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Abstract: Banana bunchy top virus is a multicomponent circular ssDNA virus (family Nanoviri-
dae) that causes one of the most devastating diseases of cultivated bananas and plantains (family
Musaceae). It is transmitted by the aphids Pentalonia nigronervosa and P. caladii among host plants of
Musaceae and some other families of monocots. Our Illumina sequencing reconstruction of virome
components of BBTV-infected banana plants and their neighbor non-banana plants sampled in Viet-
nam and Laos revealed the monocot Commelina sp. (Commelinaceae) and the dicots Bidens pilosa and
Chromolaena odorata (both Asteraceae) as hosts of BBTV and circular ssDNA alphasatellites (family
Alphasatellitidae). Counting the proportions and relative abundances of Illumina reads representing
BBTV genome components and alphasatellites suggested that Chromolaena and Commelina are poor
hosts for BBTV and one to three alphasatellite species, whereas Bidens is a permissive host for BBTV
and four alphasatellite species representing two genera of Alphasatellitidae. Our findings provide
evidence for the dicot plants of family Asteraceae as alternative hosts of BBTV and its alphasatellites,
which warrants further investigation of these and other dicots as a potential refuge and source
of BBTV and multiple alphasatellites that become associated with this virus and likely affect its
replication, transmission, and host range.

Keywords: banana bunchy top virus; alphasatellite; host range; Musa; Commelina; Chromolaena;
Bidens

1. Introduction

Banana bunchy top virus (BBTV, genus Babuvirus, family Nanoviridae) causes severe
disease in cultivated bananas and plantains (Musa sp.) and represents a serious threat
to global food security. Since the beginning of the 19th century, the disease has resulted
in devastating epidemics, reducing banana production by up to 95% in several countries
in South-East Asia, Oceania, and Africa [1,2]. BBTV is transmitted by the banana aphid
Pentalonia nigronervosa and its relative P. caladii [3]. The BBTV genome is composed of
six circular single-stranded (ss)DNA components of ca. 1.0 to 1.1 kilobases (Kb), each
encoding one protein and each encapsidated individually in isometric 18–20 nm virions.
DNA-S encodes the capsid protein, while DNA-R encodes a master replication protein
(Rep) that recruits the host DNA polymerase machinery for replication of DNA-R itself
and trans-replication of other BBTV components. DNA-C encodes a cell-cycle link protein

Pathogens 2023, 12, 1289. https://doi.org/10.3390/pathogens12111289 https://www.mdpi.com/journal/pathogens

https://doi.org/10.3390/pathogens12111289
https://doi.org/10.3390/pathogens12111289
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pathogens
https://www.mdpi.com
https://orcid.org/0000-0002-5920-4775
https://orcid.org/0000-0002-9925-5171
https://orcid.org/0000-0003-2308-393X
https://doi.org/10.3390/pathogens12111289
https://www.mdpi.com/journal/pathogens
https://www.mdpi.com/article/10.3390/pathogens12111289?type=check_update&version=1


Pathogens 2023, 12, 1289 2 of 8

that facilitates replication, while DNA-M and DNA-N encode movement and nuclear
shuttle proteins. DNA-U3 encodes a small protein of unknown function [4–6]. Sequenced
isolates of BBTV are classified into two phylogenetic groups with a distinct geographic
delineation—Pacific and Indian Oceans (PIO) and South-East Asia (SEA). In South-East
Asia, BBTV is frequently associated with one or more circular ssDNA alphasatellites (family
Alphasatellitidae) that are similar in size to BBTV genome components and encode a Rep-like
protein that mediates replication of alphasatellite DNA. Alphasatellites depend on their
helper viruses for movement, encapsidation, and transmission [7–9].

The host range of BBTV has so far been reported to be restricted to plant species of the
monocot families Musaceae (Musa acuminata, M. balbisiana, M. coccinea, M. jackeyi, M. ornata,
M. textilis, M. velutina, and Ensete ventricosum, as well as M. acuminata × balbisiana hybrids),
Zingiberaceae (Alpinia zerumbet, Zingiber officinale, Curcuma longa, and Kaempferia galanga),
Araceae (Colocasia esculenta), Cannaceae (Canna indica), and Heliconiaceae (Heliconia au-
rantiaca) [10–14]. Studies of alternative hosts for BBTV were mainly conducted on plant
species co-cultivated with or grown near banana plants and those hosting Pentalonia aphids.
The host range of P. nigronervosa and P. caladii is also restricted to the monocot families,
including Araceae, Cannaceae, Commelinaceae, Heliconiaceae, Musaceae, Strelitzeaceae,
and Zingiberaceae [15,16] and thus overlaps with the BBTV host range.

