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Abstract

Paper mulberry (Broussonetia papyrifera) is a perennial woody plant
used as source material for Cai Lun paper making, in traditional Chinese
medicine, and as livestock feed. To identify the presence of viruses in
paper mulberry plants affected by a disease with leaf curl symptoms, high-
throughput sequencing of total RNA was performed. Analysis of tran-
scriptome libraries allowed the reconstruction of two geminivirus-like
genomes. Rolling-circle amplification and PCR with back-to-back pri-
mers confirmed the presence of two geminiviruses with monopartite ge-
nomes in these plants, with the names paper mulberry leaf curl virus 1
and 2 (PMLCV-1 and PMLCV-2) proposed. The genomes of
PMLCV-1 (3,056 nt) and PMLCV-2 (3,757 to 3,763 nt) encode six pro-
teins, with the V4 protein of PMLCV-1 and the V3 proteins of both
viruses having low similarities to any known protein in databases.

Alternative splicing of an intron, akin to that of mastre-, becurto-,
capula-, and grabloviruses, was identified by small RNA (sRNA)-seq
and RNA-seq reads mapping to PMLCV-1 and PMLCV-2 antisense
transcripts. Phylogenetic analyses and pairwise comparisons showed
that PMLCV-1 and PMLCV-2 are most closely related to, but distinct
from, two unassigned geminiviruses, citrus chlorotic dwarf associated
virus and mulberry mosaic dwarf associated virus, suggesting that they
are two new members of the family Geminiviridae. Field investigation
confirmed the close association of the two viruses with leaf curl symp-
toms in paper mulberry plants and that coinfection can aggravate the
symptoms.
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Paper mulberry (Broussonetia papyrifera [L.] Vent.), a broad-leaf,
deciduous woody plant in the family Moraceae, originates from
China and is now widely distributed in temperate and tropical regions
of the world (Chang et al. 2015; Morgan and Overholt 2004; Peng
et al. 2015). Paper mulberry is cultivated in most provinces of China,
except those located in the northeastern and northwestern regions
(Shen and Peng 2017). The plant, historically known as the source
material of Cai Lun paper-making (Peng et al. 2019), is listed in
the Chinese Compendium of Materia Medica and other pharmaco-
poeias (Li and Jia 1997). Moreover, it also can be used in livestock
feed, barkcloth making, and afforestation, among other uses (Bell
1988). Nevertheless, pathogens of paper mulberry have not yet been
well studied.

*Corresponding author: M. J. Cao; caomengji@cric.cn
Y. J. Qiu and S. Zhang contributed equally and are co-first authors.

Funding: This research was supported by the National Key R&D Program of
China (2019YFD1001800), Fundamental Research Funds for the Central
Universities (XDJK2018 AA002), Chongqing Research Program of Basic Re-
search and Frontier Technology (cstc2017jcyjBX0016), Innovation Program
for Chongqing’s Overseas Returnees (cx2019013), and 111 Project (B18044).
F. Murilo Zerbini is supported by CAPES (Financial code 01), CNPq, and
Fapemig.

*The e-Xtra logo stands for “electronic extra” and indicates that supplemen-
tary files are published online.

The author(s) declare no conflict of interest.

Accepted for publication 21 April 2020.

© 2020 The American Phytopathological Society

3010 Plant Disease /Vol. 104 No. 11

The geminiviruses (family Geminiviridae) comprise a group of
plant DNA viruses with a circular, single-strand DNA genome
encapsidated in twinned (geminate) icosahedral particles, and they
infect a wide range of plant species in most tropical and subtropical
regions of the world. Based on the type of insect vector (whiteflies,
leafhoppers, treehoppers, or aphids), genome organization (mono-
or bipartite), and host range (mono- or dicot plant species), gemini-
viruses are classified into nine genera: Becurtovirus, Begomovirus,
Capulavirus, Curtovirus, Eragrovirus, Grablovirus, Mastrevirus,
Topocuvirus, and Turncurtovirus (Zerbini et al. 2017). In addition,
several divergent geminiviruses discovered with the application of
rolling-circle amplification (RCA) and high-throughput sequencing
(HTS) technologies (Haible et al. 2006; Roossinck et al. 2015; Wu
et al. 2010), mostly from woody plants, have not yet been assigned
to a genus, including citrus chlorotic dwarf associated virus (CCDaV;
Loconsole et al. 2012), mulberry mosaic dwarf associated virus
(MMDaV; Ma et al. 2015), apple geminivirus (Liang et al. 2015),
grapevine geminivirus A (Al Rwahnih et al. 2017), camellia chlorotic
dwarf associated virus (CaCDaV; Zhang et al. 2018), and passion
fruit chlorotic mottle virus (PCMoV; Fontenele et al. 2018).

