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ABSTRACT: An isolate of the tobamovirus tobacco mild green mosaic virus (TMGMV), 
Tobamovirus mititessellati, was found naturally infecting petunia (Petunia × hybrida) 
cv. Pinstripe, causing reduced leaf size, mottling, and color breaking of flowers, in an 
experimental field at Piracicaba, São Paulo state, Brazil. TMGMV was identified by virion 
morphology, cytopathology, transmission experiments, and molecular assays. The entire 
nucleotide sequence of this petunia isolate of TMGMV (TMGMV-Pet) was obtained and 
demonstrated, in essence, to be similar to previously analyzed isolates. One hundred and 
twenty plant species were assayed by mechanical transmission, and 35 of them from nine 
families, both previously reported and unreported species, were shown to be experimentally 
susceptible to TMGMV-Pet. On the other hand, certain species, among 85 unsusceptible 
hosts for TMGMV-Pet, known to be susceptible to TMGMV, failed to be infected. 
Cytopathological studies on naturally and experimentally infected host plants revealed that 
virions of TMGMV-Pet produced para-crystalline aggregates, but not angular arrays, which 
are considered characteristic of TMGMV. As previously described, thin sections revealed 
the presence of pseudo-virions in the stroma of chloroplasts in TMGMV-Pet-infected 
tobacco (Nicotiana tabacum), and, additionally, in other hosts such as N. clevelandii, N. 
megalosyphon, and petunia indicating that this process is not restricted to tobacco.
Keywords: cytopathology, experimental host range, genome stability, pseudo-virions in 
chloroplasts, tobamovirus
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Introduction

The solanaceous genus Petunia Juss, comprises more than 
20 species and originates in South America’s tropical 
and subtropical regions. Most of cultivated types are 
hybrid (Petunia × hybrida Regel), with a wide variety in 
flower size and color, being a very popular ornamental 
worldwide, used either potted or in garden beds (Lorenzi 
and Souza, 2001). Similar to many other cultivated 
solanaceous plants, petunias are susceptible to natural 
infection by many viruses. Sastry et al. (2019) listed 28 
viruses and four viroids infecting petunia plants in their 
comprehensive review of plant viruses and viroids. In 
Brazil, there are records of four viruses infecting petunia 
plants: tobacco mosaic virus (TMV), cauliflower mosaic 
virus, petunia vein banding virus, and an uncharacterized 
orthotospovirus (Kitajima, 2020).

Tobacco mild green mosaic virus (TMGMV- 
Tobamovirus mititessellati) belongs to the genus Tobamovirus 
(family Virgaviridae) and has elongated and rigid particles 
measuring ca. 18 nm in diameter and 300 nm long. It 
has positive-sense single-stranded RNA (+ssRNA) 
genome of 6.2 to 6.4 kb encoding four open reading 
frames (ORF). ORF1 and ORF2 encode two nonstructural 
proteins required for replication, while ORF3 and ORF4 
encode the nonstructural movement protein and coat 
protein, respectively (Solis and Garcia-Arenal, 1990). 
The transmission of TMGMV occurs by contact between 
plants, workers’ hands, tools, and sometimes by seeds and 

contaminated soil (Wetter, 1986). TMGMV, also known as 
green-tomato atypical mosaic virus, mild strain of TMV, 
paratobacco mosaic virus, South Carolina mild mottling 
strain, TMV strain U2 and U5 and tomato atypical virus 
green mottling strain (Wetter, 1986; Skelton and Sansford, 
2012), has been reported globally. This virus was initially 
described in 1929 (McKinney,1929) in the Canary Islands 
infecting Nicotiana glauca L. Initially many TMGMV 
isolates were considered strains of TMV, but detailed 
studies on its biophysical, biochemical, molecular, and 
biological properties have suggested that TMGMV 
represented a species distinct from TMV (Wetter, 
1986). TMGMV is considered important in the tobacco 
industry (Wetter, 1986) and has been found worldwide 
infecting vegetable crops, medicinal plants, and several 
ornamentals, including petunia (Skelton and Sansford, 
2012; Sastry et al., 2019).

In this paper, we describe the biological, molecular, 
and ultrastructural characterization of an isolate of 
TMGMV found infecting petunia in Brazil, detailing its 
broad experimental host range and some cytopathological 
peculiarities.

