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Abstract
This is the first report of chrysanthemum virus B (CVB) and chrysanthemum chlorotic mottle viroid (CChMVd) on 
Chrysanthemum × morifolium cultivars, in South Africa. Samples were collected from plants showing vein clearing, mosaic 
and chlorosis, in the Western Cape province. RNAtag-seq was applied and indicated the presence of CVB in all four samples 
and the co-infection with CChMVd in one sample. The presence of CVB and CChMVd were confirmed using RT-PCR and 
Sanger sequencing.
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Chrysanthemum (Asteraceae) is a genus of flowering plants 
native to East Asia but certain cultivars, primarily those 
derived from C. × morifolium, are ranked among the most 
important crops in the global ornamental and cut-flower 
industries (Song et al. 2013). In South Africa, chrysanthemum 
is widely grown as a horticultural crop and represents one 
of the country’s most important cut-flower exports. Despite 
the importance of this crop, there is little to no knowledge 
on the presence and distribution of viruses and viroids in the 
country. Vegetative propagation exacerbates the spread and 
accumulation of viruses and virus-like diseases and around 
20 viral pathogens are known to infect chrysanthemum (Liu 
et al. 2014). Among these, chrysanthemum stem necrosis 
virus (Duarte et al. 1995), cucumber mosaic virus (Bouwen 
and Zaayen 1995), impatiens necrotic spot virus (Kondo et al. 
2011) and chrysanthemum stunt viroid (CSVd) (Cho et al. 
2013), are the main devastating pathogens.

Chrysanthemum virus B (CVB) is a member of the 
genus Carlavirus and has a widespread distribution among 
chrysanthemum producing countries. It has a genome size of 
about 9,000 nt coding for six open reading frames (ORFs), 

with semiflexuous virions of 685 nm in length (Ohkawa et al. 
2007) and is vectored by several aphid species, including 
cosmopolitan Myzus persicae (Hollings 1957). Symptoms of 
CVB infection typically include mild to severe leaf mosaic 
and vein aberrations, such as banding and chlorosis (Verma 
et al. 2003) but can also be asymptomatic (Ohkawa et al. 
2007). To mitigate CVB-associated losses, germplasm 
screening (Verma et  al. 2007) and transgene resistance 
approaches (Mitiouchkina et al. 2018) are often applied.

C. × morifolium is commonly affected by chrysanthemum 
chlorotic mottle viroid (CChMVd) (Avsunviroidae) and CSVd 
(Cho et al. 2013). This one of the largest known viroids without 
repeat sequences and causes an economically important disease 
of chrysanthemum, through the expression of symptoms such 
as leaf mottling and chlorosis and ultimately, delayed flowering 
and plant dwarfing. As with CVB, CChMVd has a widespread 
distribution in Europe and Asia (Flores et al. 2017).

In February 2021, four unknown cultivars of 
Chrysanthemum, showing symptoms of virus-like disease 
were observed at a nursery in the Western Cape province, 
South Africa. Sample 21–0262 showed mild interveinal 
mosaic, samples 21–0267 and 21–0268 showed pronounced 
vein clearing and leaf mosaic and sample 21–0269 was 
associated with more general leaf chlorosis and curling 
(Fig. 1). In order to determine the potential presence of 
viruses and viroids, a metaviromic approach using high-
throughput sequencing was applied.

Total RNA was extracted from leaves with a GeneJET 
plant RNA purification kit (Thermo Scientific, Vilnius 
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Lithuania), which was used as partial input for an 
RNAtag-seq library, prepared according to Shishkin 
et  al. (2015). The library was sequenced using an 
Illumina NextSeq2000 sequencer (Illumina, San 
Diego, CA, United States) (paired-end 2 × 100  bp) at 
the University of Leeds, Leeds, United Kingdom. The 
resulting data was demultiplexed using Je (Girardot et al. 
2016) and trimmed using CLC Genomics Workbench 
21 (Qiagen Bioinformatics, Aarhus, Denmark), (min 
read length = 20  bp; quality limit = 0.05; trim adapter 
sequences: Illumina universal adapter: 5’-AGA TCG 
GAA GAG -3′; RNAtag-seq adapter: 5’-TAC ACG ACG 
CTC TTC CGA TCTNNNNNNNNT-3′). The raw trimmed 
read datasets for samples 21–0262 (1,346,624 reads), 
21–0267 (778,052 reads), 21–0268 (1,347,348 reads) 
and 21–0269 (887,370 reads) are available as an NCBI 
sequence read archive under BioProject PRJNA784781. 
These reads were assembled using metaSPAdes 3.14.0 
(Nurk et al. 2017) and contigs associated with viruses 
and viroids were identified using both NCBI nucleotide 
blast (blastn) and translated nucleotide blast (blastx) 
and the viral fraction of the refseq database. These 
analyses showed that all four of the datasets contained 
CVB-associated sequences. The contigs from samples 
21–0262, 21–0268 and 21–0269 measured 8988nt, at 
616x, 863 × and 91 × coverage respectively, while the one 
from sample 21–0267 measured 8995 nt at 76 × coverage 
(GenBank accessions OM908369-OM908372). Sample 
21–0269 contained sequences associated with CChMVd, 
with a contig length of 399 nt at 13 × coverage (GenBank 
accession OM908373).