Most geminiviruses belong to the genus Begomovirus, the mem-
bers of which are transmitted by whiteflies and have mono- or bipar-
tite genomes. Viruses in the well-characterized genera Curtovirus
and Mastrevirus are transmitted by leathoppers and have monopartite
genomes. The coat protein (CP, or VI/AV1 in mono- and bipartite
geminiviruses, respectively) is the only structural protein, and it also
functions as vector transmission mediator (Briddon et al. 1990; Poor-
nima Priyadarshini et al. 2011). The V2/AV2 protein functions as a
viral suppressor of RNA silencing, the same as the role of C4/AC4 in
some viruses (Amin et al. 2011; Glick et al. 2008). Besides the V2/
AV2 (New World begomoviruses lack V2/AV2), other additional
open reading frames (ORFs) (V3 and V4) are found upstream of
the CP gene of some geminiviruses. The replication-associated pro-
tein (Rep, or C1/AC1), which is a rolling-circle replication initiator
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protein, initiates virion-sense DNA replication (Hanley-Bowdoin
et al. 2013). The transcriptional-activator protein (TrAP, or C2/
AC2) interferes with RNA silencing and other host defense responses
(Raja et al. 2008; Trinks et al. 2005). The replication-enhancer pro-
tein (REn, or C3/AC3) is involved in viral replication (Settlage
et al. 2005). Bipartite begomoviruses encode their movement pro-
teins, the nuclear shuttle protein (NSP or BV1) and cell-to-cell move-
ment protein (MP or BC1), on the DNA-B component (Sanderfoot
and Lazarowitz 1995). Mastreviruses, grabloviruses, capulaviruses,
and becurtoviruses express Rep from a spliced mRNA (C1:C2)
and RepA (Cl) from the complementary-sense strand (Wright
et al. 1997), whereas begomoviruses, curtoviruses, turncurtoviruses,
topocuviruses, and eragroviruses encode Rep in a single ORF and do
not encode RepA.

In this study, we have identified two new, highly divergent gem-
iniviruses by HTS that coinfect paper mulberry plants in China.
Through field investigation of paper mulberry plants, we confirmed
that the two geminiviruses are associated with leaf curl symptoms.
Based on their host and symptoms, the two new geminiviruses are
tentatively named paper mulberry leaf curl virus 1 and 2 (PMLCV-
1 and PMLCV-2).

Materials and Methods

Plant materials. In May 2018, leaf curl symptoms on paper mul-
berry plants (goushu in Chinese, GS) were noted in three different lo-
cations of Chongqing province of China, from Huaye (HY) (29.82N,
106.42E), Southwest University (SWU) (29.80N, 106.40E), and
Tongliang (TL) (29.84N, 106.05E). Leaf tissues were collected and
were stored at —80°C. Three samples displaying either severe (GS-
HY, GS-SWU) or mild (GS-TL) leaf curl (Fig. 1A, B, and D, respec-
tively) were separately prepared for HTS analysis. Nonsymptomatic
plants (Fig. 1E) surrounded by symptomatic plants were also col-
lected at each location.

Construction of cDNA libraries, HTS, and sequence analyses.
Total RNA extracts obtained from each sample using the EASYspin
Plus Complex Plant RNA Kit (Aidlab, China) were used for RNA se-
quencing (RNA-seq), and total small RNAs (sSRNAs) extracted from
the GS-HY sample using the EASYspin Plant microRNA Extract kit
(Aidlab) were used for sSRNA sequencing (SRNA-seq). The TruSeq
RNA Sample Prep kit version 2 (Illumina, U.S.A.) was used for
the construction of RNA-seq cDNA libraries after depleting ribo-
somal RNAs. These libraries were sequenced with the Illumina
HiSeq X-ten platform (paired-end reads of 150 bp) (Mega Genomics,
China). The sRNA libraries were constructed using the TruSeq Small
RNA Sample Prep kit (Illumina), and sequencing was carried out
with the Illumina HiSeq2500 platform (1 x 50 bp reads) (Cao et al.
2019). The raw RNA-seq data are available at the Sequence Read Ar-
chive (SRA) database in NCBI (accession no. PRINA608084). The
raw sequences (reads) from RNA-seq and sRNA-seq libraries were
analyzed with CLC Genomics Workbench 9.5 (Qiagen, U.S.A.)
to remove sequence adaptors, low-quality reads, and especially in
the case of RNA-seq data processing, RNA reads with more than
60% similarity to mulberry reference genomes (https://morus.swu.
edu.cn/morusdb/). De novo assembly of the remaining clean reads in-
to larger sequences (contigs) was carried out using the Trinity (RNA)
or Velvet (SRNA) algorithms (Grabherr et al. 2011; Zerbino and Bir-
ney 2008). The resulting contigs were subjected to BLASTx and
BLASTn searches (https://blast.ncbi.nlm.nih.gov/Blast.cgi) against
NCBI viral (taxid: 10239) and viroidal (taxid: 2559587) databases
for sequence annotation.