Materials and Methods

Mechanical transmission assays

In February 2022, Petunia × hybrida cv. Pinstripe plants 
showing symptoms of chlorosis, sometimes mottled 
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leaves, flower breaking, and general stunting (Figure 1A) 
were noticed in an experimental plot in the municipality 
of Piracicaba, São Paulo state, Brazil (22°42’28.5” S, 
47°37’46.5” W, altitude 580 m). Twelve plants out of a 
total of 120 were symptomatic, and six were collected and 
established under greenhouse conditions for further work. 
Transmission electron microscopy (TEM) of leaf extracts 
from these symptomatic petunias revealed the presence 
of short, rigid, rod-shaped particles, ca. 300 nm long, 
similar to those of tobamoviruses (Figure 1B), suggesting a 
viral nature inherent in this disease. Subsequent attempts 
to detect and identify the putative virus responsible 
for the symptoms observed in Pinstripe petunia plants 
were made by mechanical transmission assays. Extracts 
of symptomatic leaves from six randomly selected field 
Pinstripe petunia plants were mechanically inoculated 
into petunia (cvs. Pinstripe, Debonaire blackcherry, and 
Anã compacta) and indicator assay plants (Chenopodium 
quinoa Willd., C. amaranticolor Coste & Reyn., Gomphrena 
globosa L., Datura stramonium L., N. tabacum L. cvs. TNN, 
and Turkish). Symptomatic leaves of field petunia cv. 
Pinstripe were macerated in a mortar, in the presence of 
0.01 M phosphate buffer +0.1 % sodium sulfite, rubbed 
onto leaves of potted indicator plants, previously dusted 
with carborundum powder, and immediately washed 
with water. The plants were kept in a greenhouse and 
observed daily for symptom expression. 

To evaluate the susceptibility of other plant 
species belonging to a large number of families, some 
of them previously described naturally (Skelton and 
Sansford, 2012; Sastry et al., 2019; Kitajima, 2020), or 
experimentally (Skelton and Sansford, 2012) infected 
by isolates of TMGMV (Tables 1 and 2), were similarly 
inoculated mechanically, and followed for eventual 
symptom expression. Leaf samples of all inoculated 
plants were mechanically retro-inoculated into C. 
quinoa to confirm infection. Samples of plants that 
tested positive (local chlorotic lesions in C. quinoa 
leaves) were also processed for TEM and tested by 
reverse transcription polymerase chain reaction (RT-
PCR) using specific primers for TMGMV (see below).

Transmission electron microscopy

Attempts to detect virus-like particles in leaf extracts 
of the petunia plants from the field-infected petunia 
plants and experimentally inoculated plants were 
made by TEM of uranyl acetate, negatively stained leaf 
extracts. Ultrastructural analysis of symptomatic leaves 
was carried out on thin sections of paraformaldehyde/
glutaraldehyde preserved tissues, post-fixed with 
osmium tetroxide and embedded in Spurr’s low 
viscosity epoxy resin (Kitajima and Nome, 1999). TEM 
examinations were completed in a JEOL JEM 1011, and 
images digitally recorded.

Molecular assays

For molecular detection and identification of the 
putative virus, total RNA was extracted from 
mechanically inoculated C. quinoa plants using RNeasy 
Plant Mini Kit (Qiagen). Next, rRNA was removed 
using Ribo-Zero Kit for plants (Illumina), and a cDNA 
library was prepared and sequenced using an Illumina 
NovaSeq6000 system with 100-bp paired-ends reads 
(Macrogen Inc.). The high-throughput sequencing 
(HTS) reads were trimmed by BBDuk (https://github.
com/BioInfoTools/BBMap), and contigs were obtained 
by de novo assembly using MEGAHIT v. 1.3.1. The 
resulting contigs were analyzed with BlastX against the 
virus protein database using Geneious Prime 2023.1.2 
(Dotmatics).

RT-PCR was carried out to confirm the HTS-
detected virus in the symptomatic leaves of six 
field Pinstripe petunia plants, as well as in field 
plant sources of inoculum and some used in the 
experimental transmission assays. Total RNA was 
separately extracted from all samples using the 
PureLink Viral RNA/DNA Kit (Thermo Fisher 
Scientific) following the manufacturer’s instructions. 
A single-step RT-PCR was performed using 100-
300 ng of total RNA and a specific pair of primers 
TMGMV_5641F (AGGAAATCTCACAACAATAG) and 
TMGMV_6165R (CGTCATCGAGTACGTTTTAA) 
which amplifies a fragment of 524 bp of TMGMV coat 

Figure 1 – A) Field petunia (Petunia × hybrida) cv. Pinstripe 
showing smaller leaves and mottling; B) Transmission electron 
micrograph of negatively stained leaf extract from the field, 
symptomatic petunia plants, showing tobamovirus-like, rod 
shaped particles; C) Chlorotic spots on mechanically inoculated 
leaf of petunia cv. Anã compacta; D) color breaking in the flower.
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Table 1 – List of plants mechanically infected with tobacco mild green mosaic virus (TMGMV-Pet).

