; PVS (Potato virus S) YP_277428; LSV (Lily symptomless virus) CAD92112; PVM (Potato
virus M) AAP76207; NCLV (Narcissus common latent virus) YP_699983; CNRMV (Cherry necrotic rustle mottle virus)
NP_059937; CGRMV (Cherry green ring mottle virus) CAC18739; ACLSV (Apple chlorotic leafspot virus) CAA68080; ChMLV
(Cherry mottle leaf virus) NP062428; PcMV (Peach mosaic virus) ABA18636; APCLSV (Apricot pseudo-chlorotic leaf spot virus)
YP224130; Phlomis mosaic virus (PhMV) AM920542; GCLV (Garlic common latent virus) CAA92815.
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NB protein, is a feature previously observed in PcMV
and ChMLV by James et al. (2000, 2006). These authors
suggested that this protein was either present in an ances-
tral trichovirus and was deleted in ACLSV and APCLSV
in the course of evolution, or it was acquired by some tri-
chovirus species by recombination events. This latter hy-
pothesis, that designs a scenario in which a host gene was
acquired by a common ancestor, is thought to be likely by
Chiba et al. (2006), leading to the conclusion that this
protein is dispensable in the economy of definitive tri-
choviruses (ACLSV and APCLSV). The fact that in Ph-
MV the synthesis of this protein seems to be under the
control of several non AUG codons, which are extremely
rare in eukaryotes, allows to suppose that, if expressed,
exceedingly low amounts of it are synthesized (Kozak,
2005). An explanation for this strict control of expression
can be found in the possible pathogenicity for the host
cells of this type of protein. For example, Zhou et al.
(2006), in a similar virus-host system [Grapevine virus A
(GVA)/Nicotiana benthamiana] proved that a comparable
protein, which could not be detected in the host cells
(Galiakparov et al., 2003; P. Saldarelli, unpublished infor-
mation), was nevertheless involved in symptom induction. 
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