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Abstract

Background Rubber tree (Hevea brasiliensis Muell. Arg.) is a significant commercial crop in tropical areas worldwide,
with rubber production threatened by Tapping Panel Dryness (TPD). Rubber tree virus 1 (Capillovirus uniheveae; RTV1)
was identified in rubber tree samples with TPD symptoms through RNA-seq. However, its genetic diversity may have
hindered the detection of RTV1 via RT-PCR, complicating the further identification of RTV1 as the causative agent of
TPD.To assess RTV1 prevalence and genomic diversity, rubber tree bark samples with TPD syndrome were collected
from various sites in Hainan, China, for RNA-seq and RTV1 genome determination.

Results Twenty complete RTV1 genomes were determined from 22 samples with TPD syndrome via RNA-seq and
RT-PCR. Using degenerate primers based on conserved sequences in the 3'- and 5-UTR, 20 complete RTV1 genomes
were identified directly from 48 trees affected by TPD via RT-PCR. The 40 RTV1 genome sequences showed significant
variations, particularly in the RdRp domain. Phylogenetic analysis of full-genome nucleotide sequences divided RTV1
isolates into three phylogroups (A, B, and C), with phylogroup A being the most prevalent (67.5%). Similar results were
observed based on RdRp and CP phylogenetic analysis. Additionally, mixed infections with different genotypes were
identified in the same tree. Notably, no genetic recombination was observed among different phylogroups, while ten
recombination events were identified within phylogroup A.

Conclusions RTV1 was identified in approximately 50% of samples with TPD syndrome collected in Hainan, China,
with phylogroup A being the most prevalent. Considerable variations were observed in RTV1 nucleotide sequences
among different phylogroups. These findings lay a foundation for accurate diagnostics, etiological characterization,
and elucidation of the evolutionary relationships of RTV1 populations, providing a strong guarantee for obtaining
virus-free rubber tree seedlings, and promoting the healthy and sustainable development of rubber tree plantations.
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Introduction

Natural rubber (cis-1,4-polyisoprene; NR) is an essen-
tial industrial raw material due to its unique properties,
which cannot be fully replaced by synthetic rubbers. Its
exceptional resilience, flexibility, wear resistance, heat
dissipation, and impact durability make it irreplaceable
in numerous applications. In 2018, global NR produc-
tion reached 13.8 million tons, with Asia accounting for
91.2%, Africa 6.8%, and the Amazon region contribut-
ing just 2% of the total. By 2019, NR represented 47.2%
of global rubber production, surpassing 13.6 million tons.
Almost all commercial NR is derived from the Para rub-
ber tree (Hevea brasiliensis Muell. Arg.), a species native
to the Amazon Basin. Today, it is widely cultivated in
tropical regions around the world, and it is also the larg-
est tropical crop planted in Hainan, China [1-3]. Tapping
Panel Dryness (TPD) syndrome, characterized by partial
or complete cessation of latex flow upon tapping, results
in significant annual rubber production losses estimated
at 15-20%. Approximately 20-50% of productive trees
are affected by TPD across rubber tree-growing regions
[4]. First reported a century ago [5], the etiology of TPD
remains ambiguous despite numerous hypotheses [6].
The prevailing view suggests TPD as a programmed cell
death triggered by intensive tapping and prolonged eth-
ylene stimulation [7-10]. However, TPD has also been
observed in untapped or newly tapped trees, continu-
ing the search for its causal agent [11, 12]. Viruses have
been implicated in causing bark cracking in rubber trees
[13], with viroids proposed as associated agents of TPD
[11]. Although several viruses naturally infect rubber
trees, definitive identification of TPD-related pathogens
remains elusive [12]. Recently, a virus tentatively named
rubber tree virus 1 (RTV1) was isolated from samples
with TPD symptoms in Hainan, China, with its complete
genome sequenced (RTV1-QH, MN047299) [14].