2. Results and Discussion

During our surveys in South-East Asia (Vietnam, Laos, and China) in 2018 and 2019,
leaf samples of wild and cultivated banana plants displaying BBTV symptoms were col-
lected together with leaf samples of non-banana plants grown in close vicinity of the banana
plants (Table 1; Supplementary Figure S1).

The non-banana species included the monocot Commelina sp. (Commelinaceae) and
the dicots Arachis hypogaea (Fabaceae), Bidens pilosa (Asteraceae), Chromolaena odorata (Aster-
aceae), Ipomoea aquatica (Convolvulaceae), and Phyllanthus sp. (Phyllanthaceae). Notably, B.
pilosa plants exhibited leaf chlorosis (Supplementary Figure S2). The total DNA extracted
from the leaf samples (dried over silica gel after sampling) was used for the enrichment of
circular viral DNA by rolling circle amplification (RCA) and Illumina sequencing of the
resulting RCA products, followed by (i) de novo assembly of 125 nt paired-end Illumina
reads to reconstruct complete genomes of circular DNA virome components and (ii) the
verification of consensus sequences of the reconstructed genomes by read mapping and
analysis (see Section 3). The virome components reconstructed from the banana and non-
banana samples are listed in Table 1, and their sequences with annotations are provided in
Supplementary Dataset S1 and deposited in the NCBI GenBank.

In the samples of A. hypogaea (ALYU-31), I. aquatica (ALYU-28), Phyllanthus sp. (ALYU-
30), and 2 of the 26 banana plants (ALYU-46 and ALYU-52), very low numbers of viral
(BBTV and alphasatellite) reads were detected; no complete consensus viral component
could be reconstructed from these reads. We assumed that these reads represent cross-
contamination from other samples multiplexed and sequenced in one flow cell of Illumina
HiSeq2500. This assumption was supported by the inspection of read coverage profiles with
and without mismatches (Supplementary Figure S3). PCR analysis of the RCA products
using primers specific for a conserved region of BBTV DNA-R (see Section 3) showed that
the banana samples ALYU-46 and ALYU-52, were negative, while all the other samples,
including ALYU-28, ALYU-30, and ALYU-31, were PCR-positive (Table 1). The latter three
samples were taken to establish the cross-contamination threshold (0.0006% of total reads;
Supplementary Figure S4). Based on this threshold and the read coverage profiles (Supple-
mentary Figure S3), Commelina sp. (ALYU-27; hereafter Commelina), B. pilosa (ALYU-38;
hereafter Bidens), and C. odorata (ALYU-41; hereafter Chromolaena) were considered to be
infected with BBTV and coinfected with one or more alphasatellites (Table 1; Supplementary
Dataset S1; Supplementary Figure S3).
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Table 1. Virome components identified in wild and cultivated banana (Musa) and non-banana plants sampled in South-East Asia.

Sample/Isolate Country Plant
Species/Genome/Cultivar

BBTV
DNA-R PCR

BBTV
Genome
Illumina

No. of
Alpha-

Satellites
BBTA2 BBTA3 BBTA5 BBTA6 Defective (d)

Molecules
Other

Viruses

ALYU-25 Vietnam Musa itinerans (+) full 2 1 1 Badnavirus
ALYU-26 Vietnam Musa sp. (+) full 3 1 1 1
ALYU-27 Vietnam Commelina sp. (+) full 3 1 1 1
ALYU-28 Vietnam Ipomoea aquatica (+) no *
ALYU-29 Vietnam Musa AA Pisang mas? (+) full 3 1 1 1 dA5, dA2, dR
ALYU-30 Vietnam Phyllanthus sp. (+) no *
ALYU-31 Vietnam Arachis hypogaea (+) no*
ALYU-32 Vietnam Musa sp. sweet banana (+) full 2 1 1 dA2
ALYU-33 Vietnam Musa AAB Chuoi Ngop (+) full 2 1 1 Badnavirus
ALYU-34 Vietnam Musa sp. (+) full 2 1 1
ALYU-35 Vietnam Musa sp. (+) full 1 1
ALYU-36 Vietnam Musa sp. (+) full 1 1
ALYU-37 Vietnam Musa sp. (+) full 1 1

