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Abstract

Cowpea mild mottle virus (CPMMV) is a carlavirus that is transmitted by whiteflies
and can also be spread through seeds in cowpea, soybean, and common bean. Seed
transmission of CPMMYV has been described in various countries; however, it was only
recently reported in Brazil as a seed-transmitted virus in soybean. CPMMYV has spread
widely in bean-growing areas in recent years. Most Brazilian farmers use harvested grains
as seed for reseeding, increasing the risk of seedborne infection. In this study, we examine
seed transmission of CPMMYV in two bean cultivars using RT-PCR in combination with
nucleic acid hybridization. The plants evaluated were obtained from seeds harvested in
commercial and experimental fields and from seeds collected in transmission experiments
using either mechanical or whitefly inoculation. The observed seed transmission was
estimated between 10 to 45% for ‘BRS FC 401 RMD’ and 13 to 22% for ‘Pérola’. In addition,
evidence of secondary transmission (23.3%) by Bemisia tabaci MEAM1 was observed. These
results suggest that CPMMYV could be spread in bean fields by sowing infected seeds and
that germinated plants could serve as an inoculum for whitefly transmission. This is the
first report of seed transmission of CPMMYV in common bean in Brazil.

Keywords: seed-transmitted; CPMMYV; carlavirus; Phaseolus vulgaris

1. Introduction

Common bean (Phaseolus vulgaris) is an essential food crop in Brazil, with an annual
production of approximately 3.3 million tons [1]. Viral diseases significantly limit bean
yield, with the most prevalent virus being bean golden mosaic virus (BGMV; Begomovirus
costai), which belongs to the family Geminiviridae [2]. In the last decade, cowpea mild mottle
virus (CPMMY, Carlavirus vignae), a member of the family Betaflexiviridae, has also been
identified as a concern [3]. Both viruses have been found at very high incidences and often
occur in mixed infections alongside the whitefly Bemisia tabaci-transmitted bean-associated
cytorhabdovirus (BaCV, Betacytorhabdovirus caricae), which belongs to the Rhabdoviridae [4].

CPMMYV has a single positive-sense RNA of approximately 8.2 kb in length, presenting
a cap structure at the 5’ end and a poly-A tail at the 3’ end. The CPMMV genome consists
of six ORFs: ORF1 encodes a replicase with four conserved domains (methyltransferase,
C23 peptidase, RNA helicase, and RNA-dependent RNA polymerase); ORFs 2, 3, and
4 encompass the triple gene block; ORF 5 encodes the coat protein; and ORF 6 codes
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for a nucleic acid-binding protein [5,6]. Viral particles have flexuous filamentous shape,
measuring 13 x 650 nm, and are usually found in aggregates within the cytoplasm of
palisade parenchyma and mesophyll cells [7].

Virus transmission occurs through the whitefly vector in a non-circulative manner
and via experimental sap transmission. CPMMYV infection can induce a range of symptoms
depending on the host species and genotype. When the virus was first detected in cowpea
(Vigna unguiculata) in 1973, some cowpea genotypes showed systemic chlorotic mottling
while others were asymptomatic [8]. CPMMYV was first reported in Brazil in 1983, causing
leaf distortion and mosaic in common beans [9]. However, it was only in the 2000s that
CPMMYV became significant in Brazil as a cause of stem necrosis and stunting in soybeans
(Glicyne max) [10].