RTV1 possesses a 6811-nt positive-sense, single-
stranded RNA genome encoding two open reading
frames (ORFs). ORF1 (nt 88-6735) encodes a putative
253.7-kDa polyprotein sharing 37% amino acid sequence
identity with cherry virus A (Capillovirus alphavii; CVA,
ARQ83874.1) polyprotein over 99% coverage [15]. The
polyprotein includes four domains: methyltransferase
(Mtr; aa residues 42-358), RNA helicase (helicase; aa
residues 800-1080), RNA-dependent RNA polymerase
(RdRp; aa residues 1232—-1587), and trichovirus coat pro-
tein (CP; aa residues 2052-2206). ORF2 (nt 5055-6437)
is predicted to encode a movement protein (MP) shar-
ing 28% amino acid sequence identity (99% coverage)
with CVA movement protein (ARQ83899.1) and 36%
identity with currant virus A (Capillovirus alpharibis;
CuVA, YP_009229913) [14, 16]. Phylogenetic analysis
and genome structure classified RTV1 as a member of
the genus Capillovirus of the family Betaflexiviridae [14].
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Other capilloviruses caused severe symptoms in their
hosts, such as apple stem grooving virus (Capillovirus
mali, ASGV), which causes xylem pitting and groov-
ing, phloem necrosis, and reduced productivity in cer-
tain apple cultivars [17] and also infects citrus, causing
tatter leaf disease [18]. CVA has been found in various
hosts like sour cherries, apricots, plums, peaches, and
Japanese apricots, often complicating symptom attribu-
tion due to frequent mixed infections [19]. Mume virus
A (Capillovirus mume, MuVA), identified in Japanese
apricots, is associated with diffuse chlorotic spots on
leaves [20], while loquat virus A (Capillovirus alphaeri-
obotryae, LoVA) was detected in a leaf-curling sample
from a loquat tree [21]. CuVA discovered in red currants
has unclear pathogenicity [16, 22]. Unlike most capillovi-
ruses causing identifiable symptoms in woody plants, the
symptoms associated with RTV1 in TPD-affected trees
remain unknown and warrant investigation [14].

Previous attempts to associate TPD with RTV1 showed
contradictory results: some samples from trees affected
by TPD were RT V1-negative in RT-PCR but RTV1-pos-
itive in Western blot (WB) using polyclonal antibodies
against RTV1-CP (unpublished data). This inconsistency
suggests that the genetic diversity of RTV1 may hin-
der detection via RT-PCR due to mismatches with PCR
primers and RTV1 genome sequences. However, there is
no data on the genomic diversity of RT V1. In this study,
we applied high-throughput sequencing (HTS) combined
with RT-PCR amplification to detect RTV1 in samples
from different sites in Hainan, China. The sequences pre-
sented here highlight RTV1 genetic diversity and indicate
the existence of phylogroups within the RTV1 popula-
tion, which may affect PCR-based diagnosis and may
provide insights into the epidemiological and evolution-
ary relationships of RT'V1 populations.