Family/Species Symptomsa Retroinoc.b
TEMc

RT-PCRf Local Reference
Extractsd Sectionse

1 Amaranthaceae (6)
Beta vulgaris L. (Figure 2A) lln/- + + + +
B. vulgaris subsp. cicla L. 

llc/- + + + +
Juell, E.Markl. & Örtendahl. cv. Tensai
Celosia cristata L. llc/- + + + +
Chenopodium quinoa Willd.** (Figure 2B) llc/- + + + +
Chenopodium amaranticolor Coste & Reyn.** 
(Figure 2C) llc/- + + + +

Gomphrena globosa L.** (Figure 2D) lln/- + + + +
2 Apocynaceae (3)

Allamanda cahtartica L. llc/- + + + +
Catharanthus roseus (L.) G.Don. llc/- + + + +
Tabernaemontana divaricata G. Don.* (Figure 2E) mo/- + + + + Israel Cohen et al., 2001

3 Asteraceae (2)
Coreopsis lanceolata L. llc/- + + + +
Hypochaeris brasiliensis (Less.)

llc/- + + + +
Benth. & Hook.f. ex. Grisb (Figure 2F)

4 Balsaminaceae (1)
Impatiens hawkeri W. Bull* (Figure 2G) llc/vb + + + + UK Skelton et al., 2010

5 Brassicaceae (1)
Arabidopsis thaliana Schur. chl/- + + + +

6 Cucurbitaceae (2)
Cucumis sativus L. llc/- + + + +
Cucurbita pepo L.* llc/- + + + +

7 Fabaceae (1)
Glycine max (L.) Merril. llc/- + + + +

8 Lindemiaceae (1)
Torenia fournieri Linden ex Fourn. * (Figure 2H) mo/- + + + + Israel Gera et al., 2011

9 Solanaceae (18)
Brunfelsia uniflora D. Don. llc/- + + + +

Calibrachoa × hybrida* mo/- + + + +
Israel Gera et al., 2011
USA Sabanadzovic et al., 2009

Capsicum annuum L.*,** (Figure 2I) lln/mo + + + +
Italy Wetter, 1986

Korea Choi et al., 2002
Datura stramonium L.** (Figure 2J) lln/- + + + +
Nicotiana benthamiana Domin.** lln/chl + + + +
N. clevelandii A. Grey** (Figure 3A) llc/- + + &+ +

N. glauca Graham*,** (Figure 3B) mo/- + + + + Canary 
Islands McKinney, 1929

N. glutinosa L.** (Figure 3C) lln/- + + + +
N. megalosyphon Van Heurck & Müll. Agr. lln/- + + &+ +
N. tabacum L. cv. Turkish* (Figure 3F) mo/- + + &+ + Germany Wetter, 1986
N. tabacum L. cv. TNN* (Figure 3E) lln/- + + + +

Petunia × hybrida Regel* (Figure 1A-C) mo/- + + &+ +
France Parrella et al., 2006
Israel Gera et al., 2011

Physalis peruviana L. mo/- + + + +
Solanum aethiopicum L. - Gilo group llc/- + + + +
S. americanum Mill. (Figure 3G) llc/- + + + +
S. melongena L. (Figure 3D) lln/- + + + +
S. tuberosum L. (Figure 3H) llc/- + + + +
S. violifolium Schott. (Figure 3I) llc/- + + + +    

achl = chlorosis; llc = local lesion chlorotic; lln = local lesion necrotic; m = mosaic; mo = mottling; vb = vein banding; /- = systemic infection. bPositive 
retroinoculation by mechanical means into the indicator Chenopodium quinoa. cTEM = transmission electron microscopy. d+ presence of tobamovirus-like 
particles. e+ presence of aggregates of tobamovirus-like particles in the cytoplasm; & presence of tobamovirus-like particles in the chloroplast. f+ positive 
reaction, according to reverse transcription polymerase chain reaction (RT-PCR) using TMGMV specific primers. *Natural infection previously reported. 
**Quoted in Skelton and Sansford (2012), as experimentally infected.
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Table 2 – Plant species unsusceptible to tobacco mild green mosaic virus (TMGMV-Pet) in mechanical transmission assays1

1.Acanthaceae (2)
Barleria cristata Lam.; Asystasia gangetica (L.) T.Anderson 

2.Amaranthaceae (2)
Amaranthus viridis L.; Pfaffia glomerata (Spreng.) Pedersen 

3.Annonaceae (2)
Annona muricata L.; Annona squamosa Delile 

4.Apiaceae (2)
Centella asiática (L.) Urb.; Coriandrum sativum L. 