We confirmed the presence of CVB- and CChMVd-
associated sequences in the various samples using RT-PCR. 
Primers CVB_CP-F (‘5 AAC TGG TGA AGC TGT GAG 
GAT T 3’) and CVB_CP-R (5’ CCA TAT CCT CAG ATG 
TTG CCA TGT 3’) were used for amplifying a 550 bp 
CVB-associated product, while a CChMVd-associated 
376 bp amplicon was obtained using primers CChMVd_F 
(5’ GTC GGT GTC CTG ACG AAG ATC 3’) and (5’ 
CChMVd_R: GTT AGA AAC CCA AGG TCC TTT GGA 
GT). Two-step RT-PCR was performed using M-MuLV 
reverse transcriptase and OneTaq® 2X Master Mix (New 
England Biolabs, Ipswich, MA, USA) according to the 
manufacturer’s instructions. The identities of the amplicons 
were confirmed using unidirectional Sanger sequencing 
(Inqaba Biotechnical Industries, Pretoria, South Africa) 
which shared > 99% similarity to their respective contigs.

Amino acid sequences of the replicase gene of CVB 
from this study, as well as the cognate sequences of CVB 
references and selected members of the Betaflexiviridae 
family, were aligned using Clustal Omega (Sievers et al. 

Fig. 1  Symptoms associated with Chrysanthemum × morifolium 
samples from this study. A sample 21–0262 showed mild interveinal 
mosaic. B  sample 21–0267 showed interveinal mosaic and vein 

clearing. C  sample 21–0268 showed severe vein clearing. D  sample 
21–0269 showed chlorosis and leaf curling

Fig. 2  Maximum likelihood phylogeny based on the amino acid 
sequences of the replicase gene of chrysanthemum virus B (CVB) 
and selected members of the Betaflexiviridae family. CVB sequences 
from this study are indicated by solid circles. The phylogeny repre-
sents the tree with the highest log likelihood and was generated in 
Molecular Evolutionary Genetics Analysis X (Stecher et  al. 2020) 
using the Le Gascuel model (Le and Gascuel 2008) with frequencies 
and gamma distribution (n = 5). Bootstrapping was applied (1000 rep-
licates) and the percentage of trees in which the associated taxa clus-
tered together is shown next to the branches. Bootstrap percentages 
lower than 50 are not shown
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Fig. 3  Maximum likelihood 
phylogeny based on the com-
plete nucleotide sequence of the 
chrysanthemum chlorotic mottle 
viroid (CChMVd) genome from 
this study and representative 
cognate sequences from Gen-
Bank. The CChMVd sequence 
from this study is indicated by a 
solid circle. The phylogeny rep-
resents the tree with the highest 
log likelihood and was gener-
ated in Molecular Evolutionary 
Genetics Analysis X (Stecher 
et al. 2020) using the Kimura 
2-parameter model (Kimura 
1980). Bootstrapping was 
applied (1000 replicates) and 
the percentage of trees in which 
the associated taxa clustered 
together is shown next to the 
branches. Bootstrap percentages 
lower than 50 are not shown
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2011). Concomitantly the complete RNA sequence of 
CChMVd from this study was aligned to representative 
CChMVd genomes from GenBank. The alignments were 
then subjected to maximum likelihood phylogenetic 
analyses using Molecular Evolutionary Genetics Analysis 
(MEGA) X (Stecher et al. 2020). These analyses utilized 
best-fit substitution models, as indicated by MEGA X, 
which included the Le Gascuel model (Le and Gascuel 
2008), empirical base frequencies and gamma distribution 
(n = 5) to account for among site rate variation for the CVB 
phylogeny and the Kimura 2-parameter model (Kimura 
1980) for CChMVd. Branch support was estimated using 
1000 bootstrap replicates and the same model parameters. 
The CVB phylogeny (Fig. 2) showed that our sequences 
formed part of a larger clade containing two well-supported 
clusters of known CVB reference sequences. One of these 
included isolates from India and potentially represents a 
novel betaflexivirus. Our sequences were included in the 
second cluster where they grouped most closely with HZ-V1 
(MW269552) and HZ-V2 (MW269553) that were isolated 
from Gynura japonica in China (Lai et al. 2021). This close 
relationship was also reflected by the high level of nucleotide 
sequence similarity (84%) between the assembled contigs of 
our Chrysanthemum CVB and the genomes of HZ-V1 and 
HZ-V2. The CChMVd sequence from this study grouped 
within a branch containing variants from the study of de la 
Peña et al. (1999) (Fig. 3). This was corroborated by genome 
comparisons using blastn which showed that the CChMVd-
associated contig recovered from the current study shared 
99% nucleotide sequence similarity with isolate CMNS35 
(AJ247121). Our CChMVd contig also contained the GAAA 
sequence at 82—85 nt of the tetraloop structure previously 
associated with nonsymptomatic phenotypes (de la Peña 
et al. 1999). Despite this, reversion to the pathogenic UUUC 
sequence has been observed among site-directed mutants of 
CChMVd (Cho et al. 2013).

CVB is one of the most damaging viruses in chrysanthemum 
floriculture, as it can lead to underdeveloped inflorescences, 
reduced flower numbers and in some cases a complete loss of 
floral yield (Mitiouchkina et al. 2018). CChMVd infection is 
also known to cause both qualitative and quantitative losses 
in chrysanthemum production (Jeon et al. 2016), although it 
is considered less aggressive than CSVd (Cho et al. 2013). 
The presence of CVB has been reported in South Africa 
from observations made in 1952 (Gorter 1977), however not 
confirmed with molecular testing. Here we confirmed the 
presence of CVB and CChMVd in South Africa which could 
present a threat to the local floriculture industry, although 
further surveys need to be conducted to determine the extent 
of these pathogens in the country. Additionally, this work has 
contributed to the currently limited number of complete CVB 
genomes.
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