Materials and methods

Samples with TPD symptoms collected for RNA-Seq and
RT-PCR

Bark and leaf samples from rubber trees showing typi-
cal TPD symptoms were collected in various cities in
Hainan Province, China (Fig. S1, Table S1). Samples were
ground separately in liquid nitrogen. Total RNA from
each sample was isolated. RNA-Seq and de novo assem-
bly were performed separately for each sample, follow-
ing previously described methods [23, 24]. Briefly, total
RNA was extracted using the RNAprep Pure Plant Plus
Kit (TTANGEN BIOTECH, China) according to the man-
ufacturer’s instructions. Ribosomal RNA was removed
using the Illumina Ribo-Zero rRNA Removal Kit (Plant
Leaf). cDNA was synthesized using random hexamer
primers and the RevertAid First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific), following the manufac-
turer’s instructions. Sequencing and de novo assembly
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were conducted at Novogene Co. (Beijing, China). Unige-
nes annotated as RTV1 were selected. Gaps and terminal
ends were amplified by RT-PCR using PrimeSTAR® GXL
DNA Polymerase (TaKaRa, Dalian, China). The PCR
products were ligated into the pMD-19T vector (TaKaRa)
after incubation with Taq polymerase at 72 °C for 10 min
and subjected to Sanger sequencing (Sangon Biotech,
Guangzhou). Overlapping sequences were assembled
into complete genomes using SeqMan Pro 7.1.0 (DNA-
Star Inc., Madison, W1, USA). Conserved primer sets
were designed for the detection of RTV1 (Table S2). To
identify primer pairs with a broad detection range, all
reported primers for detecting RTV1 were compared in
silico with the identified RTV1 genome sequences. PCR
conditions included 30 cycles of denaturation at 95 °C for
15 s, primer annealing at 60 °C for 20 s, and extension at
72 °C for 1 min (for a 1 kb product), followed by a final
extension at 72 °C for 5 min, using the SanTaq Plus PCR
Mix (Sangon Biotech, China).

Phylogenetic and sequence analysis of RTV1

The nucleotide sequences of the full-length genome,
RdRp, CP, and MP of RTV1 isolates obtained in this
study and the RTV1-QH isolate previously submitted to
GenBank (MN047299) were aligned using ClustalW with
default parameters, respectively. Phylogenetic trees were
constructed using the neighbor-joining method with
MEGA 7.0 as previously described [12].

Recombination analysis

Recombination events were analyzed with the Recom-
bination Detection Program (RDP v.4.95) under default
conditions, using an alignment of complete RTV1
genome sequences constructed with MAFFT v7 [25].
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Pairwise identity matrix and distribution plots

Pairwise nucleotide (nt) and amino acid (aa) identity
analyses were performed for 41 RTV1 isolates using the
Sequence Demarcation Tool Version 1.3 (SDTv1.3) under
default settings [26].

Results

RNA-Seq and de novo assembly

Twenty-one bark samples from rubber trees showing
TPD symptoms (complete cessation of latex drainage
upon tapping) and one symptomless control (DZBYCK)
were subjected to RNA extraction and RNA-Seq (Table
S1 and Fig. S1). Each RNA-Seq generated approximately
20 million clean reads and 6G clean bases. Follow-
ing de novo assembly of the sequence reads using Trin-
ity, with an overlap length of k-mer =25 [23, 27], BlastN
and BlastX analyses (cut-off value = 107%) revealed RTV1
unigenes in 14 symptomatic samples. Most assembled
RTV1 unigenes were longer than 6,000 nt, covering
almost the complete genome sequence of RTV1 (6,811
nt). However, RTV1 unigenes in some samples were only
several hundred nt long, suggesting either a lower RTV1
titer in those samples or insufficient sequencing coverage
(Table 1).

To further evaluate the detection capacity of RNA-Seq
for RTV1, 8 symptomatic samples that were RTV1-neg-
ative in RNA-Seq were tested by Western blot analysis
using a polyclonal antibody against RTV1-CP. Seven of
the eight samples were negative while one sample was
positive for RTV1 (Fig. S2), suggesting that RNA-Seq
with 20 million clean reads and 6G clean bases may not
entirely ensure detection of RTV1 in bark samples.

