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1 | INTRODUCTION

Carlaviruses are plant-infecting viruses with flexuous filamentous particles of approx-
imately 650 nm in length and a positive single-stranded hexacistronic RNA molecule
as the genome. In this study, we analysed 14 samples of brassicas plants, reportedly
affected by carlaviruses, that were collected in distant and edaphoclimatic distinct
regions in Brazil. The genomes of four viral isolates detected in leaf kale (Brassica
oleracea var. acephala) plants displayed the typical genomic organization of carlavi-
ruses, subdivided into two contrasting identity profiles. Isolates T25, T107, and T110
showed a higher sequence identity among them (c.93%) than with T90 (c.67%), which
had the highest nucleotide sequence identity (85.2%) with the only documented
genomic fragment, approximately 1 kb of the RNA 3'-end, of cole latent virus (CoLV).
Identity values among the other three isolates and ColLV were consistently lower than
78.6%. Nucleotide and amino acid sequence identity values of the replicase cistron
of the isolates T25 and T90 are below the threshold for species demarcation in the
genus Carlavirus. Upon mechanical transmission, these two isolates induced different
symptoms in brassicas and solanaceous plants. Overall, data indicated that these vi-
ruses belong to two related but distinct species of carlaviruses. While T90 was recog-
nized as an isolate of ColLV, the remaining isolates were considered members of a new
tentative carlavirus named Cole mild mosaic virus (CoMMV). Current work provides
convincing support for the taxonomic status of the species Cole latent virus, enlarges
the known diversity of carlaviruses, and makes available new molecular tools to im-

prove surveys of brassica-infecting viruses.
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brassicas, Carlavirus, high-throughput sequencing, leaf kale, mixed infection, Nicotiana
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greatest diversity of food products used by humans from a sin-

gle plant genus (Melo et al., 2019). Brazil ranks among the larg-

The genus Brassica, family Brassicaceae, comprises herbaceous est vegetable producers in the world (Carvalho et al., 2016). In

crop plants distributed worldwide, which together provide the 2016, the national production of brassica crops reached about
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200,000 tonnes and generated over $59 million in gross revenue
(Anonymous, 2016).

Globally, crucifers are infected by a wide diversity of RNA and
DNA viruses (Rodrigues et al., 2019, 2021; Sastry et al., 2019). Viral

diseases usually decrease the marketability of the affected plants,
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mainly due to the reduced quality of, for instance, the leaves from
leaf kale (Brassica oleracea var. acephala), mustard (B. juncea), and
rocket (Eruca sativa); the inflorescences from cauliflower (B. olera-
cea var. botrytis) and broccoli (B. oleracea var. italica); and roots from
turnip (B. rapa), radish (Raphanus sativus), and horseradish (Armoracia
rusticana) (Kitajima, 2020; Sastry et al., 2019).

In Brazil, a partially characterized RNA virus known as cole latent
virus (CoLV) has been intermittently detected affecting some variet-
ies of leaf kale, cauliflower, and horseradish plants (Belintani et al.,
2002; Eiras et al., 2008; Kitajima et al., 1970). Infected plants may
show vein clearing and mild mosaic in their leaves or, although less
frequently, the infection remains latent. CoLV has elongated, nonen-
veloped flexible particles of 650 nm in length, which are transmitted
plant to plant by different species of aphids (order Hemiptera) in a
noncirculative manner (Belintani et al., 2002; Bragard et al., 2013;
Costa et al., 1972; Eiras et al., 2008; Mello et al., 1987). The unique
combination of its biological traits and the relatively low nucleotide
(nt) sequence identity with other carlaviruses of a fragment with
1040 nt from the 3'-terminal region of its genome (RefSeq accession
NC_038322) led to the early assignment of ColLV to the species Cole
latent virus, genus Carlavirus, in 2004 (Mayo, 2005).

The genus Carlavirus, family Betaflexiviridae, includes viruses as-
signed to different species that have a specific natural host range, do
not cross-protect in infected common host plant species, are usually
readily differentiated by serological procedures, and at the genetic
level, have less than 72% nt sequence identity (or 80% deduced
amino acid sequence identity) in the open reading frames (ORFs)
encoding the replicase or coat protein (CP) (Adams et al., 2012). The
genome of carlaviruses consists of a single-stranded RNA (ssRNA)
of approximately 8 kb, 3'-end polyadenylated, and with six ORFs
(Adams et al., 2004; Foster, 1992). ORF1 encodes the replicase
protein (223 kDa), which comprises four conserved domains: meth-
yltransferase (Mt), papain-like protease (P-Pro), helicase (Hel), and
RNA-dependent RNA polymerase (RdRp). ORFs 2, 3, and 4, known
as the triple gene block (TGB), encode proteins of 25 kDa, 12 kDa,
and 7 kDa, respectively, involved in viral movement, whereas ORF5
encodes the coat protein (CP, 34 kDa). Nearest to the 3'-end, the
ORF6 encodes a cysteine-rich protein with nucleic acid-binding ac-
tivity (RBP, 11 kDa) that counteracts the plant gene silencing (Fujita
et al., 2018). ORFs 2, 3, 4, 5, and 6 are expressed from two subge-
nomic RNAs of 2.6 and 1.3 kb (Foster, 1992). Viral replication occurs
exclusively in the cytoplasm of the infected cells (Mello et al., 1987).

In this study, we report a survey of brassica-infecting carlavi-
ruses throughout Brazil and the biological and molecular characteri-
zations of some of the isolates found. We provide the first complete
genome sequence of a virus of the species Cole latent virus, and the
genome of a tentative new species we named Cole mild mosaic

virus (CoMMV). Moreover, we describe the suitable use of Nicotiana

megalosiphon plants as an indicator host for CoLV and CoMMYV in-
fections, and as an alternative way to separate mixed infections be-
tween caulimovirus cauliflower mosaic virus (CaMV) and the studied
carlaviruses.