ALYU-38 Vietnam Bidens pilosa (+) full 4 1 1 1 1 Circo-,
Microvirus

ALYU-39 Vietnam Musa sp. (+) full 2 1 1
ALYU-40 Vietnam Musa AAA red banana (+) full 1 1
ALYU-41 Laos Chromolaena odorata (+) no N * 1 1
ALYU-42 Laos Musa AAA Cavendish (+) full 1 1
ALYU-43 Laos Musa AAA Cavendish (+) full 1 1
ALYU-44 Laos Musa ornata (+) full
ALYU-45 Laos Musa sp. (+) full
ALYU-46 Laos Musa ABB Klue Tiparot (−) no **
ALYU-47 Laos Musa yunnenensis (+) full
ALYU-48 Laos Musa sp. (+) full
ALYU-49 Laos Musa sp. (+) full
ALYU-50 Laos Musa AA Kouay niew mung (+) full
ALYU-51 Laos Musa ABB Pisang Awak? (+) full
ALYU-52 China Musa acuminata wild (−) no **
ALYU-53 China Musa yunnanensis (+) full
ALYU-54 China Musa AAA Cavendish (+) full 2 1 1 dA6
ALYU-55 China Musa AAA Cavendish (+) full 3 1 1 1 A5-U3 chimera
ALYU-56 China Musa AAA Cavendish (+) full 1 1

* at (or close to) the cross-contamination threshold level. ** below the cross-contamination threshold level.
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Both Commelina and its neighbor banana (ALYU-26) sampled in Vietnam shared 100%
identical consensus sequences of all the virome components, including six components
of BBTV genome and three species of BBTV alphasatellites (BBTA2, BBTA3, and BBTA6)
(Supplementary Dataset S1), although single-nucleotide polymorphism (SNP) profiles of
their virome quasispecies population (calculated using MISIS-2; [17]) differed substantially.
Furthermore, relative abundances of their virome components (virome DNA formulas)
were found to be similar but not identical (Figure 1A). The percentage of viral reads in
the total (plant + viral) reads was found to be much lower in Commelina (0.004%) than
in its neighbor banana (0.64%) (Supplementary Figure S4). These findings suggest that
Commelina is a poor host for BBTV and its alphasatellites, allowing very low accumulation
of viral DNA compared to bananas.
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positions (ca. 92% identity to banana neighbors), while BBTA5 differed at single distinct 
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(due to the absence of DNA-N in the former) but also between the two banana neighbors 
(Figure 1B). The percentage of viral reads in total reads was found to be much lower in 
Chromolaena (0.002%) than in its banana neighbors (0.13% in ALYU-42 and 0.22% in 
ALYU-43) (Supplementary Figure S4). Thus, similar to Commelina, Chromolaena ap-
peared to be a poor host for BBTV and alphasatellite BBTA5. Previously, we have shown 
that DNA-N could be lost upon aphid transmission without affecting BBTV disease symp-
toms in recipient banana plants, but the virus lacking DNA-N was not transmissible by P. 
nigronervosa [9]. Likewise, the DNA-N of faba been necrotic yellows virus (genus Na-
novirus, family Nanoviridae) is essential for aphid transmission but not for disease symp-
tom development [18,19]. Based on these findings, BBTV-infected C. odorata lacking DNA-

Figure 1. Relative abundance (formula) of virome components in Commelina, Chromolaena, and
Bidens and their neighbor banana plants. Illumina DNA-seq reads were mapped to the genome
sequences of BBTV genome components (C, M, N, R, S, and U3) and alphasatellites (BBTA2, BBTA3,
BBTA5, and BBTA6) reconstructed from each plant sample (ALYU) and their relative abundance
was calculated and plotted in percentages of total viral (BBTV + alphasatellite) reads. Panels show
comparisons of the virome components’ formulas in Commelina (A), Chromolaena (B) and Bidens
(C,D) versus their banana neighbors.