Conventional PCR and RCA. Total nucleic acids of leaf tissues
(200 mg) from symptomatic or nonsymptomatic paper mulberry
plants were extracted using a modified cetyltrimethylammonium
bromide (CTAB)-based method (Li et al. 2008). The pellet was dis-
solved in 100 pl of nuclease-free water and was used for PCR ampli-
fication with Phusion High-Fidelity DNA Polymerase (Thermo
Fisher Scientific, U.S.A.) and specific back-to-back primers (Supple-
mentary Table S1) designed from the viral contigs identified by
BLAST analysis, with two pairs targeting each virus. Conventional
PCR was performed using 1 pl of total DNA in a reaction mixture

containing 1x Phusion HF Buffer, 0.2 mM of each dNTP, 0.2 mM
of each primer (PV1-F1/R1, PV2-F1/R1, Supplementary Table
S1), and 0.02 U of Phusion DNA Polymerase (2 U/pl). Thermocy-
cling consisted of one cycle at 98°C for 30 s followed by 35 cycles
at 98°C for 8 s, 55°C for 25 s, and 72°C for 90 or 120 s, and one final
cycle at 72°C for 10 min. All resulting amplicons were separated by
1% agarose gel electrophoresis, gel purified, and cloned into the
pEASY-Blunt plasmid vector (TransGen Biotech, China). At least
five independent clones of each fragment were sequenced on both
strands by primer walking. RCA (Inoue-Nagata et al. 2004) was per-
formed using an aliquot (1 1) of DNA preparations and the Illustra
TempliPhi 100 Amplification kit (GE Healthcare, U.S.A.) according
to the manufacturer’s instructions. RCA amplicons were excised
with EcoRl, Clal, Sacl, Ndel, Kpnl, or Bglll restriction enzymes, pre-
dicted to cut PMLCV-1 and PMLCV-2 DNA at a single site, and sep-
arated by agarose gel electrophoresis.

Sequence analyses. Sequences of the amplicons were assembled
and analyzed with the Lasergene sequence analysis package (DNAS-
TAR), and the complete genome sequences of the viruses were sub-
mitted to the GenBank database. The reconstructed genomes were
subjected to the following analyses: (i) ORF prediction using ORF
Finder (https://www.ncbi.nlm.nih.gov/gorf/gorf.html); (ii) predic-
tion of putative introns using FGENESH version 2.6 (Solovyev
et al. 2006); (iii) search for conserved and functional domains in
the predicted proteins using SMART (http://smart.embl.de/) and
Conserved Domain Database (CDD) (https://www.ncbi.nlm.nih.
gov/Structure/cdd/wrpsb.cgi/) (Marchler-Bauer et al. 2017); (iv)
identification of transmembrane domains using TMHMM (http://
www.cbs.dtu.dk/servicess TMHMMY/); (v) comparisons of the related
viral sequences using ClustalW (Thompson et al. 1994), and con-
struction of phylogenetic trees based on whole genome nucleotide
(nt) and protein amino acid (aa) sequences in MEGA7 (Kumar
et al. 2016) using maximum-likelihood algorithms with 1,000 boot-
strap replications; and (vi) multiple sequence alignments performed
using the MUSCLE alignment program (https://www.ebi.ac.uk/
Tools/msa/muscle/), and the alignment files used to generate se-
quence identity matrices using Sequence Demarcation Tool (SDT)
version 1.2 (Mubhire et al. 2014).

Detection of the new geminiviruses in field plants. To evaluate
the prevalence of the two new geminiviruses in field plants, leaf sam-
ples from 91 paper mulberry plants (81 symptomatic and 10 non-
symptomatic) were randomly collected from the same three
locations where the initial samples were collected, adopting a sample
plot with a diameter of approximately 1 km at each location. Total
nucleic acids were extracted from leaf tissues using a CTAB-based
method (Li et al. 2008). PCR was performed using the 2x Taq Master
Mix kit (Quick Load) (Novoprotein, China) with specific primers
that lie in the conserved genomic regions, two pairs for each virus
(PV1-DF1/DR1 and PV1-DF2/DR2 for PMLCV-1, and PV2-DF1/
DR1 and PV2-DF2/DR2 for PMLCV-2; Supplementary Table S1).
PCR was carried out in a total volume of 10 wl with 1.0 wl of template
DNA, 0.15 pl (10 M) of each R/F primer pair, 5.0 wl of Master Mix
reagent, and 3.7 pl of nuclease-free water. Thermalcycling condi-
tions consisted of an initial denaturation at 95°C for 5 min and 35 cy-
cles at 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, with a final
extension step at 72°C for 10 min.