2 | MATERIALS AND METHODS
2.1 | Viral samples

Fourteen leaf samples of cultivated brassicas were collected during
a survey in vegetable production areas in different regions of Brazil
(Table 1, Figure 1). Leaves were cut into small fragments, transferred
to Petri dishes containing CaCl, (1.6 g per gram of fresh leaf), and
kept at =20°C until their use in biological tests, transmission electron
microscopy observations, and molecular analyses.

2.2 | Viral transmission

Leaf extracts of leaf kale (B. oleracea var. acephala) plants of the
samples T25 and T90, collected in Divinolandia, 21°30'41"S,
46°44'09"W, state of Sao Paulo, Brazil, in 2015, and Arapiraca,
09°45'09"S, 36°39'40"W, state of Alagoas, Brazil, in 2017, respec-
tively, were used to inoculate a set of four plants each belonging to
27 species of the families Aizoaceae, Amaranthaceae, Brassicaceae,
Cucurbitaceae, Fabaceae, Solanaceae, and Poaceae (Table 2). Leaf
extracts were prepared in 0.01 M phosphate buffer, pH 6.0, contain-
ing 5% sodium sulphite, and they were mechanically inoculated into
new plants using carborundum powder as abrasive. For each treat-
ment, a mock-inoculated plant was included as a negative control.
Plants were kept under greenhouse conditions (anti-aphid net, the
ambient temperature in the range 20-26°C, and controlled irrigation)
and any observed morphological alteration was recorded after a
daily inspection. Thirty days postinoculation (dpi), leaf samples from
both plants with and without symptoms were collected for further
analyses. In particular, leaves from N. megalosiphon plants inoculated
with the extract from sample T25 were considered the source of the
carlavirus isolate T25 in the following characterization experiments.
Free of caulimovirus infection, these plants were identified as the
purified T25 (pT25) sample. Finally, the host range of isolate T25 was
reassayed using pT25 leaf extracts and the same set of plant species

described for the inoculation of T25 and T90 samples.

2.3 | Transmission electron microscopy

Leaves of Chinese cabbage cv. Natsume (B. rapa subsp. pekinensis) plants
with symptoms, previously inoculated with sap extracts of the samples
pT25 and T90, were analysed by transmission electron microscopy (TEM)
after a negative contrast staining (leaf dip) (Kitajima & Nome, 1999). For
the examination of the cytoplasmic inclusions, leaf tissues were fixed in
paraformaldehyde (2%) plus glutaraldehyde (2.5%) in 0.05 M cacodylate
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TABLE 1 List of brassica samples collected in this work

Collection
Sample (code) Host of collection Date Place Symptoms
T4 (1) Brassica oleracea var. acephala 02/2012 Socorro, SP NS
(leaf kale)
T6 (2) Armoracia rusticana 06/2012 Divinolandia, SP NS
(horseradish)
T9 (3) B. oleracea var. acephala 07/2012 Monte Alegre do Sul, SP NS
T15 (4) B. oleracea var. acephala — Distrito Federal, DF Leaf mosaic
T25(5) B. oleracea var. acephala 05/2015 Divinolandia, SP Vein clearing/leaf mosaic
T36 (6) Brassica rapa pekinensis 09/2015 Santo Antonio do Pinhal, SP Vein clearing/leaf mosaic
(Chinese cabbage)
T62 (7) B. oleracea var. acephala 09/2015 Pindamonhangaba, SP Vein clearing, mosaic, and
deformation
T63 (8) B. oleracea var. acephala 09/2015 Pindamonhangaba, SP Mosaic, deformation, and
chlorotic spots
T64 (9) B. oleracea var. italica (broccoli) 09/2015 Pindamonhangaba, SP Mosaic, deformation, and
chlorotic spots
T89 (10) B. oleracea var. acephala - Ubatuba, SP Mosaic, whitening, and rib
necrosis
T90(11) B. oleracea var. acephala 07/2017 Arapiraca, AL Vein clearing/leaf mosaic
T107 (12) B. oleracea var. acephala 08/2018 Pinhais, PR NS
T109 (13) Raphanus raphanistrum (radish) 08/2018 Pirendpolis, GO NS
T110 (14) B. oleracea var. acephala 08/2018 Pirendpolis, GO NS

Note: Samples selected for further analyses are highlighted in bold.
Abbreviations: AL, Alagoas; DF, Distrito Federal; GO, Goias; NS, no symptoms were observed; PR, Parana; SP, S&do Paulo.
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FIGURE 1 Distribution of fields where the brassica samples analysed in this work were collected during the period 2012-2017. Numbers
indicate the codes of each sample as shown in Table 1. Brazilian states are identified as follows: AL, Alagoas; GO, Goias; SP, Sao Paulo; PR,
Parana; DF, Distrito Federal

buffer. The fixed tissue was postfixed in 1% OsO,, dehydrated in etha- UTC ultramicrotome (Leica), stained with uranyl acetate and Reynold's
nol, infiltrated, and embedded in epoxy Spurr medium (Kitajima & Nome, lead citrate, and examined under a transmission electron microscope (
1999). Ultrathin sections were cut with a diamond knife (DIATOME) in a JEM 1011; JEOL). The images were recorded digitally.
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TABLE 2 Biological tests on plants of different botanical families inoculated with leaf extracts from samples pT25 and T90