The viromes of Chromolaena (ALYU-41) and its two banana neighbors (ALYU-42 and
ALYU-43) sampled in Laos all contained BBTV and a single alphasatellite (BBTA5). How-
ever, both BBTV and BBTA5 were represented with distinct genetic variants in Chromolaena
and each banana neighbor (Supplementary Dataset S1). Most notably, DNA-N, one of
the most abundant BBTV components in banana plants, was at the cross-contamination
threshold level in Chromolaena, DNA-U3 in Chromolaena differed at multiple nucleotide
positions (ca. 92% identity to banana neighbors), while BBTA5 differed at single distinct
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nucleotide positions in all three samples (Supplementary Dataset S1). The virome DNA
formulas differed substantially not only between Chromolaena and its banana neighbors
(due to the absence of DNA-N in the former) but also between the two banana neighbors
(Figure 1B). The percentage of viral reads in total reads was found to be much lower
in Chromolaena (0.002%) than in its banana neighbors (0.13% in ALYU-42 and 0.22% in
ALYU-43) (Supplementary Figure S4). Thus, similar to Commelina, Chromolaena appeared
to be a poor host for BBTV and alphasatellite BBTA5. Previously, we have shown that
DNA-N could be lost upon aphid transmission without affecting BBTV disease symptoms
in recipient banana plants, but the virus lacking DNA-N was not transmissible by P. ni-
gronervosa [9]. Likewise, the DNA-N of faba been necrotic yellows virus (genus Nanovirus,
family Nanoviridae) is essential for aphid transmission but not for disease symptom de-
velopment [18,19]. Based on these findings, BBTV-infected C. odorata lacking DNA-N is
unlikely to serve as a source for virus transmission, while the self-replicating alphasatellite
BBTA5 as the most abundant virome component (Figure 1B) likely encapsidated by BBTV
capsid protein (expressed from DNA-S) can potentially be transmissible to other plants by
viruliferous aphids carrying complete BBTV.

The viromes of Bidens (ALYU-38) and its banana neighbor (ALYU-37) sampled in
Vietnam shared six-component BBTV and one alphasatellite (BBTA2), with all these seven
components having 100% identity in their consensus sequences. In addition, the virome
of Bidens contained three more alphasatellites (BBTA3, BBTA5, and BBTA6) and two Rep-
encoding circular ssDNA viruses, both classified as novel species in the non-plant families
Microviridae and Circoviridae (Supplementary Dataset S1); all these additional components
were below the detection threshold in the banana neighbor. Remarkably, the alphasatellites
BBTA3 and BBTA6 identified in Bidens share 100% sequence identity with the respective
alphasatellites identified in Commelina and one of its banana neighbors (ALYU-26) sampled
at a far-away location (Supplementary Figure S1). Likewise, the alphasatellite BBTA5 from
Bidens shares 100% sequence identity with BBTA5 identified in the banana ALYU-40 at
another far-away location in Vietnam (Supplementary Figure S1). Note that the genome
sequence of helper BBTV in Bidens differs from the genome sequences of helper BBTV
in the ALYU-26 and ALYU-40 bananas (respectively, 98.1 and 98.2% pairwise identity in
DNA-C; 95.3 and 97.9% in DNA-M; 98.3 and 98.5% in DNA-N; 98.4 and 98.9% in DNA-R;
98.2 and 99.1% in DNA-S; and 97.9 and 98.3% in DNA-U3; Supplementary Dataset S1),
thus excluding cross-contamination between the samples. These findings highlight the
genetic stability of BBTV alphasatellites, consistent with our analysis of all 26 isolates
representing the four alphasatellite species in Vietnam (Table 1; Valentin Guyot, Marie-Line
Iskra-Caruana, and Mikhail Pooggin; unpublished data). The virome DNA formulas in
Bidens and its banana neighbor were found to be different, although in both cases, DNA-N
and (combined) alphasatellite DNA accumulated at high levels (Figure 1C; Supplementary
Figure S3). Most notably, the combined BBTV and alphasatellite reads constituted 0.24%
of the total (plant + viral) reads in Bidens, which is more than 50 times higher than in
Commelina and Chromolaena and only ~4 times lower than in its banana neighbor (0.90%)
(Supplementary Figure S4). These findings indicate that B. pilosa is a permissive host for
BBTV and all four BBTV alphasatellite species currently circulating in South-East Asia
(Table 1).

Collectively, our findings suggest that viruliferous banana aphids could have transmit-
ted BBTV and alphasatellites from the respective banana neighbors not only to Commelina
sp., which represents the monocot family Commelinaceae and falls within the known host
range of Pentalonia aphids and BBTV, but also to C. odorata and B. pilosa. Both C. odorata
and B. pilosa represent the dicot family Asteraceae, which was unexpected to host BBTV or
banana aphids. In the latter case, even a short-term probing and salivation event would be
sufficient for the release of viral particles circulating in the aphid body and accumulating
in the salivary glands [3,20]. It remains to be investigated if Pentalonia aphids can feed on
BBTV- and alphasatellite-infected Bidens and Chromolaena plants for a prolonged time to
acquire BBTV and its alphasatellites and transmit them among these and other Asteraceae
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plants or back to Musaceae hosts. Previous studies have established a minimal acquisition
access period of 4 h for banana aphids on BBTV-infected banana plants to transmit the
virus to new plants with a minimal inoculation access period of 15 min [21,22].