Results

Discovery of two new geminiviruses in paper mulberry af-
fected by leaf curl disease. Paper mulberry plants with virus-like
leaf curl symptoms (V-shaped margin deformation, and puckering
and curling of the leaves) were found in Chongqing province (Fig.
1A to D). To identify viral agents in these symptomatic plants, to-
tal RNA libraries were constructed and sequenced using Illumina
platforms. Total RNA-seq clean reads of the libraries GS-HY
(57,327,346 reads), GS-SWU (63,100,140 reads), and GS-TL
(59,993,834 reads) were obtained after adapter trimming and filtering
of low-quality reads. Additional host reads were removed by map-
ping the retained reads to the mulberry reference genome (reads with
60% or higher similarities were eliminated). This resulted in
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9,251,344 (GS-HY), 10,176,156 (GS-SWU), and 11,874,493 (GS-
TL) clean reads. Finally, de novo assembly of unmapped reads pro-
duced 73,205 (GS-HY), 74,495 (GS-SWU), and 105,492 (GS-TL)
contigs for the symptomatic samples (Supplementary Table S2).
The initial BLASTx and BLASTn searches revealed only two kinds
of viral contigs, which were both related to the family Geminiviridae
according to sequence identities shared between them (41.2 to 42% at
nt level), with their closest relatives (BLASTX, 42 to 58%; BLASTn,
65 to 86%) being the unclassified geminiviruses CCDaV, MMDaV,

CaCDaV, and PCMoV. The viral contigs appear to be circular based
on the sequencing data, and their sizes (3,056/3,057 and 3,557/3,557/
3,560 bp) were similar to the full-length genomes of the related
viruses.

Validation of complete viral genome sequences. Based on the
contigs obtained from the three libraries and the circular topology
of the geminivirus genome, back-to-back primers (Supplementary
Table S1) were designed to amplify the circular DNA of each of
the two putative new viruses. With these primers, amplicons of

Fig. 1. Symptoms on leaves of paper mulberry. A and B, Chlorosis, leaf curl, and deformed margins in a plant infected by paper mulberry leaf curl virus 1 (PMLCV-1) and paper
mulberry leaf curl virus 2 (PMLCV-2); C, mild leaf curl in a plant infected with PMLCV-1; D, mild leaf curl in a plant infected with PMLCV-2; and E, nonsymptomatic leaves. Leaves
from the plants depicted in A, B, and D were used for high-throughput sequencing (libraries GS-HY, GS-SWU, and GS-TL, respectively).
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approximately 3.0 kb, greater than 3.0 kb, and below 1.0 kb were
obtained using total DNA from symptomatic paper mulberry plants,
whereas no amplicons were obtained from the nonsymptomatic control
sample (Fig. 2A and B). However, the small amplicons (<1.0 kb) were
not sequenced. Cloning and sequencing of the amplicons (>1.0 kb)
produced five isolates provisionally designated as PMLCV-1-[SWU]
(3,056 nt, MN595125), PMLCV-1-[HY] (3,056 nt, MN595124),
PMLCV-2-[HY] (3,756 nt, MN595126), PMLCV-2-[SWU] (3,763
nt, MN595127), and PMLCV-2-[TL] (3,757 nt, MN595128).
PMLCV-1 isolates share 99.7% nt sequence identity with each other,
whereas those of PMLCV-2 share 89.9 to 92.5% nt sequence identities
with each other.

To reconfirm the circular nature of PMLCV-1 and PMLCV-2 in
the symptomatic samples and confirm the monopartite nature of each
virus, RCA followed by restriction fragment length polymorphism
analyses was performed using total DNA from the HY, SWU, and
TL samples and a nonsymptomatic paper mulberry plant. Two frag-
ments (3,056 and 3,757 nt) were always obtained following digestion
with nearly all the selected enzymes (except Bg/Il and the GS-TL
sample, for which only the 3,757-nt large fragment was obtained),
which had the same electrophoretic mobility as the PCR products
of the full-length PMLCV-1 and PMLCV-2 DNA molecules used
as controls (Fig. 2C). Moreover, the fragments were confirmed as
PMLCV-1 and PMLCV-2 by cloning and sequencing. Extra bands
were not detected, and no fragments were observed in the negative
controls (Fig. 2C). Altogether, the data derived from HTS, PCR,
and RCA indicate that PMLCV-1 and PMLCV-2 are two monopar-
tite, circular DNA viruses.

Sequence analysis of PMLCV-1 and PMLCYV-2. The complete
genome identities between PMLCV-1 and PMLCV-2 isolates are
low (39.0 to 39.6%). The viral isolates PMLCV-1-[HY] and
PMLCV-2-[TL] were used for all subsequent analyses. The related
sequence information of different isolates is summarized in Supple-
mentary Table S3. PMLCV-1 is more related to MMDaV (42.2%
identity; Supplementary Table S4), whereas PMLCV-2 is more closely
related to CCDaV (53.7% identity; Supplementary Table S5). These
data confirm that PMLCV-1 and PMLCV-2 are two distinct viruses.

The two viruses have a similar genome arrangement, with four
ORFs in the virion-sense strand (V1, V2, V3, and V4) and two in

the complementary-sense strand (C1 and C1:C2) (Fig. 3A and C).
Similar to other geminiviruses, the putative stem-loop structure
formed by GC-rich inverted repeats flanking the highly conserved
nonanucleotide motif TAATATT/AC is present in the large inter-
genic region (LIR; Fig. 3B and D). The TATA boxes and coupled ter-
mination signals (AAT/AAA) were identified in the large and short
intergenic regions, respectively, in both strands (Fig. 3A and C). In-
terestingly, the mapping pattern of RNA reads showed a concentra-
tion of reads in the ORF regions, suggesting that the predicted ORFs
are indeed transcribed (Fig. 3A and C).