Symptoms RT-PCR
Family Species pT25 T90 pT25 T90
Aizoaceae Tetragonia tetragonioides ‘Nova Zelandia’ (spinach) NS NS - -
Amaranthaceae Chenopodium giganteum LL LL aF aF
Gomphrena globosa (globe amaranth) NS NS - -
Brassicaceae Brassica oleracea var. italica ‘Precoce Piracicaba’ NS NS + +
(broccoli)
B. rapa subsp. pekinensis ‘Natsume’ (Chinese cabbage) NS NS + +
B. oleracea var. botrytis ‘Juliana’ (cauliflower) M NS + +
B. oleracea var. gongylodes (kohlrabi) M M + +
Eruca sativa ‘Astro’ (rocket) NS NS + +
Raphanus sativus ‘No. 19 Sakata’ (radish) NS NS - -
Cucurbitaceae Citrullus lanatus ‘Charleston Gray’ (watermelon) NS NS - -
Cucurbita pepo ‘Caserta’ (zucchini) NS NS - -
C. lanatus ‘Crimson Sweet’ (watermelon) NS NS - -
C. lanatus ‘Fairfax’ (watermelon) NS NS - -
Cucumis sativus ‘Caipira’ (cucumber) NS NS - -
Fabaceae Pisum sativum ‘Triofin’ (pea) NS NS - -
Solanaceae Capsicum annuum ‘Cascadura lkeda’ (pepper) NS NS - -
Datura stramonium NS NS - -
Nicotiana debneyi NS NS - -
Nicotiana glutinosa NS NS = =
Nicotiana megalosiphon M/DD/LD M aF aF
Nicotiana tabacum ‘Samsun’ NS NS = =
N. tabacum ‘Samsun NN’ NS NS = =
Nicotiana sylvestris NS NS - -
N. tabacum ‘White Burley’ NS NS - -
N. tabacum ‘Xanthi’ NS NS = =
Solanum melongena ‘Embu’ (eggplant) NS NS - -
Poaceae Zea mays ‘Itapua 700’ (maize) NS NS - -

Note: Carlavirus presence was verified by RT-PCR.

Abbreviations: DD, developmental delay, LL, local lesion; LD, leaf deformation (systemic); M, systemic mosaic; NS, no symptoms were observed.

2.4 | Extraction of total RNA and DNA

Plant total RNA extracts were obtained from dried leaves (0.03-
0.05 g) conserved in CaCl, and fresh leaves (0.1 g) of plants inoculated
under controlled conditions. Leaf samples were ground in a mortar in
the presence of liquid N, and processed using TRIzol reagent following
the manufacturer's recommendation (Life Technologies). DNA extrac-
tion was performed as previously described (Dellaporta et al., 1983).
Both DNA and RNA extracts were resuspended in Milli-Q water,
treated with DEPC for RNA solutions, and stored at -80°C.

2.5 | Reverse transcription-PCR

Approximately 500 ng of the RNA templates were used for cDNA
synthesis using 50 pM of either oligo(dT),, or CoLV-ll-specific

primers (Table 3) and RNase-free water up to a final volume of
10 ul. Mixes were incubated at 70°C for 3 min and immediately
placed on ice for 2 min. cDNA synthesis was completed after the
addition of the reverse transcriptase enzyme buffer (1x), deoxy-
nucleotide solution mix (dNTPs, 0.1 mM), and Moloney murine
leukemia virus (MMLV) reverse transcriptase (8 U/ul). The re-
action mix was further incubated at 37°C for 60 min according
to the recommendation in the MMLV Reverse Transcriptase kit
(Promega). Viruses were detected by PCR using cDNA solutions
as templates (2 ul), specific primer pairs (0.1 uM), and GoTaq G2
Green Master Mix (1x; Promega) in a PTC100 thermal cycler (MJ
Research Inc.). Thermocycling conditions were as follows: 5 min
at 94°C; 35 cycles of 1 min at 94°C, 30 s at the specific annealing
temperature (Table 3), and a period of extension (1 min per 1 kb of
amplicon length) at 72°C; with a final extension of 2 min at 72°C.

Amplicons were visualized in 1.2% agarose gel in the presence of
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ethidium bromide (0.5 pg/ml), under ultraviolet light (Eagle Eye
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Il; Stratagene Inc.). Appropriate primer pairs for the detection of
turnip mosaic virus (TuMV), carlaviruses, and cauliflower mosaic
virus (CaMV) (Ha et al., 2008; Jenner et al., 2002; Lépez-Moya
et al., 1992) are described in Table 3. The primer pairs CoMMV/
Replicase, CoMMV/CP, ColLV/Replicase, and CoLV/CP were de-
signed in this study. For this, viral sequences were aligned using
MUSCLE, implemented in MEGA v. X (Kumar et al., 2018), and
primers were designed using Primer3 (Untergasser et al., 2012)
implemented in Geneious software platform v. 11.1.4 (Kearse
etal., 2012; Table 3).

2.6 | High-throughput sequencing, assembly, and
analysis of viral sequences

Leaves from the Chinese cabbage cv. Natsume plants inoculated
with extracts of samples pT25 and T90 were collected at 20 dpi.
Leaves of Chinese cabbage plants infected with isolates T25 and
T90 and kale leaf plants infected with isolates T107 and T110
were individually ground into a fine powder in liquid N, with a
pestle and mortar. RNA extracts were obtained using the TRizol
reagent and further purified using the RNeasy Mini Kit (Qiagen).
Quantification and estimation of the A,,,/A,q, ratio were car-
ried out using a NanoDrop ND-8000 microspectrophotometer
(Thermo Scientific). Five hundred nanograms of RNA were sent to
the Animal Biotech Laboratory at Escola Superior de Agricultura
Luiz de Queiroz, University of Sdo Paulo (Piracicaba, SP, Brazil).
Poly(A) enrichment of the RNA extracts and cDNA libraries were
prepared with TruSeq Stranded mRNA Library Prep Kit (lllumina).
Sequencing was performed in an l[llumina HiSeq 2500 system and
paired-end reads of 2 x 125 bp were generated using HiSeq SBS
v. 4 High Output Kit (Illumina). Read analysis, assembly, and pro-
cessing were carried out using several pieces of bioinformatics
software and following previously described workflows (Chabi-
Jesus et al.,, 2018, 2021; Ramos-Gonzalez et al., 2018). Briefly,
the read quality was verified with FastQC v. 0.11.5 (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/). Bases with
low quality and the sequences of adapters were filtered using
the package BBDuk implemented in Geneious package v. R11.2
(Kearse et al., 2012). Then, reads were assembled de novo using
Trinity (Haas et al., 2013) implemented on the Galaxy platform
(https://usegalaxy.org; Afgan et al., 2016). Contigs were anno-
tated using BlastX, implemented in the Geneious software, using
a plant viral genome database (https://www.ncbi.nlm.nih.gov/
genbank/). The largest contigs from each library producing the
best E-value score (= 0) with the fragment of 1040 nt from the
ColLV genome, RefSeq accession number NC_038322.1 (Belintani
et al., 2002), and other carlaviruses, were selected. Viral ORFs
were identified in silico by the ORF finder (https://www.ncbi.
nlm.nih.gov/orffinder/). The total of virus-specific reads in each
high-throughput sequencing (HTS) library was carried out using
BBMap (Bushnell, 2014).