Phylogenetic analysis of the alphasatellites associated with our BBTV isolates from
Vietnam, Laos, and China (Table 1) revealed that, besides new genetic variants of BBTA2
and BBTA3 species previously found to be associated with other BBTV isolates from South-
East Asia and classified in the genus Muscarsatellite of the subfamily Petromoalphasatellitinae
(comprising alphasatellites of several genera that infect monocots), other alphasatellites
represent two new species, BBTA5 and BBTA6, which belong to a tentative genus Ba-
naphisatellite within the subfamily Nanoalphasatellitinae ([9], Valentin Guyot, Marie-Line
Iskra-Caruana, and Mikhail Pooggin; unpublished data). Until recently, the latter subfamily
was known to comprise several genera of alphasatellites that infect dicots. The first species
classified in the genus Banaphisatellite was banana bunchy top alphasatellite 4 (BBTA4),
recently discovered to be associated with BBTV isolates from the banana aphid and plant
samples collected in Africa (Democratic Republic of the Congo) [9]. A hypothetical dicot
origin of the banaphisatellite BBTA4 was proposed based on its phylogeny and the ability
of its clone to infect the model dicot Nicotiana benthamiana (Solanaceae) [9]. This hypothesis
is now supported by the above-described findings that the banaphisatellites BBTA5 and
BBTA6 can naturally infect the dicot plants Bidens pilosa and Chromolaena odorata.

3. Materials and Methods
3.1. Surveys in Vietnam, Laos, and China

Leaf samples of banana plants displaying characteristic BBTV disease symptoms
and non-banana plants grown in close vicinity of the BBTV-infected banana plants (see
Supplementary Figure S2) were collected during surveys in Vietnam (2018) and in Laos and
China (2019) and were locally dried using silica gel. Non-banana plants did not display any
strong symptoms except for leaf chlorosis in the case of B. pilosa (Supplementary Figure S2).
Each ALYU sample in Table 1 represents a single leaf (or a pool of leaves from a single
plant) per plant species per location.

3.2. Total DNA Extraction from Banana Leaf Samples

Dried leaf tissue (100 mg) was ground in liquid nitrogen, and 500 µL extraction buffer
(100 mM Tris-HCl pH 8.0, 1.4 M NaCl, 20 mM EDTA, 2% alkyltrimethylamonium bromide,
1% polyethyleneglycol 6000, and 0.5% sodium sulfite) pre-heated at 74 ◦C and supple-
mented with 0.4 µL RNase (100 mg/mL) was added to the frozen powder. The mixture was
vortexed for 20 s, incubated at 74 ◦C for 20 min, and then mixed vigorously with one vol-
ume of chloroform–isoamyl alcohol (24:1 v/v) (CIAA), followed by centrifugation at 13,000
rpm for 30 min at 4 ◦C. The supernatant was taken for a second round of extraction with
CIAA, followed by centrifugation as described above. The supernatant was mixed with
one volume of isopropanol pre-cooled at−20 ◦C. The mixture was shaken until appearance
of a hank and was then spun at 13,000 rpm and 4 ◦C for 30 min. The pellet was washed
twice with 500 µL of 70% ethanol, air-dried, and dissolved in 100 µL of milli-Q water.

3.3. Rolling Circle Amplification (RCA)

Circular viral DNA components were enriched in total DNA by RCA using a TempliPhi
RCA kit (GE Healthcare, Chicago, IL, USA) following the manufacturer’s protocol. Briefly,
5 µL sample buffer and 1 µL total DNA extracted from leaf tissues were mixed and heated at
95 ◦C for 3 min. The samples were cooled in ice, and 5 µL reaction buffer and 0.2 µL enzyme
mix were added, followed by incubation at 30 ◦C for 18 h. The enzyme was inactivated
by heating at 65 ◦C for 10 min. RCA products were purified using NucleoSpin Gel and
PCR Clean-up kit (Macherey-Nagel, Allentown, PA, USA) following the manufacturer’s
protocol. DNA concentration was measured by Qubit fluorimeter using Qubit dsDNA HS
Assay Kit (Thermo Fischer Scientific, Waltham, MA, USA).
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3.4. Polymerase Chain Reaction (PCR) Analysis