The V1 ORFs overlap with V2 and potentially encode proteins of
256 aa (PMLCV-1) and 245 aa (PMLCV-2). The V1 proteins of both
PMLCV-1 and PMLCV-2 were identified as a geminivirus CP (Pfam
E-values of 3.5¢72° and 4.3¢™2® for PMLCV-1 and PMLCV-2, re-
spectively). Moreover, in the PMLCV-1 CP, a nuclear localization
signal was identified at aa 48 to 59 (GRRSKRTRRTRY). Pairwise
aa sequence comparisons indicated a significant difference in identity
of V1 of PMLCV-1 (33.1 to 35.9%) and PMLCV-2 (34.2 to 59.5%)
with the CPs of MMDaV, CCDaV, CaCDaV, and PCMoV (Supple-
mentary Tables S4 and S5). A lower level of aa sequence identity was
obtained (9.6 to 24.4%) when the V1s were compared with CPs of
members of the other genera in the family Geminiviridae (Supple-
mentary Fig. S1).

The V2 ORFs potentially encode proteins with 148 aa for
PMLCV-1 and 106 aa for PMLCV-2. The putative proteins share
conserved N-terminal and central regions with those of related
viruses (Supplementary Fig. S2) but only a limited aa sequence iden-
tity (17.7 to 32.7%). These proteins are related to the V2 proteins of
MMDaV and CaCDaV based on BLASTp analysis.

The deduced V3 protein of PMLCV-1 has 74 aa, and that of
PMLCV-2 has 73 aa. This ORF partly overlaps ORF V2. Although
no significant similarity was found for related V3 genes when search-
ing against databases, a transmembrane domain that may play a role
in geminivirus trafficking was identified as a common characteristic
(Supplementary Fig. S2) (Ma et al. 2015).

The deduced V4 protein of PMLCV-2 (302 aa) is much larger than
that of PMLCV-1 (100 aa). Although the PMLCV-2 V4 shares a
moderate degree of sequence identity (50 to 54.7%) with related
viruses (PCMoV, CCDaV, and CaCDaV), the PMLCV-1 V4 as well
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Fig. 2. Agarose gel electrophoresis of PCR products obtained using A, primers PV1-F1/R1 (paper mulberry leaf curl virus 1 [PMLCV-1]) and B, PV2-F1/R1 (paper mulberry leaf curl
virus 2 [PMLCV-2]) from a symptomatic (lane 1) and a nonsymptomatic paper mulberry plant (lane 2); lane M is DL 5,000 DNA Marker (TaKaRa), with sizes of DNA fragments
indicated on the left. C, Agarose gel electrophoresis of rolling-circle amplification products from nonsymptomatic (lane 10) and symptomatic paper mulberry plants digested with
restriction enzymes EcoRl, Clal, Sacl, Ndel, Kpnl, and Bg1ll (lanes 4 to 9, respectively), or not digested (lane 3). Lanes 4 and 5 are from plant sample GS-HY, lanes 6 to 8 are from
plant sample GS-SWU, and lane 9 is from plant sample GS-TL. Lane M is DL 10,000 DNA Marker (TaKaRa), with sizes of DNA fragments indicated on the left. PCR product of

PMLCV-1 (lane 1) and PMLCV-2 (lane 2) from symptomatic paper mulberry plants.
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as the MMDaV V4 and V5 proteins have no similarity with any pro-
tein in the databases. The secondary structures of PMLCV-2 V4 and
those of related viruses (PCMoV, CCDaV, and CaCDaV) show a
typical 30-kDa (30K) movement protein pattern (Ishikawa et al.
2013; Melcher 2000; Yu et al. 2013), with a series of unfolded
a-helices and B-sheets (aA, B1, B2, aB, B3 to B7) from the N to
the C terminus.

The two coding regions in the complementary-sense strand, C1
and C1:C2, potentially encode replication-associated proteins RepA
and Rep, respectively. The aa sequence identities among PMLCV-1,
PMLCV-2, and the four related viruses in C1 and C1:C2 are 34.8 to
48.9% and 43.7 to 55.8%, respectively (Supplementary Tables S4
and S5). In addition, the aa motifs reported in other geminivirus Reps
were also found in the amino-terminal sequences of the Rep proteins
of PMLCV-1/PMLCV-2: (i) motif I (FLTYP), required for specific
dsDNA binding; (ii) rolling-circle replication (RCR) motif II
(HLH/HVH), a metal-binding site that may be involved in protein
conformation and DNA cleavage; (iii) RCR motif III (YIRKD/
YLKKS), a catalytic site for DNA cleavage (Nash et al. 2011); and
(iv) Walker A (GPSRTGKT/GPSRSGKT) and Walker B (LYN-
VIDDI) domains, which are crucial components of the nt-binding site
(Walker et al. 1982) (Supplementary Fig. S3).