5.Apocynaceae (3)
Adenium obesum (Forssk.) Roen & Schult.; Calotropis procera (Aiton.) W.T.Aiton; Plumeria pudica Jacq. 

6.Araceae (2)
Colocasia esculenta (L.) Schott.; Dieffenbachia seguinte (Jacq.) Schott.

7.Araliaceae (3)
Hydrocotyle bonariensis Lam.; Polyscias paniculata Baker; Schefflera arboricola Hayata 

8.Aristolochiaceae (4)
Aristolochia elegans Mast.; Aristolochia fimbriata Cham.; Aristolochia gigantea Mart. & Zucc.; Aristolochia gilbertii Hook.

9.Asclepiadaceae (1)
Hoya carnosa (L.f.) R.Br.

10.Asparagaceae (1)
Cordyline terminalis Kunth.

11.Asteraceae (7)
Argyranthemum foeniculaceum (Wild.) Webb.; Bidens pilosa L.; Chrysanthemum paludosum Poir.; Cichorium intybus L.; Emilia sonchifolia DC; 
Helianthus annuus L.; Osteospermum sp.*

12.Balsaminaceae (1)
Impatiens balsamina L.

13.Brassicaceae (7)
Brassica juncea (L.) Coss.; Brassica oleracea var. italica Plenck.; Brassica oleracea var. botrytis L.; Brassica rapa L.; Eruca sativa Mill.; 
Raphanus raphanistrum L.; Raphanus sativus L.

14.Campanulaceae (1)
Campanula medium Lapeyr.

15.Caprifoliaceae (1)
Lonicera japônica Thunb.

16.Caricaceae (1)
Carica papaya 

17.Commelinaceae (4)
Commelina benghalensis Wall.; Tradescantia fluminensis Vell.; Tradescantia spathacea Sw.; Tradescantia zebrina G.Don.

18.Convulvulaceae (2)
Ipomoea batatas (L.) Lam.; Ipomoea pes-capri (L.) Roth.

19.Cucurbitaceae (1)
Cucumis anguria L.

20.Crassulaceae (1)
Kalanchoe blossfeldiana Poelln.

21.Euphorbiaceae (3)
Euphorbia heterophylla L.; Hevea brasiliensis (Willd. Ex A.Juss.) Mull.Arg.; Ricinus communis L.

22.Fabaceae (8)
Canavalia ensiformis (L.) DC; Canavalia maritima Thouars; Crotalaria juncea L.; Lupinus hybridus Lem.; Phaseolus vulgaris L.; Pisum sativum L.;
Pisum sativum L.; Vigna angularis (Willd.) Ohwi & H. Ohashi; Vigna unguiculata (L.) Walp.

23.Geraniaceae (1)
Pelargonium sp.

24.Lamiaceae (1)
Clerodendrum thomsoniae Balf.; Mentha spicata Crantz.; Ocimum basilicum L.**; Salvia leucantha Cav.; Solenostemon scutellarioides (L.) Codd.

25.Malvaceae (3)
Hibiscus rosa-sinensis L.; Sida sp.; Theobroma cacao L.

26.Myrtaceae (1)
Eugenia uniflora L.

Continue...



5

Bello et al. TMGMV in petunia in Brazil

Sci. Agric. v.82, e20240122, 2025

27.Oleaceae (1)
Ligustrum sinense Lour.

28.Onagraceae (1)
Ludwigia leptocarpa (Nutt.) H.Hara

29.Orchidaceae (2)
Dendrobium sp.; Oncidium sp. 

30. Oxalidaceae (1)
Oxalis corniculata L.

31.Papaveraceae (1)
Papaver rhoeas L.

32.Polygonaceae (1)
Rumex sp. 

33.Ranunculaceae (1)
Nigella damascena L.

34.Rosaceae (1)
Rosa sp. 

35.Rubiaceae (1)
Coffea arabica L.

36.Rutaceae (2)
Citrus sinensis (L.) Osbeck.; Murraya paniculata (L.) Jack

37.Sapindaceae (2)
Litchi chinensis Sonn.; Nephelium lappaceum L.

38.Solanaceae (4)
Brugmansia suaveolens (Willd.) Sweet; Capsicum baccatum L.; Cestrum nocturnum L.; Solanum lycopersicum L.***

39.Violaceae (2)
Viola odorífera Makino; Viola tricolor L.