The RCA products were analyzed by PCR using a pair of primers (5′-GGCGCGATATG
TGGTATGCTGG and 5′-CCAAACTCGAAGGGACCTTCG) specific for a conserved region
of DNA-R, yielding a 285 bp product. The PCR reaction was performed in a volume of
25 µL containing 1 µL of the RCA-treated total DNA, 2 µL primer mix (10 µM each primer),
1 µL of 2.5 mM dNTPs, 5 µL of 5× GoTaq buffer, and 1U GoTaq DNA polymerase (Promega,
Madison, WI, USA). After denaturation at 94 ◦C for 5 min, DNA was amplified for 35 cycles
of 30 s at 94 ◦C, 30 s at 56 ◦C, and 30 s at 72 ◦C, followed by a final extension at 72 ◦C for
10 min. The results of the PCR analysis are shown in Table 1.

3.5. Illumina Sequencing of RCA Products and De Novo Reconstruction of Viral Genomes

Fifty ng of the cleaned RCA products were taken for Illumina sequencing at Fasteris
AG (www.fasteris.com; accessed on 23 October 2023). Libraries were prepared using
Nextera XT standard DNA protocol, and all libraries were multiplexed and sequenced
in one flow cell of HiSeq2500 with a 2× 125-nt paired-end run. Viral genomes were de
novo reconstructed from the sequencing reads of each library by selecting unique inserts
sequenced ≥5, ≥10, ≥20, ≥30, ≥40, or ≥50 times and assembling them using Velvet
v. 1.2.10 [23] with k-mers 77, 79, 83, 87, 91, 95, 99, 103, 107, 111, 113, and 117. All the
resulting Velvet contigs were scaffolded using SeqMan Pro v. 7.1.0 (DNASTAR Lasergene).
SeqMan contigs of viral origin were identified by BLASTn analysis. The consensus viral
genome sequences were verified using SeqMan scaffolds and validated by mapping back
the Illumina reads using Burrow–Wheeler Aligner (BWA) 0.7.12 [24] and visualization
using MISIS-2 [17].

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/pathogens12111289/s1. Figure S1: Locations of banana and non-
banana plant leaf sampling places in Vietnam, Laos, and China in 2018 and 2019; Figure S2: Bidens
pilosa and its neighbor banana plants; Figure S3: Maps of Illumina sequencing reads of viral DNA
enriched by rolling circle amplification of total DNA from BBTV- and alphasatellite-infected banana
and their neighbor non-banana plants; Figure S4: Counts of Illumina reads representing BBTV
and alphasatellite DNA from banana and non-banana neighbor plants; Dataset S1: Supplementary
sequence information.

Author Contributions: Conceptualization, M.-L.I.-C. and M.M.P.; resources (access to the biological
material), N.-S.L., T.-D.T., O.I., T.Z. and BforBB Consortium; methodology and investigation, V.G. and
M.M.P.; writing—original draft preparation, V.G. and M.M.P.; writing—review and editing, M.-L.I.-C.
and M.M.P.; visualization, V.G. and M.M.P.; supervision, M.M.P.; funding acquisition, M.-L.I.-C. and
M.M.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was in part funded by Agropolis Fondation (Montpellier), grant number
ANR-10-LABX-0001-01, and also in part financed via the Agropolis Foundation project BforBB funds
to Marie-Line Iskra-Caruana, INRAE department SPE project ViroMix funds to Mikhail M. Pooggin,
and Institute Agro (Montpellier) PhD grant to Valentin Guyot.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Viral genome sequences obtained in this study were deposited in
the NCBI Genbank under the accession numbers ON959832–ON959993 (BBTV isolates ALYU-25–
56), ON959994–ON960032 (BBTV alphasatellites), ON960033–ON960034 (Badnaviruses BSVNV and
BSMIV), ON960035 (Bidens microvirus), and ON960036 (Bidens circovirus).

Acknowledgments: We thank Nathalie Laboureau for lab management and Sebastien Ravel for
bioinformatics support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

www.fasteris.com
https://www.mdpi.com/article/10.3390/pathogens12111289/s1
https://www.mdpi.com/article/10.3390/pathogens12111289/s1


Pathogens 2023, 12, 1289 8 of 8

References
1. Dale, J.L. Banana bunchy top: An economically important tropical plant virus disease. Advances in Virus Research 33: 301–325.