An intron in the genomes of PMLCV-1 and PMLCV-2. Many
geminiviruses in the genera Mastrevirus, Becurtovirus, Grablovirus,
and Capulavirus, as well as several that have not yet been assigned to
a genus, have an alternatively spliced transcript in the complemen-
tary strand (Al Rwahnih et al. 2013; Bernardo et al. 2013; Dekker
et al. 1991; Fontenele et al. 2018; Ma et al. 2015; Morris et al.
1992; Mullineaux et al. 1990; Schalk et al. 1989; Varsani et al.
2014; Wright et al. 1997). An intron was found in the transcripts
of both PMLCV-1 (131 nt) and PMLCV-2 (119 nt) (Fig. 4A and
B). The intron contains the consensus 5” and 3’ splice sites and branch
points characteristic of U2 plant introns (Lewandowska et al. 2004)
(Supplementary Fig. S4) and has an RNA U+A content (54.2% for
PMLCV-1, 58.8% for PMLCV-2) close to the minimum needed
for efficient splicing (Simpson and Brown 1993). In addition, a total

of 155 PMLCV-1 and 159 PMLCV-2 sRNAs spanning the
exon—exon junctions, lacking the intron, were identified (Fig. 4A
and B). Furthermore, nine RNA-seq reads for PMLCV-1 and 15
for PMLCV-2 map across the junctions, also indicating the presence
of alternatively spliced introns (Fig. 4C and D). Together, these re-
sults provide strong evidence that unspliced and spliced transcripts
capable of encoding RepA (C1) and Rep (C1:C2), respectively, are
produced in vivo.

Phylogenetic analysis. Evolutionary relationships were inferred
from nt sequences of the full-length viral genome and also from aa
sequences of CP and Rep (Fig. 5; Supplementary Fig. S5). The CP
and Rep cladograms showed a similar topology, with PMLCV-1,
PMLCV-2, CCDaV, MMDaV, CaCDaV, and PCMoV clustering to-
gether. These unassigned geminiviruses formed a monophyletic clus-
ter in the CP tree, whereas in the Rep tree, they were placed in a
monophyletic cluster together with mastreviruses and capulaviruses
(Supplementary Fig. S5). In the full genome tree, PMLCV-1 and
PMLCV-2 were placed in two different monophyletic clusters, with
PMLCV-1 sharing a closer evolutionary link to MMDaV, whereas
PMLCV-2 is closer to CCDaV, CaCDaV, and PCMoV (Fig. 5). This
pattern suggests two distinct evolutionary paths for these two groups
of geminiviruses.

Field surveys of paper mulberry trees. Field surveys were car-
ried out to determine the distribution of PMLCV-1 and PMLCV-2
in Chongging province. A total of 91 paper mulberry trees, 81 of
which displayed distinct leaf curl symptoms, were tested by PCR using
specific primers, and the results were confirmed by Sanger sequencing.
Although the nonsymptomatic paper mulberry samples were all nega-
tive, 79 out of the 81 symptomatic samples yielded fragments corre-
sponding to the two viruses. The vast majority of the samples (70 out
of 81) had both viruses, with only three single infections by PMLCV-
1 and six single infections by PMLCV-2 (Supplementary Fig. S6). These
results confirm the close association between the presence of PMLCV-1
and/or PMLCV-2 and paper mulberry leaf curl disease.

Interestingly, compared with the single-infected symptomatic
plants, the plants with coinfection exhibited a visibly more severe
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Fig. 3. Linear representations of the circular genomes of A, paper mulberry leaf curl virus 1 (PMLCV-1) and C, paper mulberry leaf curl virus 2 (PMLCV-2) with the virus-related RNA
reads from the GS-HY library mapped on the viral genomes. Genome hallmarks, including TATA boxes and polyadenylation signals, are indicated. Coding sequences of the genes
are denoted in the virion (V) or complementary (C)-sense strands, and the intron in C1:C2 is also indicated. Rep = replication-associated protein. B and D, Nonanucleotide
sequence within the stem-loop in the large intergenic regions of PMLCV-1 and PMLCV-2, respectively. Number 1 indicates the first position in the viral genome, which,

according to convention, is coincident with the origin of replication.
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degree of leaf curl and vein necrosis (Fig. 1). To obtain a viral
population-derived perspective on this observation, the RNA reads
derived from each virus were counted in the three samples submit-
ted to HTS (samples HY and SWU had a coinfection, whereas sam-
ple TL was infected only with PMLCV-2) (Supplementary Table
S2). The proportion of PMLCV-2-derived reads was approximately
10-fold that of PMLCV-1 reads in the two coinfected samples (Sup-
plementary Table S2). Interestingly, PMLCV-2-derived reads were
much more abundant (approximately sixfold) in the coinfected
samples compared with sample TL. Thus, it appears that coinfec-
tion of PMLCV-1 and PMLCV-2 enhances the viral titer of the lat-
ter. Because we did not sequence a PMLCV-1 single-infected
sample, we do not know whether the titer of this virus also increases
in mixed infection. Moreover, PMLCV-2 single-infected samples
tended to display yellowing of the veins and a V-shaped pattern
compared with the leaf curl phenotype of PMLCV-1 single-
infected plants.