1Mechanical inoculation with leaf extract from tobacco mild green mosaic virus-infected petunia; *Reported naturally infected in the UK (Skelton et al., 2010); 
**Reported as experimentally susceptible (Skelton and Sansford, 2012); ***Reported naturally infected in Iran (Alishiri et al., 2011).

protein gene (Cohen et al., 2001). The fragment was 
amplified under the following conditions: 94 °C for 4 
min; 30 cycles of 94 °C for 1 min, 48 °C for 45 s, 72 
°C for 1 min; and 72 °C for 10 min. The amplicons of 
two samples were Sanger sequenced (Macrogen, Inc.) 
using forward and reverse primers, and the sequences 
were compared with those deposited in GenBank 
using the BlastN algorithm (http://blast.ncbi.nlm.nih.
gov/Blast.cgi). 

Available full tobamovirus genome sequences 
were obtained from GenBank on 23 Oct 2023. 
Alignments based on nucleotide sequences of the 
full genomes were made using ClustalW in Geneious 
Prime. Maximum-likelihood trees were constructed 
with TMGMV-Pet and 34 full-genome sequences using 
MrBayes v. 3.2.7 in the CIPRES Science Gateway 
(https://www.phylo.org/). Two independent runs were 
conducted simultaneously using 10 million generations 
which excluded 25 % of the resulting trees as burn-in 
(Miller et al., 2010).

All plants inoculated during the mechanical 
transmission experiments that showed symptoms of 
TMGMV infection were collected for RT-PCR tests 
using the primers described by Cohen et al. (2001), as 
described previously. The amplicons obtained were 
separated on a 1 % agarose gel and visualized with 
SYBR™ Safe DNA Gel Stain (Invitrogen).

Results 

Transmission electron microscopy of leaf extracts

Preliminary evidence for the presence of a tobamovirus 
associated with symptomatic plants was obtained by 
examining negatively stained leaf extracts of field 
Pinstripe petunia plants by TEM, which indicated the 
presence of a large number of rod-shaped, tobamovirus-
like particles, ca. 18 nm × 300 nm (Figure 1B). This 
observation triggered further biological, morphological, 
and molecular assays.

Mechanical transmission assays

Mechanical transmission assays using leaf extracts from 
symptomatic field Pinstripe petunia to petunia (cvs. 
Pinstripe, Debonaire blackcherry, and Anã compacta) 
showed chlorotic spots, chlorosis, mosaic in their 
leaves, as well as flower breaking (Figure 1C and D). 
Inoculation of indicator plants such as C. quinoa (Figure 
2B), C. amaranticolor (Figure 2C), tobacco (N. tabacum) 
cv. TNN (Figure 3E), D. stramonium (Figure 2J) and G. 
globosa (Figure 2D) resulted in chlorotic or necrotic local 
lesions on inoculated leaves. Inoculation of tobacco cv. 
Turkish (Figure 3F) and N. glauca (Figure 3B) resulted 
in systemic mild mosaic symptoms; extracts of these 

Table 2 – Continued.
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experimentally infected plants contained tobamovirus-
like particles and tested positive in the RT-PCR assay.

Biological tests for the detection of TMGMV in 
all mechanically inoculated plants (Table 1) through 
inoculation into C. quinoa plants, as well as examinations 
of leaf extracts by TEM from those plants, revealed 
that out of 123 plant species, mechanically inoculated 
with TMGMV-Pet, plants from 35 species (ten families) 
resulted infected (Figure 2A, E-I; Figure 3A-I) (Table 1), 
while plants of 87 species (38 families) were not infected 
(Table 2). Positive infection cases were further analyzed 
by examining thin sections of the leaf tissues and RT-
PCR using specific primers for TMGMV. In all cases, 
infection by TMGMV-Pet was confirmed (Table 1).

Transmission electron microscopy of tissue sections

After the initial detection of rod-like particles in extracts 
of symptomatic field petunia plants, such particles 
were consistently found in assayed plants extracts to 
which TMGMV-Pet was experimentally transmitted. 
Examination of thin sections of leaf tissues from 
symptomatic, field Pinstripe petunia plants and from 
all the experimentally infected plants demonstrated the 
presence of rigid, rod-like particles, either randomly 
scattered or aggregated side-by-side, in the cytoplasm 
(Figure 4A-C). Viral particles in angle-layered aggregates, 
as mentioned by Wetter (1986), were not found. In all 
infected host plants examined, rod-like particles were 
seen forming clusters similar to those ascribed to 
other tobamoviruses, in para-crystalline or long arrays 

(Francki et al., 1985; Edwardson and Christie, 1986) 
(Figure 4A-C). In a few susceptible hosts such as N. 
clevelandii A. Grey, N. megalosyphon Van Heurck & 
Müll.Agr., N. tabacum cv. Turkish and petunia, virus-
like particles were found in the stroma of chloroplasts 
(Figure 5A-C). In all susceptible hosts, in addition to the 
presence of putative viral particle aggregates, a structure 
that was interpreted as the viroplasm (X-body) (Francki 
et al., 1985), formed by a mixture of dense granules, 
elements of the endoplasmic reticulum and ribosomes, 
was observed in the cytoplasm (Figure 4C).