Banana bunchy top: An economically important tropical plant virus disease. Adv. Virus Res. 1987, 33, 301–325. [CrossRef]
[PubMed]

2. Kumar, P.L.; Selvarajan, R.; Iskra-Caruana, M.-L.; Chabannes, M.; Hanna, R. Biology, Etiology, and Control of Virus Diseases of
Banana and Plantain. Adv. Virus Res. 2015, 91, 229–269. [CrossRef] [PubMed]

3. Watanabe, S.; Greenwell, A.M.; Bressan, A. Localization, concentration, and transmission efficiency of banana bunchy top virus in
four asexual lineages of Pentalonia aphids. Viruses 2013, 5, 758–776. [CrossRef] [PubMed]

4. Burns, T.M.; Harding, R.M.; Dale, J.L. The genome organization of banana bunchy top virus: Analysis of six ssDNA components.
J. Gen. Virol. 1995, 76, 1471–1482. [CrossRef] [PubMed]

5. Wanitchakorn, R.; Hafner, G.J.; Harding, R.M.; Dale, J.L. Functional analysis of proteins encoded by banana bunchy top virus
DNA-4 to -6. J. Gen. Virol. 2000, 81, 299–306. [CrossRef]

6. Qazi, J. Banana bunchy top virus and the bunchy top disease. J. Gen. Plant Pathol. 2016, 82, 2–11. [CrossRef]
7. Horser, C.L.; Harding, R.M.; Dale, J.L. Banana bunchy top nanovirus DNA-1 encodes the ‘master’ replication initiation protein. J.

Gen. Virol. 2001, 82, 459–464. [CrossRef] [PubMed]
8. Bell, K.E.; Dale, J.L.; Ha, C.V.; Vu, M.T.; Revill, P.A. Characterisation of Rep-encoding components associated with banana bunchy

top nanovirus in Vietnam. Arch. Virol. 2002, 147, 695–707. [CrossRef] [PubMed]
9. Guyot, V.; Rajeswaran, R.; Chu, H.C.; Karthikeyan, C.; Laboureau, N.; Galzi, S.; Mukwa, L.F.T.; Krupovic, M.; Kumar, P.L.;

Iskra-Caruana, M.L.; et al. A newly emerging alphasatellite affects banana bunchy top virus replication, transcription, siRNA
production and transmission by aphids. PLoS Pathog. 2022, 18, e1010448. [CrossRef] [PubMed]

10. Thomas, J.E.; Iskra-Caruana, M.L. Diseases caused by viruses. In Diseases of Banana, Abaca and Enset; Jones, D.R., Ed.; GABI:
Wallingford, UK, 2000; pp. 241–253.

11. Thomas, J.E.; Geering, A.D.W.; Dahal, G.; Lockhart, B.E.L.; Thottappilly, G. Banana and Plantain. In Virus and Virus-like Diseases
of Major Crops in Developing Countries; Loebenstein, G., Thottappilly, G., Eds.; Springer: Dordrecht, The Netherlands, 2003;
pp. 477–496. [CrossRef]

12. Pinili, M.S.; Nagashima, I.; Dizon, T.O.; Natsuaki, K.T. Cross-Transmission and New Alternate Hosts of Banana bunchy top virus.
Trop. Agric. Dev. 2013, 57, 1–7. [CrossRef]

13. Hamim, I.; Green, J.C.; Borth, W.B.; Melzer, M.J.; Wang, Y.N.; Hu, J.S. First report of Banana bunchy top virus in Heliconia spp. on
Hawaii. Plant Dis. 2017, 101, 2153. [CrossRef]

14. Rahayuniati, R.F.; Subandiyah, S.; Hartono, S.; Somowiyarjo, S.; Kurniawan, R.E.K.; Prakoso, A.B.; Crew, K.; Vance, M.E.; Ray, J.D.;
Thomas, J.E. Recent distribution and diversity analysis on banana bunchy top virus of banana and alternative host in Indonesia.
Trop. Plant Pathol. 2021, 46, 506–517. [CrossRef]

15. Blackman, R.L.; Eastop, V.F. Aphids on the World’s Trees: An Identification and Information Guide; GABI: Wallingford, UK, 1994;
p. 466.