2.7 | Amplification of the 5-end of viral genomes

The 5-end sequences of the carlavirus genomes of the isolates T25 and
T90 were obtained using the Rapid Amplification of cDNA Ends (RACE)
technique and specific primers (Table 3), as recommended by the manu-
facturer (SMARTer Kit; Clontech Laboratories). Sequentially, the ampli-
fied DNA fragments were visualized in 1.2% agarose gel in the presence
of ethidium bromide (0.5 pg/ml) under ultraviolet light. Amplification
products of the expected size were collected, purified using the Wizard
SV gel and PCR Clean-Up System (Promega), and ligated to pGEM-T
Easy vector (Promega). Recombinant plasmids from at least five colo-
nies per viral isolate were purified and sent for Sanger sequencing at

URL Applied Molecular Biology, Instituto Bioldgico, SP, Brazil.

2.8 | Recombination analysis

Putative recombination events between viruses of the genus Carlavirus
were assessed using the methods RDP, GENECONYV, Bootscan,
Maxchi, Chimaera, SiScan, and Topal, implemented in RDP v. 5 (Martin
et al., 2021). Sequences were aligned using the MUSCLE, MAFFT, and
Clustal software, implemented in Geneious. Signals were only consid-
ered when detected by at least three algorithms at p < 0.05.

2.9 | Sequence comparisons and
phylogenetic analyses

The complete genome and individual ORF nt sequences, and de-
duced amino acid (aa) sequences of viral proteins, were aligned with
those of reference sequences belonging to other species in the genus
Carlavirus, and members of the family Betaflexiviridae using MAFFT
multiple sequence alignment software v. 7 (Katoh & Standley, 2013).
The genetic distances (D) were calculated using MEGA X (Kumar et al.,
2018). Phylogenetically informative regions of the multiple sequence
alignments were selected using Noisy software (Dress et al., 2008)
implemented in http://ngphylogeny.fr (Lemoine et al., 2019). Best
evolutionary models for CP (LG+F+I+G4) and RdRp (LG+F+1+G4)
proteins and maximum-likelihood phylogenetic trees were calculated
using W-IQ-TREE software v. 1.5.5 (http://igtree.cibiv.univie.ac.at;
Trifinopoulos et al., 2016). The reliability of the inferred evolution-
ary relationships was assessed by 1500 bootstrap replications. Trees
were viewed and edited using iTOL v. 4 (Letunic & Bork, 2019).

3 | RESULTS

3.1 | Identification of carlaviruses in field-collected
samples

Fourteen brassica samples were collected from vegetable produc-
tion areas throughout Brazil (Figure 1, Table 1). Molecular tests

performed on these samples indicated the presence of carlaviruses
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mostly in mixed infections with TuMV and CaMV, that is, two sam-
ples tested positive for co-infections with TuUMV and nine with
CaMV (Figure 2). Some amplicons from TuMV and CaMV detection
assays were purified, sequenced, and their identities confirmed
after comparisons with the reference sequences for each virus (i.e.,
TuMV amplicons of the isolate T4, GenBank acc. no. MK249372 and
MK357827; isolate T110, MK307995 and MK370485; CaMV am-
plicons of the isolates T9, T25, T36, T62, T63, and T89, MK861855,
MK962761, MK962764, MK962766, MK962767, and MK962768,
respectively). Single infection by a carlavirus was only detected in
samples T15, Té4, and T90 (Figure 2, lanes 4, 9, and 11), whereas
the radish sample T109 was the only one in which carlaviruses

were not detected (Figure 2, lane 13). Besides T90, collected in the

State of Alagoas, in the north-east of Brazil, samples T25 (State
of Sdo Paulo, south-east region), T107 (State of Parana, south re-
gion), and T110 (State of Goias, mid-west region) (Figure 2, lanes 5,
12, and 14) were selected for further characterization, as between
them they cover contrasting edaphoclimatic and distant regions in
Brazil.

Leaf extract of sample T25 from a leaf kale plant was mechani-
cally inoculated into plants of different species to investigate a po-
tential biological separation of the mixed infection carlavirus-CaMV.
Thirty days postinoculation, PCR and RT-PCR tests were performed
and the results confirmed the absence of CaMV and the infection by
a carlavirus in N. megalosiphon plants (Figure 3). For further analyses,

T25-infected N. megalosiphon plants free of the caulimovirus were
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FIGURE 2 Virus detection in field-collected brassica samples by reverse transcription (RT)-PCR or PCR. Electrophoresis in 1.2% agarose
gel of amplicons of (a) turnip mosaic virus (primers: CI-F/CI-R, expected amplicon: size: 700 bp), (b) cauliflower mosaic virus (primers:
CaMV-F/CaMV-R, expected amplicon size: 361 bp), and (c) carlaviruses (primers: Carla-CP/OligodT-21, expected amplicon size: 940 bp).
Lanes 1-14: samples identified according to the codes shown in Table 1. C+, infected leaf kale (Brassica oleracea var. acephala); C-, healthy
leaf kale plant; W, blank; L, Molecular weight marker (DNA 1 kb ladder; Promega)

ASUDIT suowwio)) aAneal) aqearjdde ay) £q pauIdA0S aIe SA[ONIE Y 9SN JO SN 10J ATRIqIT SUI[UQ) AS[IA\ UO (SUONIPUOD-PUL-SULIA)/ W0 Ka[im ATeIqiaur[uo//:sdy) suonipuo)) pue suLd [, oy 23S *[9707/10/97] uo Areiqr aurjuQ Loqip ‘sade) £q g2y 1 edd/1111°01/10p/wod Kafim Kreiqrouruo-sjeumolddsqy/:sdyy woiy papeojumod ‘z ‘7702 ‘6S0£S9€ T



OLIVEIRA ET AL.