Discussion

Paper mulberry is widely cultivated in poverty-stricken and rocky-
desert areas of China, with great scientific, ecologic, economic, and
medicinal values. Its perennial nature and vegetative propagation
make it prone to viral infection. However, only a few studies have
been published to date on bacterial and fungal pathogens of paper
mulberry (Liu et al. 2004; Wu et al. 2011; Yan et al. 2011). In this
study we used HTS to identify viruses associated with leaf curl symp-
toms in paper mulberry plants. We identified geminivirus-like
sequences from three independent symptomatic samples using
BLAST searches based on sequence similarity. It must be noted that
although the only viral contigs found were these geminivirus-like se-
quences, we should not exclude the existence of other highly diver-
gent viruses and viroids escaping our similarity-dependent detection
method.

Because DNA viruses can be integrated into the genome of the
host (Bejarano et al. 1996), the existence of these viruses in episomal
form was validated by other molecular approaches, including PCR
with back-to-back primers and RCA. Cloning and sequencing of

the obtained amplicons provided direct evidence of the episomal
presence of the two viruses and of their circular nature.

In spite of their different genome sizes, PMLCV-1 and PMLCV-2
have a similar genomic organization, which is also similar to those of
the unclassified geminiviruses CCDaV, MMDaV, CaCDaV, and
PCMoV (Fontenele et al. 2018; Loconsole et al. 2012; Ma et al.
2015; Zhang et al. 2018). The viral genome encodes four ORFs in
virion-sense (V1 to V4) and two ORFs in complementary-sense
(C1 and C1:C2) strand, with the conserved nonanucleotide motif
(TAATATT/AC) in the stem-loop structure located in the LIR. As
well as to CCDaV, MMDaV, CaCDaV, and PCMoV, a significant
level of identity at the aa level of V1 was found with the coat proteins
of begomoviruses (Supplementary Fig. S1). The overlapping ORF
V2s of PMLCV-1 and PMLCV-2 are homologous to the V2 of the
unclassified geminiviruses MMDaV and CaCDaV as well as bego-
moviruses. The V2 protein of begomoviruses and MMDaV was
shown to be an RNA silencing suppressor (Yang et al. 2018; Zhang
et al. 2012). Despite extensive sequence differences, the V3 proteins
identified in this study contain a transmembrane domain that is also
present in MPs of becurto-, curto-, and mastreviruses (Al Rwahnih
et al. 2013; Dekker et al. 1991; Morris et al. 1992; Mullineaux
et al. 1990; Schalk et al. 1989; Wright et al. 1997). No match in
the databases was found for the proteins coding for the PMLCV-1
ORF V4, whereas the V4 of PMLCV-2 has the characteristics of
the 30K movement protein superfamily and shows some similarity
with the BC1 (MP) protein of begomoviruses. Splicing signals were
identified in the transcripts of PMLCV-1 and PMLCV-2, which are
identical to the U2 plant introns (Lewandowska et al. 2004) (Supple-
mentary Fig. S3). The splicing signal of PMLCV-1 is slightly differ-
ent from that of PMLCV-2, suggesting that the expression strategy of
Rep protein of the two geminiviruses is not always same. The con-
served motifs of the Rep were found in the complementary-sense
ORFs of PMLCV-1 and PMLCV-2, respectively (Supplementary
Fig. S2), which resemble that of mastreviruses.

Recombination has played a significant role in the evolution of
geminiviruses, with both nonhomologous and homologous recombi-
nation events contributing to the loss or gain of genomic regions

PMLCV-1

GUAAGCAGAUGGACGACCAACUACGUACUGUGUAAUGACUGUGC ACCACAAGUGUACGACGACGAL
UCGCUCAUCAGAGGGUCGUUUUUUCUAGAUAGGGUCCCUUCUGACUUAGAAUCAAAUUCULUCAG

C

PMLCV-1
C1:C2

7

I.
30
i
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CAACAAUGGGUAAACGACAAUAUCCUCUAL GACCCCGAGAACAAGCCCAACAGGUCA. AllA .