Using the unigenes as templates, gaps and terminal
ends of the full genome sequences were determined by

Table 1 Summary of the RNA-Seq, de novo assembly, and RTV1 isolates data of bark samples from trees affected by TPD

Sample name Clean reads Clean Q30(%) GC(%) Unigenes RTV1 Longest RTV1 RTV1 isolates identified
bases Unigenes Unigenes

DZBYCK 21,022,644 6.31G 9233 43.09 27,629 0

DzXQ1 20,462,824 6.14G 92.17 425 29,427 2 6757 DzXQ1-1, DZXQ1-2,
DZXQ1-3

DzZXQ3 20,118,418 6.04G 9248 44.92 26,137 2 6751 DZXQ3-1, DZXQ3-2,
DZXQ3-3

DZXH 21,255,595 6.38G 92.39 42.2 31,694 1 6743 DZXH

DZXQ5 112,702,386 6.54G 93 41.13 28,117 3 6756 DZXQ5

DZXQ6 20,570,697 6.17G 9246 42.66 29,528 2 6750 DZXQ6

DZXQ7-1 21,083,634 6.33G 92.82 42.13 31,115 2 6802 DZXQ7-1

DZXQ8-1 21,495,780 6.45G 93.06 43.01 32,177 3 652 DZXQ8-1

DzPY1 21,056,452 6.32G 93.09 43.53 35,112 2 6771 DZPY1-1,DZPY1-2, DZPY1-3

DZPY2 21,283,383 6.39G 925 42.76 32,979 1 6713 DZPY2

DZPL1 20,997,421 6.3G 92.55 42.68 39,979 4 4598 DZPL1

DZPL2 21,400,745 642G 91.97 42.79 30,941 1 373 DZPL2

DZHK 21,234,088 6.37G 91.63 4187 30,422 1 440 DZHK

DZQN 21,492,493 645G 91.83 4178 32,665 2 914 DZQON

DzCC 21,284,223 6.39G 92.31 42.23 33,371 1 6823 DzCC
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RT-PCR, and overlapping sequences were confirmed by
Sanger sequencing. In total, 20 new complete genome
sequences of RT'V1 isolates were identified. Interestingly,
three samples (DZXQ1, DZXQ3, and DZPY1) contained
more than one RTV1 isolates in the same sample, show-
ing significant variation in nucleotide sequences (Table
S1). All isolates shared identical genome organization as
the previously reported RTV1-QH isolate, with a 6,811 nt
genome (Li et al., 2020), including an 87 nt 5-UTR, a 76
nt 3’-UTR, and encoding two ORFs.

Identification of RTV1 genome via RT-PCR

Alignment analysis revealed highly conserved 3’-UTR
sequences among all identified RTV1 isolates, although
the coding regions and the 5-UTR showed significant
variation (Fig. 1). One degenerate primer set (RTV1-1 F
and RTV1-1R) was designed for direct amplification of
the full-length RTV1 genome via RT-PCR (Table S2).
Using this primer set, 20 complete RTV1 genomes were
identified directly from 48 samples collected from dif-
ferent sites. The newly identified 40 complete genome
sequences of RTV1 have been deposited in GenBank
under accession numbers PP955903-PP955942.

Sequence similarity of the RTV1 isolates

All newly identified RTV1 isolates shared identical
genomic length and structure. Compared with the previ-
ous RTV1 isolate (RTV1-QH, MN047299), five isolates
(DZXQ1-2, CJSLZ, CMFS, CM]JJ, and LGRMFY) showed
higher genome nucleotide (nt) identity (>90%), while the
other thirty-five isolates showed 80-90% nt identity. The
most pronounced sequence variation was observed in the
RdRp coding region, whereas the CP region maintained
the highest similarity in both nucleotide and amino acid
(Table 2). Despite notable nucleotide variation (83.44%
average identity), amino acid sequences encoding RdRp
in these isolates remained highly conserved (92.27% aver-
age identity). Notably, the CM]J] isolate displayed the
highest sequence homology with the RTV1-QH isolate,
with its amino acid sequences of MP and CP sharing
100% identity. Unexpectedly, most RTV1 isolates showed
significantly higher nucleotide similarity (91.67% average
identity), but lower amino acid similarity (78.22% average
identity) in the MP region. Intriguingly, mixed infections
involving different RTV1 isolates were discerned in sev-
eral samples, showing significant variation in the nucleo-
tide sequences (Table 2).