“ Lwi LEY-LL

considered as the source of the carlavirus in sample T25, hereinafter

t Pathoiogy

referred to as sample pT25 (purified T25).

Leaf kale plants infected with the carlavirus in samples pT25 and
T90 showed vein clearing and mosaic symptoms 30 days after me-
chanical inoculation (Figure 4a,b). Flexuous filamentous particles of
approximately 650 nm in length were observed in leaf extract prepa-
rations (leaf dip) from these plants (Figure 4c). In ultrathin sections of
leaf tissues, viral particles were observed as spiral aggregates in the
cytoplasm of the infected cells (Figure 4d).

3.2 | Hostrange and symptoms of virus isolates
T25 and T90

Leaf extracts from the leaf kale plants infected with isolate T25,
derived from the sample pT25, and T90 were mechanically inocu-
lated into a set of potential indicator host plants of the families
Aizoaceae, Amaranthaceae, Brassicaceae, Cucurbitaceae, Fabaceae,
Solanaceae, and Poaceae (Table 2). Both isolates induced local le-
sions in the inoculated leaves of Chenopodium giganteum plants
(Amaranthaceae) (Figure 5). Inoculation with the extract of sample
pT25 induced mosaic in three out of the four inoculated plants each
of B. oleracea var. botrytis (cauliflower cv. Juliana) and B. oleracea
var. gongylodes (kohlrabi), while plants inoculated with the extract
of sample T90 expressed practically imperceptible symptoms or
remained symptomless. In this case, the infection by T90 was only
detected by RT-PCR (Table 2). It is worth noting that inoculation with
extracts of both pT25 and T90 resulted in symptomless infections
of B. rapa and E. sativa. The remaining inoculated plants of the fami-
lies Solanaceae (except for N. megalosiphon plants), Cucurbitaceae,
Fabaceae, and Poaceae neither showed symptoms nor were latently
infected, as confirmed by molecular tests (Table 2).

N. megalosiphon plants inoculated with the extract of sample
pT25 showed mosaic symptoms at 15 dpi, while those infected
with isolate T90 remained symptomless for at least 20 dpi. After
that, local chlorotic lesions appeared in the T90-inoculated leaves.
Consistently, these lesions gradually turned into necrotic areas and
mosaic appeared in the systemically infected leaves in the four
challenged plants. However, despite the presence of these lesions
in T90-infected N. megalosiphon plants, the symptoms caused by
T25 were more severe (Figure 5). Besides the typical mosaic, T25-
infected plants displayed leaf deformations, stunting, and in general
showed a delayed development when compared with those infected

by T90. All infections were confirmed by molecular tests.

3.3 | Molecular characterization of carlaviruses

Bioinformatics analysis of the HTS libraries from Chinese cab-
bage plants inoculated with extracts of samples T25, T90, T107,
and T110 indicated the presence of carlavirus-specific sequences
in all of them, CaMV in samples T107 and T110, and TuMV in
T110. According to the analysis of nt sequence identity, related but
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FIGURE 3 Separation of mixed infection of cole mild mosaic
virus (CoMMV) and cauliflower mosaic virus (CaMV) in Nicotiana
megalosiphon plants. Leaf extract from the leaf kale (Brassica
oleracea var. acephala) plant infected with CoMMV and CaMV,
sample T25, was mechanically inoculated in N. megalosiphon plants.
Electrophoresis in 1.2% agarose gel of reverse transcription-PCR
or PCR products for the detection of (a) CoMMYV, and (b) CaMV,
respectively. Lane T25, leaf kale T25 leaf extract. Lanes 1-3, three
N. megalosiphon plants inoculated with extract of sample T25
containing a mixed infection CoMMV-CaMV. Lane C+, CoOMMV-
infected brassica plant (a) and CaMV-infected brassica plant (b).
Lane C-, healthy N. megalosiphon plant. L, Molecular weight marker
(DNA 1 kb ladder; Promega)

distinct carlaviruses were detected. The virus in sample T90 mark-
edly diverged from the carlavirus sequences recovered from the
remaining samples, that is, pT25, T107, and T110, which showed
higher nt sequence identities among themselves. The carlavirus
isolates T25 and T90 were further analysed by RACE to obtain the
complete viral genomes. Considering the genomic sequences of
carlaviruses in samples pT25 and T90 as references, we determined
that the HTS libraries of samples pT25, T90, T107, and T110 con-
tained 3.7% (921,344 out of 25.1 million reads), 27.4% (7,914,013
out of 28.8 million reads), 1.4% (201,734 out of 15.2 million of
reads), and 2.7% (337,316 out of 12.5 million reads) of carlavirus-
derived reads, respectively.