Molecular assays

Longer contigs were assembled by read mapping 
in Geneious Prime based on the contigs related to 
tobamovirus sequences. The longest contig assembled 
contained 7,931 nucleotides (nt) corresponding 
to TMGMV aligned with 9,469,691 reads (out of 
61,547,236) with a mean coverage of 468,809.5. The 
near complete genome of TMGMV-Pet contains 6,340 
nt, including 59 nt in the 5’ untranslated region (UTR) 
and 206 nt in the 3’ UTR. This isolate of the virus has 
four ORF, which ORF1 (nt 60-4,889, 1,112 aa = amino 
acids) and ORF2 (nt 60-4,889, 1,610 aa) are separated by 
a leaky stop codon. ORF3 (nt 4,889-5,649, 257 aa) has a 
short overlap region with ORF4 (nt 5,655-6,134, 160 aa) 
(GenBank accession number PP623115). These data are 
like those described by Solis and Garcia-Arenal (1990).

The 524 bp amplicon obtained by RT-PCR with 
specific primers for TMGMV confirmed the presence of 

Figure 2 – Leaf symptoms on plants experimentally infected by tobacco mild green mosaic virus isolate-Petunia. A) Local necrotic ringspots 
on Beta vulgaris leaf; B) local lesions in Chenopodium quinoa; C) Chenopodium amaranticolor; D) Gomphrena globosa; E) chlorotic 
blotches on leaves of Tabernamontana divaricata; F) local chlorotic spots in inoculated leaf of Hypochaeris brasiliensis; G) systemic vein 
banding in inoculated Impatiens hawkeri; H) reduced leaves and chlorosis in Torenia fournieri; I) large necrotic lesions in inoculated leaf of 
Capsicum annuum; J) local lesions in inoculated leaf of Datura stramonium.
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the virus in the six samples of petunia from the field. 
Comparison of the two obtained nucleotide sequences 
(OR756300, OR756301) with those available from 
GenBank showed 99.17 and 96.88 % identity with the 
corresponding nucleotide sequence of an isolate of 
TMGMV identified in infected Impatiens spp. plants 
from Kenya (ON013908). 

The phylogenetic tree generated with the complete 
genome sequences of TMGMV and other tobamovirus 
sequences grouped the TMGMV-Pet in a clade with 
other TMGMV sequences (Figure 6). Furthermore, the 
full genome of TMGMV-Pet shares nucleotide sequence 
identity of at least 96.37 % with other TMGMV isolates 
(data not shown). 

Discussion

The tobamovirus infecting petunia plants cv. Pinstripe 
described in this work was unequivocally identified as 
an isolate of TMGMV after biological, morphological, 
and molecular assays. Preliminary evidence obtained 

Figure 3 – A) Systemic chlorotic patches in a leaf of Nicotiana 
clevelandii; B) mild mosaic on leaves of Nicotiana glauca; 
C) local necrotic lesions in Nicotiana glutinosa; D) Solanum 
melongena; E) Nicotiana tabacum cv. TNN; F) mosaic symptoms 
in N. tabacum cv. Turkish; G) local chlorotic blotches in Solanum 
Americanum; H) Solanum tuberosum; I) Solanum violifolium. 

Figure 4 – A) Thin section from leaf palisade parenchyma 
cell, of field infected petunia cv. Pinstripe, showing a para-
crystalline array of presumed tobacco mild green mosaic virus 
isolate-Petunia particles (V). B) Similar to (A), in a leaf spongy 
parenchyma cell from a chlorotic local lesion of experimentally 
infected Chenopodium quinoa. Rod-like particle aggregates are 
next to a cytoplasmic area rich in dense globules and ribosomes, 
interpreted as the so-called X body (*). C) Para-crystalline 
array of presumed tobacco mild green mosaic virus virions in 
the cytoplasm of a leaf parenchyma cell of pepper (Capsicum 
annuum). Cl = chloroplast; CW = cell wall; Vac = vacuole.

by examining the leaf extract, revealed the presence 
of tobamovirus-like particles in symptomatic petunia, 
mechanical transmission to indicator plants, and 
nucleotide sequence identity of amplicons produced 
by RT-PCR assays using specific primers for TMGMV, 
confirmed infection with this tobamovirus. Further HTS 
analysis produced details of the genome of this TMGMV 
isolated from petunia. 