GUAAGUAAAACUUUCAUACAUUGUGAACUCUGUUUUAAUUGUUCAACTUAAAACAAGGUICGAAAC
UGAGAACACAAULUCCCUCCUCCAUCAUTACUACUGCGAUGCCGAUGAGUGCAG

o |
D

I
I
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Fig. 4. Sequences of the intron (in the rectangle) and flanking exons identified in A, paper mulberry leaf curl virus 1 (PMLCV-1) and B, paper mulberry leaf curl virus 2 (PMLCV-2)
mRNAs, with the number of SRNA reads (spanning the exon—exon junctions) from the GS-HY sRNA library indicated on the left. The 5” and 3" splicing signals characteristic of U2
plant introns are indicated in bold. The C1:C2 alternate splicing transcripts of C, PMLCV-1 and D, PMLCV-2 were also found in the GS-HY RNA-seq library.
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(Briddon et al. 1996; Stanley et al. 1986). Intriguingly, likely due to
recombination with different DNA sequences, the genomic regions
between V1 and C2 of PMLCV-1, PMLCV-2, and the unclassified
viruses (CCDaV, MMDaV, CaCDaV, and PCMoV) are highly vari-
able, which has led to the formation of three types of V4: (i) separate
from V1 and unrelated to any known viral protein (MMDaV); (ii)
separate from V1 but related to begomovirus BC1 (MP) (PMLCV-
2 as an example); and (iii) overlapped with V1 and classified as an
unknown protein (PMLCV-1).

Fontenele et al. (2018) proposed that according to genome size, se-
quence similarity, and phylogenetic relationships, the 3.5-kb-type
geminiviruses are evolutionary intermediates of the genetic transition
between monopartite and bipartite begomoviruses. A monopartite
geminivirus (~2.7-kb genome) would have gained the V4 gene, ho-
mologous to the DNA-B-encoded MP gene, by recombination, lead-
ing to the ~3.5-kb genome. The next step would have been the
acquisition of the NSP gene, leading to a ~5.2-kb genome, and fol-
lowed by the split that generated the two components (~2.6 kb each).
For bipartite begomoviruses, the DNA-B component is not always
essential for infectivity (Rochester et al. 1990; Saunders et al.

2002). Thus, it is not unreasonable to propose that the partial loss
of V4 would have produced the 3.0-kb-type viruses. Due to the
low identities between the V4 of PMLCV-1 and the 3.5-kb-type
viruses, a recombination event involving the 3.5-kb-type viruses
and an unknown viral or host gene to replace the V4, which produced
the 3.0-kb-type viruses, may also have occurred. Because the C-
terminal sequence variability of V1 and C2 proteins of PMLCV-1,
PMLCV-2, and the unclassified viruses was found to be low (Supple-
mentary Fig. S2), it is reasonable to propose that the recombination
region is located between these two genes.

Based on their genomic features and phylogenetic analyses, we
propose to classify paper mulberry leaf curl virus 1 and paper mul-
berry leaf curl virus 2 as two new species in the family Gemini-
viridae. Together with the other four geminiviruses that are currently
not assigned to genera, they should compose a new genus of monop-
artite geminiviruses with >3.0-kb genomes. Furthermore, based on
sequence comparisons and phylogenetic analysis, the new genus
could be subdivided into two subgenera, one including PMLCV-1
and MMDaV and the other including PMLCV-2, CCDaV, CaCDaV,
and PCMoV. However, it should be noted that geminate particles
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Fig. 5. Phylogenetic analysis of paper mulberry leaf curl virus 1 (PMLCV-1), paper mulberry leaf curl virus 2 (PMLCV-2), and representative members of the nine genera and
unclassified viruses in the family Geminiviridae, based on full-genome nucleotide sequences using the maximum-likelihood method. GenBank accession numbers are placed
before each virus name. Bar = 0.2 substitutions per nucleotide position. Bootstrap percentages (higher than 50%), determined from 1,000 bootstrap replicates, are shown at
the branches.
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have not been identified for any of these six viruses, and their vectors
have not been unequivocally identified. Thus, classification at the
genus/subgenus levels may be subject to changes in the future, once
those properties are determined for at least a few of these viruses.

Accumulating evidence suggests that viral coinfections are the rule
rather than the exception in nature (Moreno and Lopez-Moya 2020).
Coinfection is common among geminiviruses (Renteria-Canett et al.
2011; Roye et al. 1999). Field surveys of the new viruses showed that
86% of the tested symptomatic samples had a coinfection. Thus, an
association between the presence of both PMLCV-1 and PMLCV-2
with paper mulberry leaf curl disease was established. However,
whether one of the viruses can cause leaf curl in single infection re-
mains to be determined. Although a small number of single-infected
plants showed only mild symptoms, this observation must be extended
to a larger sample size. Analysis of one PMLCV-2 single-infected
plant and two coinfected samples by measuring the proportion of
RNA reads indicated a higher accumulation of PMLCV-2 in the
plants with coinfections. This suggests a synergistic effect when
the two viruses are present in paper mulberry, which has also been
observed on cassava and pepper infected with different geminivi-
ruses (Fondong et al. 2000; Renterfa-Canett et al. 2011).

Taking into account the wide geographical distribution in tropical
and subtropical regions and the fast growth of paper mulberry, the
two viruses described here could spread, and the geographic distribu-
tion of the viruses needs to be investigated. In summary, we have de-
tected and characterized two new candidate geminiviruses associated
with a leaf curl disease of paper mulberry. These findings are relevant
for the management of these viruses and for the selection of resistant
paper mulberry cultivars.
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