Conserved sequences in the 5-UTR and 3’-UTR have
been used as primers (RTV1-1 F and RTV1-1R) for direct
amplification of the full-length RTV1 genome (Fig. 1,
Table S2). The Sequence Demarcation Tool (SDT) gen-
erates pairwise matrices and identity distribution plots,
offering intuitive insights into the relationships among
the 41 RTV1 isolates based on nucleotide (nt) and amino

Page 4 of 10

acid (aa) sequences. The pairwise matrices and iden-
tity distribution plots revealed significant nt sequence
variation among isolates in the RdRp, CP, and complete
genomes (Fig. S4), while such variation was less pro-
nounced in the aa sequences (Fig. S5). To facilitate diag-
nosis of various RTV1 isolates, PCR primers for wider
detection range were designed. In silico comparisons
were conducted for genome sequences of all 41 RTV1
isolates. Several conserved short fragments among all
41 RTV1 isolates were identified in areas encoding MP
and CP. Three PCR primer pairs (RTV1-2 F, RTV1-2R;
RTV1-3 F, RTVI1-3R; and RTV1-4 F, RTVI1-4R) were
designed (Table S2). Finally, twenty-two samples from
trees affected by TPD collected for RNA-Seq were veri-
fied by RT-PCR using these primers. RT-PCR with each
primer pair detected RTV1 in at least 12 TPD samples,
and overall, RTV1 was detected in 14 samples (Fig. S6),
consistent with RNA-Seq and Western-blot results, indi-
cating the reliability of these primers for detection.

Phylogenetic analysis of RTV1 isolates

To reveal the genetic diversity and evolutionary relation-
ships of the RTV1 isolates, phylogenetic trees were con-
structed using either full-genome or RdRp, CP, MP nt
sequences (Fig. 2). In the phylogenetic tree constructed
from full-genome nt sequences, isolates were clus-
tered into three phylogroups. The largest phylogroup
(phylogroup A) included 26 RTV1 isolates, and is preva-
lent across almost all collection sites (Fig. 2A and Fig. S1).
The second large phylogroup B included 12 members,
including the RTV1-QH isolate. The locations of both
phylogroups overlapped (Fig. S1). Phylogroup C included
only three members isolated from two collection sites,
Qiongzhong and Danzhou.

Phylogenetic trees based on RdRp, MP, and CP nt
sequences were also constructed. Phylogenetic trees
based on RdRp sequences delineated similar phylogroup
clustering (Fig. 2B), indicating that sequence variation in
RdRp represents the genetic diversity among RTV1 iso-
lates. Phylogenetic trees based on MP and CP sequences
also generated three phylogroups, but the shorter genetic
distances among different phylogroups indicates more
similar MP and CP sequences (Fig. 2C-D).

Recombination analysis

Recombination analysis was performed with RDP4 using
different algorithms (RDP, GENECONYV, BootScan, Max-
Chi, Chimaera, and 3Seq) on an alignment of all full-
length RTV1 genome sequences [25]. No recombination
events were detected among 41 RTV1 isolates across
different phylogroups. Then, recombination events were
investigated among isolates within each phylogroup. Ten
recombination events were detected among 26 isolates
in phylogroup A (Table 3 and Table S3). There was no
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Fig. 1 Alignment of the 5 untranslated region (UTR) and the 3"-UTR

Page 5 of 10



Wang et al. BMC Genomics (2025) 26:135

Page 6 of 10

Table 2 Nucleotide (amino acid) identity (%) between RTV1-QH and the new RTV1 isolates