Excluding the poly-A tails at their 3"-ends, the complete genome
sequences of the isolates T25 and T90 have a length of 8547 and
8512 nt, respectively. The genomes of both isolates contain six ORFs,
arranged in a typical organization of carlaviruses (Figure 6). The ge-
nomes of T25 and T90 show 68.0% nt sequence identity between
them, and they show the highest nt sequence identities, 78.6% and
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FIGURE 4 Kale (Brassica oleracea var.
acephala) leaves showing symptoms of
vein clearing and mosaic after infection
with the carlavirus isolates (a) T25 from
Divinolandia, State of S0 Paulo, and (b)
T90, from Arapiraca, State of Alagoas. (c)
Transmission electron microscopy from a
plant inoculated with isolate T25, showing
an elongated and flexuous particle,
approximately 650 nm long, presumed
virion of CoMMV; bar 150 nm. (d)
Ultrathin sections of a leaf of a kale plant
inoculated with an extract of sample T90
depicting typical cytoplasmic inclusions
formed by aggregates of elongated
particles, putative ColV virions organized
in a spiral shape, in a leaf parenchyma
cell; bar 200 nm. MT, mitochondrion;

CL, chloroplast; In, cytoplasmic inclusion
[Colour figure can be viewed at
wileyonlinelibrary.com]

85.2%, respectively, with the only known genomic fragment, ap-
proximately 1 kb of the RNA 3'-end, of ColLV (RefSeq NC_038322)
(Belintani et al., 2002). Considering the portion of the ORF5 inside
the ColLV sequence available (642 nt, approximately two-thirds of
this gene in carlaviruses), the corresponding fragments in the ge-
nomes of T25 and T90 show 78.0% and 81.5% nt sequence identi-
ties, and 97.6% and 99.2% aa sequence identities, respectively. The
ORF6 (342 nt) of CoLV, the only known complete ORF of that iso-
late, shows higher identity to the ortholog of T90 (nt: 90.8% and aa:
92.1%) than to that of T25 (nt: 77.6% and aa: 77.2%).

Paired comparisons of the nt and deduced aa sequences from each
OREF of isolates T25 and T90 revealed that ORF5 (nt: 73.8% and aa:
83.8%) and ORF6 (nt: 76.3% and aa: 77.8%) are the most conserved
between them, whereas ORF1 (nt: 66.7% and aa: 71.0%), and the three
genes of the TGB (nt sequences of TGB1: 64.8%, TGB2: 69.1%, and
TGB3: 61.5%; and aa sequences of TGB1: 67.2%, TGB2: 74.1%, and
TGB3: 61.5%) showed the maximum divergences (Table 4, Table S1).
Given the higher identity of T90 with the known fragment of ColLV
than with the genomic sequence of T25, T90 was considered an isolate
of CoLV, while the isolate T25 was assigned to a tentative new species
of carlavirus named Cole mild mosaic virus (CoMMV). The complete
genome sequences of COMMV_T25 and ColLV_T90 were deposited in
the GenBank as accessions MK684348 and MK770418, respectively.

) wiLe -

The near-completed sequences of the isolates T107 and T110
comprise 8543 nt (GenBank accession MZ189739) and 8546 nt
(MZ189738), respectively. They show a high nt sequence identity
(>92%) with the genome of CoOMMV_T25, whereas with the genome
of CoLV_T90, the values are lower than 68.0%. The identity pro-
files of the isolates T107 and T110 are almost identical and show
the same trend of the profiles shown by the comparison between
CoMMV_T25 and CoLV_T90. The identity profiles of the comparison
among the genomes of T107 and T110 with CoMMV_T25, except for
three regions in the first half of the ORF1, are always over a thresh-
old of 90% identity (Figure 6b,d). According to these results, we con-
sidered T107 and T110 as isolates of COMMV.

In the genome of COMMV_T25, in the 5'-3' direction, ORF1 (rep-
licase, 1964 aa, nt positions 87-5981) is followed by a sequence of
three genes, ORF2 (229 aa, nt positions 6030-6719), ORF3 (108 aa,
nt positions 6697-7023), and ORF4 (62 aa, nt positions 7023-7211),
recognized as the triple gene block. ORF5 (coat protein, 305 aa, nt
positions 7236-8153) and ORF6 (RBP, 113 aa, nt positions 8153-
8494) are located at the 3'-end of the genome, before the poly-A tail.

The genomes of CoOMMV_T25 and ColLV_T90 were further com-
pared with the carlavirus sequences publicly available. When ORFs
were independently analysed, the values of the nt and deduced

aa sequence identities were always lower than 71.3% and 75.7%,
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FIGURE 5 Symptoms after inoculation with the carlaviruses
(b) cole latent virus_T90, and (c) cole mild mosaic virus_T25. (1)
Chenopodium giganteum local lesions, (2) Nicotiana megalosiphon
systemic infection, (3) Brassica oleracea var. botrytis systemic
infection, and (4) B. oleracea var. gongylodes systemic infection.
Column (a) depicts healthy leaves for each plant species [Colour
figure can be viewed at wileyonlinelibrary.com]

respectively (Table 4). The ORF1 and ORF5 from CoMMV_T25 and
CoLV_T90 showed the highest percentage of identity with the homol-
ogous sequences from potato virus M (PVM) and narcissus common
latent virus (NCLV). Values corresponding to ORF5 were always the
highest. Phylogenetic analyses using the deduced aa sequences of
the replicase and coat proteins of betaflexivirids revealed two large
branches separating members of the subfamilies Quinvirinae and
Triviringe. CoMMV _T25, T107,and T110, and CoLV_T90 were grouped
in a subclade where PVM was also included (Figure 7). In the tree
using the coat proteins, the sequence corresponding to the isolate of
ColLV (NC_038322), described in 2002, was also included in the same
subclade defined by the sequences described in this study.

3.4 | Insilico analysis of COMMYV in an interspecific
recombination event

The alignment of the complete genomes of all the isolates of ColLV
and CoMMV was processed using the software RDP5. A second

CoMMV_T25

(a) .. RRp ] 2

Identity (%)

ColV_T90
(c)
(d)

Identity (%)

FIGURE 6 Genomic organization of (a) cole mild mosaic virus
(CoMMV) isolate T25, and (c) cole latent virus (ColLV) isolate

T90 (GenBank accession numbers MK684348 and MK770418,
respectively). Nucleotide sequence identity among the genomes of
(b) CoOMMV_T25, and (d) CoLV_ T90, and isolates T107 (MZ189739)
and T110 (MZ189738) of CoOMMV. Identity profiles were generated
by using Simplot (Lole et al., 1999). Window size: 300 nucleotides
(nt). Step size: 20 nt. In (a) and (c) coloured boxes indicate the viral
open reading frames. RdRp, RNA-dependent RNA polymerase;
TGB1, 2, and 3, triple gene block; CP, coat protein; RBP, RNA-
binding protein [Colour figure can be viewed at wileyonlinelibrary.
com]

alignment was prepared also including the genomes of PVM, NCLYV,
and Aconitum latent virus, which, according to the phylogenetic analy-
ses, are the carlaviruses most closely related to CoLV and CoMMV.