16. Bagariang, W.; Hidayat, P.; Hidayat, S.H. Morphometric Analysis and Host Range of the Genus Pentalonia Coquerel (Hemiptera:
Aphididae) Infesting Banana in Java. J. Perlindungan Tanam. Indones. 2019, 23, 171. [CrossRef]

17. Seguin, J.; Otten, P.; Baerlocher, L.; Farinelli, L.; Pooggin, M.M. MISIS-2: A bioinformatics tool for in-depth analysis of small RNAs
and representation of consensus master genome in viral quasispecies. J. Virol. Methods 2016, 233, 37–40. [CrossRef] [PubMed]

18. Grigoras, I.; Vetten, H.J.; Commandeur, U.; Ziebell, H.; Gronenborn, B.; Timchenko, T. Nanovirus DNA-N encodes a protein
mandatory for aphid transmission. Virology 2018, 522, 281–291. [CrossRef] [PubMed]

19. Di Mattia, J.; Vernerey, M.-S.; Yvon, M.; Pirolles, E.; Villegas, M.; Gaafar, Y.; Ziebell, H.; Michalakis, Y.; Zeddam, J.-L.; Blanc, S.
Route of a Multipartite Nanovirus across the Body of Its Aphid Vector. J. Virol. 2020, 94, e01998-19. [CrossRef] [PubMed]

20. Watanabe, S.; Bressan, A. Tropism, compartmentalization and retention of banana bunchy top virus (Nanoviridae) in the aphid
vector Pentalonia nigronervosa. J. Gen. Virol. 2013, 94, 209–219. [CrossRef] [PubMed]

21. Hu, J.S.; Wang, M.; Sether, D.; Xie, W.; Leonhardt, K.W. Use of polymerase chain reaction (PCR) to study transmission of banana
bunchy top virus by the banana aphid (Pentalonia nigronervosa). Ann. Appl. Biol. 1996, 128, 55–64. [CrossRef]

22. Magee, C.J.P. Transmission Studies on the Banana Bunchy-top Virus. J. Aust. Inst. Agric. Sci. 1940, 6, 109–110.
23. Zerbino, D.R.; Birney, E. Velvet: Algorithms for de novo short read assembly using de Bruijn graphs. Genome Res. 2008, 18,

821–829. [CrossRef] [PubMed]
24. Burrows, M.; Wheeler, D.J. A Block-Sorting Lossless Data Compression Algorithm; Technical Report 124; Digital Equipment Corpora-

tion, Digital Equipment Corporation Press: Palo Alto, CA, USA, 1994; pp. 1–24.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/s0065-3527(08)60321-8
https://www.ncbi.nlm.nih.gov/pubmed/3296696
https://doi.org/10.1016/bs.aivir.2014.10.006
https://www.ncbi.nlm.nih.gov/pubmed/25591881
https://doi.org/10.3390/v5020758
https://www.ncbi.nlm.nih.gov/pubmed/23435241
https://doi.org/10.1099/0022-1317-76-6-1471
https://www.ncbi.nlm.nih.gov/pubmed/7782775
https://doi.org/10.1099/0022-1317-81-1-299
https://doi.org/10.1007/s10327-015-0642-7
https://doi.org/10.1099/0022-1317-82-2-459
https://www.ncbi.nlm.nih.gov/pubmed/11161286
https://doi.org/10.1007/s007050200019
https://www.ncbi.nlm.nih.gov/pubmed/12038681
https://doi.org/10.1371/journal.ppat.1010448
https://www.ncbi.nlm.nih.gov/pubmed/35413079
https://doi.org/10.1007/978-94-007-0791-7
https://doi.org/10.11248/jsta.57.1
https://doi.org/10.1094/PDIS-02-17-0205-PDN
https://doi.org/10.1007/s40858-021-00443-3
https://doi.org/10.22146/jpti.38220
https://doi.org/10.1016/j.jviromet.2016.03.005
https://www.ncbi.nlm.nih.gov/pubmed/26994965
https://doi.org/10.1016/j.virol.2018.07.001
https://www.ncbi.nlm.nih.gov/pubmed/30071404
https://doi.org/10.1128/JVI.01998-19
https://www.ncbi.nlm.nih.gov/pubmed/32102876
https://doi.org/10.1099/vir.0.047308-0
https://www.ncbi.nlm.nih.gov/pubmed/23015741
https://doi.org/10.1111/j.1744-7348.1996.tb07089.x
https://doi.org/10.1101/gr.074492.107
https://www.ncbi.nlm.nih.gov/pubmed/18349386

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Surveys in Vietnam, Laos, and China 
	Total DNA Extraction from Banana Leaf Samples 
	Rolling Circle Amplification (RCA) 
	Polymerase Chain Reaction (PCR) Analysis 
	Illumina Sequencing of RCA Products and De Novo Reconstruction of Viral Genomes 

	References