Isolates Accession No Full genome RdRp MP CcP

DZXQ1-1 PP955903 82.93(85.81) 83.72(9241) 90.40(74.10) 90.34(98.60)
DZXQ1-2 PP955904 90.40(93.32) 89.19(93.46) 96.20(89.88) 94.17(99.40)
DZXQ1-3 PP955905 81.30(84.52) 74.70(84.52) 89.00(73.71) 90.18(97.82)
DZXQ2 PP955906 82.93(85.81) 83.72(9241) 90.40(74.10) 90.34(98.60)
DZXQ3-1 PP955907 82.80(86.08) 83.28(92.08) 89.80(72.29) 90.18(99.07)
DZXQ3-2 PP955908 80.93(87.12) 74.72(85.20) 89.00(75.61) 86.96(98.60)
DZXQ3-3 PP955909 82.83(85.83) 76.85(86.85) 90.80(78.52) 90.18(96.72)
DZXQ4 PP955910 82.67(85.86) 83.50(92.08) 90.40(74.10) 90.34(99.07)
DZXQ5 PP955911 82.81(85.95) 83.72(9241) 90.40(74.10) 90.03(99.53)
DZXH PP955912 82.71(85.81) 83.50(92.08) 90.60(74.70) 90.49(99.07)
DZXQ6 PP955913 82.80(86.61) 82.95(91.75) 89.80(72.29) 90.18(99.07)
DZXQ7-1 PP955914 82.71(86.26) 83.17(91.75) 90.60(74.70) 90.49(99.07)
DZXQ7-2 PP955915 82.81(86.48) 83.39(92.08) 90.40(74.10) 90.03(99.07)
DZXQ8-1 PP955916 82.67(86.34) 83.17(91.75) 90.40(74.10) 90.34(99.07)
DZXQ8-2 PP955917 82.42(86.96) 82.73(90.76) 90.00(72.89) 91.41(99.53)
DZPY1-1 PP955918 82.93(86.43) 83.06(91.75) 90.40(74.10) 90.34(98.60)
DZPY1-2 PP955919 81.52(85.10) 77.33(88.90) 90.40(75.52) 89.88(96.87)
DZPY1-3 PP955920 83.07(86.10) 80.89(91.68) 90.40(78.63) 90.34(97.52)
DZPY2 PP955921 82.67(86.34) 83.17(91.75) 90.40(74.10) 90.34(99.07)
DZPL1 PP955922 81.38(85.24) 73.49(83.50) 90.40(73.49) 90.03(99.07)
DZPL2 PP955923 82.93(86.43) 83.06(91.75) 90.40(74.10) 90.34(98.60)
DZHK PP955924 82.71(86.39) 83.17(91.75) 90.60(74.70) 90.49(99.07)
DZPM PP955925 82.80(86.30) 82.95(91.75) 89.80(74. 70) 90.18(99.07)
DZON PP955926 82.81(86.48) 83.39(92.08) 90.40(74.10) 90.03(99.07)
DzCC PP955927 82.60(86.12) 83.17(9142) 89.60(74. 49) 90.18(98.60)
BSDL PP955928 81.21(84.98) 73.38(83.83) 90.40(73.49) 89.88(99.07)
BSRB PP955929 83.93(86.52) 83.61(92.41) 90.40(74.10) 94.63(99.53)
cJstz PP955930 90.74(93.05) 91.41(97.03) 95.60(88.55) 93.56(99.53)
CISYT PP955931 82.71(85.81) 83.72(92.08) 90.60(74.70) 90.18(99.07)
aws PP955932 89.29(94.05) 88.89(97.36) 96.00(90.36) 94.48(98.60)
CMFS PP955933 95.38(97.58) 98.02(98.02) 99.00(97.59) 90.18(99.07)
CMJJ PP955934 93.56(96.26) 98.90(98.68) 99.80(100.0) 98.16(100.0)
LGHS PP955935 81.48(85.42) 80.86(92.41) 90.40(73.49) 90.18(99.07)
LGMZ PP955936 83.50(83.36) 80.86(92.41) 90.80(75.30) 88.34(99.07)
LGRMFY PP955937 90.52(93.44) 90.98(96.70) 96.80(92.17) 93.40(99.53)
QzCz PP955938 80.61(86.61) 82.95(91.75) 88.80(70.48) 90.18(98.14)
QZYG PP955939 80.81(86.17) 83.17(99.01) 88.80(70.48) 90.18(99.07)
TCDY PP955940 87.83(90.57) 88.82(92.74) 99.60(100.0) 95.55(99.53)
TCGM PP955941 82.79(85.95) 83.06(99.01) 90.80(75.30) 90.18(98.60)
TCM PP955942 83.90(88.81) 83.17(99.34) 98. 00(95 78) 90.18(99.07)
Average 83.99(87.46) 83.44(92.27) 67(78.22) 90.93(98.87)