TMGMV has a large host range, with at least 16 
plant species reported infected naturally, several of which 
have economic implications. After original detection 
in N. glauca in the Canary Islands (McKinney, 1929), 
TMGMV was also reported in this plant in Australia 
(Randles et al., 1981), USA (Bald and Goodchild, 1960; 
Bodaghi et al., 2004), and Brazil (Favara et al., 2019), 
and in tobacco (N. tabacum) plantations in Germany 
(Köhler and Panjan, 1943) and Turkey (Karanfil et 
al., 2020). There are reports on infection by TMGMV 
of several vegetable crops such as tomato (Solanum 
lycopersicon L.) in Iran (Alishiri et al., 2011), Capsicum 
spp. in Italy and USA (Wetter, 1986), Turkey (Balsak et 



8

Bello et al. TMGMV in petunia in Brazil

Sci. Agric. v.82, e20240122, 2025

Figure 6 – Phylogenetic tree generated with full-genome 
sequences of tobacco mild green mosaic virus isolate Petunia 
(TMGMV_Pet, GeneBank accession number PP623115) and 
other tobamoviruses. The sequence of TMGMV-Pet, highlighted 
in red, is sub-grouped together with the recently detected 
Brazilian TMGMV isolate from Nicotiana glauca, in the branch 
corresponding to TMGMV isolates collected around the world. 
The bootstrap support values (1,000 replications) of branches 
are shown next to the corresponding nodes. The scale bar 
specifies the average number of substitutions per site. ToMV = 
tomato mosaic virus; TMV = tobacco mosaic virus; PMMoV = 
pepper mild mottle virus; ORSV = odontoglossum ringspot virus; 
CGMMV = cucumber green mottle mosaic virus. The GenBank 
accession numbers of viral sequences used in this analysis are 
shown before the viral acronym in each leaf description.

Figure 5 – A) Detail of tobamovirus-like particles (arrows) in 
the chloroplast’s stroma in a leaf palisade parenchyma cell 
of field infected, petunia cv. Pinstripe; B) similar situation in 
experimentally infected Nicotiana tabacum cv. Turkish (systemic 
mosaic); C) Nicotiana megalosyphon (local lesion); D) Nicotiana 
clevelandii (local lesion). C = chloroplast; CW = cell wall; V = 
aggregate of presumed tobacco mild green mosaic virus virions 
in the cytoplasm; Vac = vacuole.

al., 2022), Korea (Choi et al., 2002), Venezuela (Córdoba 
et al., 2006), Tunisia (Font et al., 2009), Panama (Herrera-
Vásquez et al., 2009), and Taiwan (Li and Chang, 2005), 
and cucurbits in China (Tang et al., 2017). TMGMV has 
been described infecting ornamentals such as petunia 
in France (Parrella et al., 2006), and Israel (Gera et al., 
2011), Tabernaemontana divaricata (L.) R.Br. ex. Roem. & 
Schult (Cohen et al., 2001) and Torenia sp. (Gera et al., 
2011), in Israel, and Calibrachoa sp. (Gera et al., 2011) in 
Israel and the USA (Sabanadzovic et al., 2009). In China, 
there is a report of TMGMV infecting the medicinal plant 
Rhemannia glutinosa Libosch (Qin et al., 2022). TMGMV 
isolates have been shown to have high genetic stability 
(Rodrígues-Cerezo et al., 1991; Fraile et al., 1996; Karanfil 
et al., 2023; Andrés-Torán et al., 2023; Zamfir et al., 2023). 
In China, an infectious clone of TMGMV was constructed 
based on an isolate from pepper (Gao et al., 2023). This 
study indicated that this isolate of TMGMV from petunia 
could experimentally infect many plant species, though, 
in Brazil, to date only N. glauca is naturally infected by 
TMGMV.

The near-complete genome of TMGMV-Pet showed 
the highest nucleotide sequence identity values (97-
99 %), with the complete genome of TMGMV isolates 
DSMZ PV-1112 (GenBank OP525296) and Ng92/73 
(GenBank MH730970) and BR (MK005155). Since these 
viruses were collected from Europe and South America, 
these extremely high percentages reveal conserved viral 

sequences across continents and likely from different 
hosts. The low genetic diversity among TMGMV isolates 
has been previously reported after comparison involving 
full-genome sequences of isolates from Australia, Egypt, 
Greece, Spain, and the USA (Rodríguez-Cerezo et al., 
1991; Fraile et al., 1996). The same evidence was also 
obtained in a study comparing the full genome sequence 
of several TMGMV isolates of plants collected in Spain 
(period 2015-2017) and Turkey (2019-2020) (Andrés-Torán 
et al., 2023; Karanfil et al., 2023; Zamfir et al., 2023). 