No recombination signals were detected in the alignment com-
prising the sequences of CoLV and CoMMV. In the analysis of the
second alignment, three out the seven methods in the package RDP5
(MaxChi, p = 1.8 x 107%; Chimaera, p = 0.02; and SiScan, 1.8 x 107%)
revealed a putative recombination event involving CoMMV_107 and
NCLV as major and minor parents of PVM, respectively. The pre-
sumed recombinant segment spans a fragment of approximately 330
nt covering the ORF6 of PVM.

3.5 | Detection of CoMMYV and ColLV using
specific primers

Specific primers for the detection of COMMYV (two primer pairs) and

ColV (three primer pairs), designed from the sequences generated in
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FIGURE 7 Phylogenetic reconstruction for viruses of the family
Betaflexiviridae. Midpoint-rooted maximum-likelihood phylogenetic
trees are based on the deduced amino acid sequences of the (a)
coat protein, and (b) replicase. Bootstrap support values (1500
replications) of branches greater than 70% are indicated near the
corresponding nodes. The isolates of cole latent virus and cole
mild mosaic virus characterized in this study are highlighted in

red. The scale bar in each tree indicates the average number of
amino acid substitutions per site [Colour figure can be viewed at
wileyonlinelibrary.com

this study (Table 3), were used to identify the carlaviruses present in
the collected samples not evaluated by HTS (Table 1). Samples pT25,
T90, T107, and T110 were used as control.

Amplicons of the expected lengths were obtained using the
five primer pairs in six out of the 14 evaluated samples, indicat-
ing the simultaneous infection by the two carlaviruses. Notably, all
samples detected with the mixed infection CoMMV-ColV (i.e., T4,
T6,T9, T36, T63, and T89) were collected in the State of Sdo Paulo.
The remaining samples found to be infected by one of the two car-
laviruses, for example, T15 and T62, were infected by CoMMV.

Amplicons obtained from each test and sample were purified and
sequenced. Values of the nt sequence identity were always higher
than 90% with their respective sequences in CoLV_T90 or CoMMV_
T25. These analyses, besides confirming the identity of the virus
present in the samples, allowed us to calculate the genetic distances
among the isolates of each species, CoLV and CoMMYV, and among
viruses belonging to different species. By and large, the genetic dis-
tances intraspecies were one-third to one-fifth of those observed
in the comparison of viruses from the two species (Table 5). For in-
stance, the genetic distance (D) based on the CP amplicon among
the isolates of CoLV was 0.059 + 0.032, and among the isolates of
CoMMV was 0.053 + 0.017, whereas, among isolates from the two
viruses, the D value was five-fold higher (0.252 + 0.029). These data
enlarge our knowledge about the diversity of the two studied car-

laviruses, supporting their classification into two different species.

4 | DISCUSSION

The infection of brassica plants by the partially characterized car-
lavirus cole latent virus (CoLV) has been periodically reported in
Brazil (Belintani et al., 2002; Eiras et al., 2008; Kitajima et al., 1970).
Based on a field survey conducted from 2012 to 2017, the cur-
rent study has obtained for the first time the complete genome
sequence of ColV, providing support for its taxonomic status.
In addition, we have identified and characterized a new puta-
tive brassica-infecting carlavirus named Cole mild mosaic virus.
Moreover, we have also documented the susceptibility of N. meg-
alosiphon to ColLV and CoMMYV and its suitability as an indicator
host, in which an infection by these viruses results in the expres-
sion of distinguishing systemic symptoms including mosaic, leaf de-

formation, and developmental delay.
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TABLE 5 Genetic distance among
viruses belonging to one species (ColLV or

Y w1

Genetic distance (D)

CoMMYV) and both species

Intraspecies

Interspecies

Virus cp? RdRp® cP RdRp
ColLV 0.059 +0.032 0.061 + 0.023 0.252+0.029  0.218 +0.011
CoMMV 0.053 +0.017 0.061 + 0.031

Note: Calculations were based on the nucleotide sequences of the amplicons corresponding to the
ORF1 (RNA-dependent RNA polymerase, RdRp) and ORF5 (coat protein, CP). Because amplicons
from the two species comprised different sequence lengths, the largest fragments were trimmed
to adjust them to the same length as the smallest ones.

?Fragments of 600 nucleotides (nt) of the 3’-end of the open reading frame.

bFragments of 440 nt.

Both the shape and size of the virus particles detected in the leaf
kale plants inoculated with the sap extracts of samples pT25 and
T90, as well as the cytoplasmic inclusions observed in the infected
cells, matched with those previously described in B. oleracea var.
acephala and Chenopodium quinoa plants infected by CoLV (Belintani
& Gaspar, 2003; Kitajima et al., 1970). Morphometric analyses veri-
fied the existence of elongated flexuous particles of approximately
650 nm in length with rounded tips, as typically observed in virions
of the genus Carlavirus (Adams et al., 2012; Belintani et al., 2002).
The genomes of the isolates T25 and T90 are 3'-end poly-A single-
stranded RNA molecules that display six ORFs, as detected in known
carlaviruses (Adams et al., 2012). However, given the differences of
the nucleotide sequence, the isolates T25 and T90 were definitively
considered two distinct carlaviruses, identified as CoMMV and ColV,
respectively. In the case of CoOMMYV, we propose its assignment to a
new putative species in the genus Carlavirus: Cole mild mosaic virus.