evident correlation between geographical distance and
recombination events. Further investigation of recombi-
nation events in isolates BSRB and TCJM showed events
at the MP and CP region, suggesting close correlation of
recombination events with higher sequence similarity.

Discussion

To date, there have been five reports of virus infection in
rubber trees. However, it remains unconfirmed whether
these viruses are associated with TPD [12]. The first virus
ever recorded to infect rubber trees belongs to the family

Betaflexiviridae, specifically the genus Carlavirus. It was
discovered in seedlings that exhibited inter-veinal chloro-
sis [28]. The second putative virus, named Hevea brasil-
iensis virus (HBrV), was identified in asymptomatic leaf
samples by small RNA sequencing (sRNA-seq), and it
is regarded as a latent virus [29]. In 2020, three viruses
were found in samples with TPD symptoms through
sRNA-seq. Two closely related virga-like viruses, namely
rubber tree latent virus 1 (RTLV1) and rubber tree latent
virus 2 (RTLV2) were identified, and the latent infec-
tion of both RTLV1 and RTLV2 in rubber tree seedlings
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Fig. 2 Phylogenetic analyses of RTV1 isolates. (A) Phylogenetic tree based on the complete genome sequence of RTV1 isolates. (B) Phylogenetic tree
based on RdRp nucleotide sequences of RTV1 isolates. (C) Phylogenetic tree based on CP nucleotide sequences of RTV1 isolates. (D) Phylogenetic tree

based on MP nucleotide sequences of RTV1 isolates
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Table 3 Recombination events predicted by RDP4 in the full genomes of the RTV1 isolates from phylogroup A

Recombination analysis

Event No. Recombination Major parent Minor parent

Detection methods P-value
1 BSRB DZPT1-3 Unknow(DZXQ8-2) RGMCT 1.002E-40
2 TCIM DZQN Unknow(DZXQ8-2) RGMCT 4.835E-34
3 BSRB TCIM DZQN T 1.83E-06
4 DZCC DZXQ Unknow(DZPY2) RG 7.15E-05
5 LGMZ Unknow(DZXQ8-2) QZCZ RMC 6.45E-07
6 LGMZ Unknow(DZXQ3-3) DZXQ8-2 G 8.27E-06
7 DZXQ8-2 DZXQ3-3 Unknow(LGMZ) M 4.54E-05
8 DZCZ TCIM BSRB T 1.58E-03
9 DZCZ DZPY Unknow(DZXQ8-2) G 2.16E-02
10 DZQN TCIM CISYT T 3.44E-02

Minor Parent: Parent contributing smaller fraction of sequence; Major Parent: Parent contributing

larger fraction of sequence; Unknown: Only one parent and a recombinant need to be in the

alignment for a recombination event to be detectable. Recombination detection methods used are:
R-RDP; G-GENCONV; M-MAXCHI; C-CHIMERA; T-3SEQ. The lowest p-value detected by the

underlined method mentioned in the previous column was shown.