Thirty-five plant species from nine botanical 
families were infected in mechanical transmission assays 
with the isolate TMGMV-Pet to assess their susceptibility. 
Infection was confirmed by TEM of leaf extracts and leaf 
tissue sections and by RT-PCR using specific primers. 
Plants from nine of these species have already been 
previously reported to have been naturally infected with 
TMGMV. Seven new species may be included in the list 
of experimental hosts of this virus (Skelton and Sansford, 
2012) (Table 1). Out of the total of 130 plant species 
tested, 85 species (39 families) were not infected with 
TMGMV in present experiments (Table 2). Among them, 
Osteospermum sp. has been described as being naturally 
infected with TMGMV (Skelton et al., 2010), as well as 
tomato (S. lycopersicon) (Alishiri et al., 2011), and Ocimum 
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basilicum plants were previously reported as being 
experimentally susceptible to TMGMV (Skelton and 
Sansford, 2012), but were unsusceptible to TMGMV-Pet. 
Such variation in host susceptibility is likely related to 
the virus and host variability. 

The cytopathology of TMGMV-infected tissues in 
all susceptible host plants is consistent with the pattern 
previously described for most tobamoviruses (Francki 
et al., 1985; Wetter, 1986; Edwardson and Christie, 
1986). Viral particles were found in para-crystalline 
or elongated arrays in the cytoplasm and occasionally 
randomly scattered (Figure 4A-C). Although Wetter 
(1986) has emphasized that TMGMV characteristically 
produces particles organized in angle-layered arrays, 
we could not find such arrays in any of the samples 
examined. It should be mentioned that in at least four of 
the susceptible hosts analyzed (N. clevelandii, N. tabacum, 
N. megalosyphon, and petunia) tobamovirus-like particles 
were also seen in the stroma of chloroplasts (Figure 5A-
D). Esau and Cronshaw (1967) described tobamovirus-
like particles within chloroplast in TMV-infected tobacco 
leaf cells, followed by Shalla (1968), who gave a similar 
description in tobacco leaf cells infected by TMGMV [at 
the time considered an isolate U of the tobacco mosaic 
virus – TMV-U (Wetter, 1986)]. Further studies have 
shown that these particles inside chloroplast stroma 
were not infectious and were pseudo-virions, i.e., 
tobamovirus coat protein associated with plastid RNA 
(Shalla et al., 1975; Rochon and Siegel, 1984). Siegel (1971) 
first reported the presence of non-infective, pseudo-
virions of TMV in extracts of TMV-infected tobacco 
tissues, and that some of these particles contained RNA 
complementary to the chloroplast genome. Reinero and 
Beachy (1986) detected TMV coat protein associated with 
chloroplast’s membrane. The entrance of TMV-RNA 
into chloroplast in vivo was demonstrated by Schoelz 
and Zaitlin (1989). Accumulation of tobamovirus coat 
protein in chloroplasts is considered related to symptom 
expression (Zhao et al., 2016). Viral coat protein has 
been reported to be associated with plastid’s membrane 
in other viruses, as well as tobamovirus, such as potato 
virus X genus Potexivurs, potato virus Y genus Potyvirus, 
and cucumber mosaic virus genus Cucumovirus, 
apparently without forming pseudo-virions (Zhao et al., 
2016). Tobamovirus pseudo-virions have been reported 
within chloroplasts only in infected N. tabacum (Shalla, 
1968). In this work, they were also observed in other host 
plant species such as petunia, N. megalosyphon, and N. 
clevelandii infected by TMGMV-Pet. However, in none of 
the remaining 30 species infected with TMGMV-Pet were 
pseudo-virions found in chloroplasts. Thus, the formation 
and accumulation of pseudo-virions in chloroplasts may 
depend on the combination of virus isolate and plant 
species. 

A survey of plant viruses in the sewage waters 
of Brasília, Federal District, Brazil, demonstrated the 
presence of TMGMV among several other plant viruses 
by metagenomic analysis (Duarte et al., 2023). Brasília, 

the capital of Brazil, hosts embassies from numerous 
countries worldwide, and its population is made up of 
people from across the nation. This diversity continually 
introduces edible, medicinal or ornamental plants, some 
potentially carrying viruses, which may eventually find 
their way into the city’s sewage system. Therefore, the 
presence of various plant viruses, including several 
still unreported in Brazil, in the sewage waters was not 
entirely surprising. It has been reported that among other 
plant viruses, TMGMV was detected in 2016 (Duarte et 
al., 2023), before the first formal report in the state of São 
Paulo state (Brazil), infecting N. glauca in 2019 (Favara 
et al., 2019). This suggests that TMGMV isolates have 
been circulating for a long time in many Brazilian regions 
and that field petunias found infected by TMGMV in the 
present study could have been infected locally during 
manipulation, from a still unknown source.
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