ORF5 (CP) from T25 and T90 show nt and aa identity values
higher than 78.0% and 97.6%, respectively, with the only doc-
umented fragment of one isolate of ColV, described in 2002
(NC_038322) (Belintani et al., 2002). Therefore, based on these
values, the three isolates could be considered viruses of the same
species, that is, Cole latent virus. However, it is of note that accord-
ing to current demarcation criteria followed by the Flexiviridae study
group of the International Committee on Taxonomy of Viruses, dis-
tinct species in the genus Carlavirus have less than about 72% nt
identity (or 80% aa identity) in the CP (ORF5) or replicase (ORF1)
genes (Adams et al., 2012). Consequently, the main rationale behind
our proposal for the creation of a new species in the genus Carlavirus
is the low identity values of the ORF1. When the ORF1 is analysed,
the identity values between T25 and T90 (nt: 66.7%, aa: 71.1%) are
below the standard threshold, which leads to recognizing T90 and
T25 as members of two different species, Cole latent virus and the
tentative new species Cole mild mosaic virus, respectively.

Other lines of evidence provide additional support to the designations
of T90 as an isolate of CoLV and T25 as a member of a new species. (a)
While demarcation criteria of species in the genus Carlavirus take into
account the identity values of ORF1 or ORF5, the ORF1 of carlavirus is
six-fold larger than ORF5, representing almost 70% of the viral genome.
Accordingly, ORF1 rather than ORF5 might describe more extensively the

evolutionary history of carlaviruses. This is particularly relevant in the case

of T25 and T90, whose identity values of ORF1, but not those of ORF5,
fulfil the requirement established by the species demarcation criteria. (b)
ORF6, whose identity is not regarded by the species demarcation rules, of
T90 is more closely related to its ortholog in the isolate of CoLV described
in 2002 than to the cognate sequence in T25. The value of the identity be-
tween ORF6 of ColV identified in 2002 and T90 surpasses 90% (at both
nt and aa levels), whereas between T25 and T90, the figures remain below
80%. (c) The genetic distance of amplicons corresponding to two genomic
segments obtained from more than five isolates of viruses of each spe-
cies indicates a lower range of sequence divergence among viruses of the
same species than among viruses from the two studied species. However,
despite considering T90 as an isolate of the species Cole latent virus, the
assignment could be modified should new isolates, more closely related
to the isolate of ColV described in 2002, be identified. This would be the
case, for instance, if a putative isolate showed a higher nucleotide se-
quence identity of its ORF5 with that in CoLV described in 2002, but with
an ORF1 whose identity values in comparison with T90 are lower than the
threshold for species demarcation in the genus Carlavirus.

The complete genomes of CoMMYV and ColLV show the highest
nt sequence identities with each other (68.0%). The second high-
est scores in these comparisons corresponded with different car-
laviruses: narcissus common latent virus (NCLV, AM158439) in the
case of COMMYV (62.4%), and potato virus M (PVM, D14449) for
ColV (63.3%). Accordingly, the phylogenetic reconstruction based
on aa sequences of replicase and coat proteins showed the closest
relationship between CoMMV and ColV in a subclade also including
PVM and NCLV. Notably, a virus closely related to COMMV_T107 is
suggested as the major parent of PVM in a putative recombination
event that includes NCLV as a minor parent.

Previous studies showed that ColV systemically infects sev-
eral plant species of the family Brassicaceae, as well as watermelon
(Citrullus lanatus, Cucurbitaceae), eggplant (Solanum melongena,
Solanaceae), soybean (Glycine max, Fabaceae), and pea (Pisum sa-
tivum, Fabaceae), but these plants displayed no obvious symptoms
(Brunt et al., 1996; Kitajima, 2020). By using a distinct isolate of
ColLV, we have not only enlarged the identified spectrum of plant
species susceptible to this virus, but also accurately described the
development of symptoms in some indicator plants. Our study using
commercial varieties of brassicas and a group of experimental host

plants of the families Brassicaceae and Solanaceae has revealed the
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development of mosaic symptoms in cauliflower and kohlrabi plants

t Patho\!dgy

(Brassicaceae), and mosaic, leaf deformation, and delayed growth
in N. megalosiphon plants (Solanaceae). Similarly, our experiments
also corroborated the local infection of C. giganteum plants and
the systemic infection in cauliflower (B. oleracea var. botrytis) and
Chinese cabbage (B. rapa subsp. pekinensis). Plants of the species S.
melongena, C. lanatus, and Gomphrena globosa were not susceptible
to isolate T90, results that differ from those observed previously
(Belintani et al., 2002; Kitajima et al., 1970; Mello et al., 1987), but
that could be biased by either differences between the virus iso-
lates or the genotypes of the plant species assayed. In general, the
set of plants susceptible to CoMMV matches with the host range of
CoLV_T90. However, symptoms observed in B. oleracea var. botrytis
and B. oleracea var. gongylodes were consistently different, and in the
case of N. megalosiphon, the visual signs of infection with CoLV_T90
were delayed as compared to symptom appearance in N. megalosi-
phon plants infected with CoMMV.

In addition to the contribution to a robust taxonomic classification
of the species Cole latent virus by way of characterization of the full ge-
nome of isolate T90, through the identification of CoMMV, we have also
enlarged the known virome of brassica plants and provided evidence of
the distribution of brassica-infecting carlaviruses in crop areas in Brazil.
Moreover, N. megalosiphon plants have been proposed as an indicator
host for the detection of CoLV and CoMMYV, which can also be advan-
tageous for separating the mixed infection CoMMV-CaMV. The new
primers and the genomic information generated during the characteri-
zation of carlaviruses might be useful to tackle relevant features of the
viral epidemiology and for further experiments to evaluate the inter-
actions in mixed infections between the carlaviruses, potyviruses, and

caulimovirus commonly affecting brassica crops in Brazil.
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