was confirmed [12, 30]. Another virus, RTV1, was doc-
umented as a member of the genus Capillovirus within
the family Betaflexiviridae [14], with only one complete
genome sequence deposited in GenBank to date. The
lack of genetic variability data for RT'V1 has hindered the
design of conserved PCR primers for RTV1 diagnosis and
the study of its pathogenicity. In this study, we conducted
transcriptomic analysis on 22 samples with TPD syn-
drome, of which 15 samples (including one sample iden-
tified by WB) were found to be infected with RTV1. We
successfully obtained complete genomes of 20 RTV1 iso-
lates through de novo assembly and RT-PCR verification.
Additionally, 20 complete RTV1 genomes were cloned
directly via RT-PCR using conserved sequences from
UTR regions as primers. Thus, only approximately 50%
of the samples with TPD syndrome collected in Hainan,
China, were found to be infected with RTV1. While it is
possible that some RTV1 isolates evaded RNA-seq and
RT-PCR detection, it can be concluded that not all sam-
ples were infected with RTV1, suggesting that RTV1 may
not be the causal agent of TPD. However, the term “TPD
syndrome” has been widely used to describe the phenom-
enon of latex flow cessation upon tapping in rubber trees.
Many studies have proposed that TPD represents a form
of programmed cell death resulting from prolonged tap-
ping and ethylene stimulation [7-9]. Chrestin et al. cat-
egorized TPD into reversible physiological responses to
overexploitation and irreversible bark necrosis (BN) [31—
33]. Various viroid-like RNAs (250-400 nucleotides) and
double-stranded virus-like RNAs (1,800 bp) have been
identified in bark necrosis (BN) [11, 33], but no defini-
tive biotic causal agent has been correlated with BN.
Whether RTV1 is a causal agent of bark necrosis requires
further investigation. It is therefore crucial to investigate
which symptoms are associated with RTV1 infection.

The conserved degenerate primer sets designed for RTV1
detection in this study may prove useful for future inves-
tigations. To enhance detection accuracy, PCR detection
should be combined with serological methods such as
Western-blot and ELISA [34, 35].

Recent studies have explored the genomic diversity
of other viruses within the Capillovirus genus, includ-
ing investigations into ASGV [36], CVA [37], and MuVA
[38]. In ASGYV, the coat protein (CP) is the most con-
served part of the virus genome, while ORF1, encod-
ing a polyprotein involved in virus replication, shows
regions of high variability [18, 39, 40]. CVA virus isolates
also exhibit substantial genome sequence diversity, par-
ticularly within the RdRp nucleotides and amino acids,
whereas sequences for CP and MP remain relatively con-
served [37, 41]. Similarly, as shown in this study, RTV1
displays considerable genetic diversity, with 81.92-99.98%
pairwise sequence identities among the 41 isolates (Fig.
S4). The RTV1 genome exhibits notable variation in the
sequence encoding the RdRp domain, while conserved
sequences are observed in the regions encoding MP
and CP (Table 2 and Fig. S5), indicating that MP and CP
are conserved proteins within the Capillovirus genus.
Additionally, co-infections involving different RTV1
phylogroups were observed within the same host, a phe-
nomenon documented in various viruses and their hosts
[42-45].

In the phylogenetic trees constructed based on the
full-genome, RdRp, CP, and MP nt sequences, the iso-
lates were grouped into three phylogroups. Most of
the isolates (67.5%) from Danzhou city were clustered
to phylogroup A, while the remaining isolates were
assigned to phylogroup B and C (Fig. 2), implying that
phylogroup A exhibited the highest prevalence. The phy-
logenetic clustering of RTV1 isolates did not indicate a
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close association with geographical origin (Fig. 2 and S1).
RDP4 analysis identified 10 recombination events among
phylogroup A RTV1 isolates, which were not evidently
correlated with geographical distance. The evolution-
ary relationships among RTV1 isolates remain complex.
ASGYV diversity has been found to be structured more by
host plant species than by geographical origin [39]. The
heightened genomic variability of ASGV may arise from
recombination events between isolates infecting diverse
host species [40]. However, the rubber tree is currently
the only known host of RTV1. Further investigation is
needed to determine whether there are other hosts of
RTV1 in the surrounding environment of rubber trees.
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