Seed transmission is a primary driver of plant virus epidemics. By facilitating viral
survival between seasons and long-distance geographic dissemination via global trade,
seed-borne infections establish early primary inoculum sources. Even at low transmission
rates, these infected seedlings trigger widespread outbreaks when amplified by vector
activity. CPMMYV seed transmission has been tested using different virus isolate/host plant
combinations, yielding variable results. Seed transmission was reported for the Ghana
isolate in cowpea, soybean, and common bean, with rates ranging from 2% to 91% de-
pending on the plant species. In soybean, seed transmission was very high (91%), whereas
transmission rates were much lower (2%, 4%, and 13%, respectively) in three P. vulgaris cul-
tivars (Canadian Wonder, The Prince, and Comtesse de Chambord). Moreover, all plantlets
evaluated were asymptomatic [8]. Seed transmission of the CPMMYV Venezuelan isolate
was suspected due to the presence of symptoms in 40% of the yardlong bean (V. unguiculata
subsp. sesquipedalis) seedlings evaluated, but no other diagnosis approach was used to
confirm virus infection [11]. In India, seed transmission was reported for several soybean
cultivars, with rates ranging from approximately 0.60% to 14% [12]. Another study con-
firmed CPMMYV seed transmission in soybeans, with higher transmission rates (75% in the
F1 generation and 100% in the F2) and in cowpea [13]. In Thailand, a frequency of nearly
1% was observed in soybeans [14]. In Indonesia, CPMMYV was not detected in soybean
seeds by ELISA [15]; however, CPMMYV seed transmission was later detected in several
soybean varieties using a dot immunobinding assay [16]. The latter findings indicated
that seed transmission of CPMMYV is dependent on the soybean cultivar [16]. Additionally,
CPMMYV seed transmission has been reported in cowpeas in Nigeria and Uganda [17,18].

In Brazil, seed transmission of CPMMYV in soybeans and common beans has been
investigated in several instances by visualizing symptoms in potentially vertically infected
seedlings, with negative results [9,10,19]. However, visual inspection is not the most
sensitive method for determining the incidence of seed transmission of viral pathogens, as
vertically infected seedlings often show few or no symptoms [20]. Recent studies indicate
that more sensitive methods may be necessary to detect seed transmission of CPMMYV,
especially when seed tissue samples are analyzed [13]. Silva et al. [21] provided evidence
of a low level (0.375%) of seed transmission of CPMMYV in the soybean cultivar BMX
POTENCIA RR. Taken together, these findings suggest that seed transmission of Brazilian
CPMMYV isolates occurs in at least one soybean cultivar; however, in common beans, it
remains an important unresolved issue.

Certified bean seeds account for less than 20% of the total planted area in Brazil,
with most farmers replanting seeds (i.e., grain) saved from previous harvests [22]. This
practice increases the risk of seed-transmitted diseases, a concern associated with the
biosecurity of plant viruses. Even low infection rates through seeds, when combined with
secondary spread by whiteflies, can lead to severe outbreaks [20]. The presence of CPMMV
in young bean plants—observed even in the absence of whiteflies in the field (Pinheiro-
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Lima, personal communication)—indicated that some transmission through seeds could be
occurring. In this study, we examined the seed transmission of CPMMYV in two distinct
bean cultivars. To ensure a high sensitivity in detection, we assessed CPMMYV infection
by RT-PCR and nucleic acid hybridization techniques. We also analyzed whether plants
grown from infected seeds function as an inoculum source for whitefly transmission.

2. Materials and Methods
2.1. Seeds and Plant Material

Transmission experiments were carried out between 2017 and 2020 using two common
bean cultivars: ‘BRS FC 401 RMD’ and ‘Pérola’. The bean seeds were sourced from five
different origins: (i) Healthy ‘BRS FC 401 RMD’ and ‘Pérola’ bean plants were cultivated for
several generations in an insect-proof greenhouse and sprayed periodically with insecticide
(cyantraniliprole, 0.25 mL /L) at Embrapa Arroz e Feijao, Santo Antdnio de Goids, GO, Brazil.
Plants grown under these conditions never showed virus symptoms and consistently tested
negative for viruses. Therefore, seeds collected from these plants were considered free of
virus. (ii) In 2017, seeds were collected from potentially CPMMV-infected ‘BRS FC 401
RMD’ plants situated in a field at Embrapa Arroz e Feijao. At the time of collection, these
plants were at the R9 phenological stage [23], with nearly all pods and leaves already dried.
In earlier stages, these plants presented virus-like symptoms similar to those described
by Alves-Freitas et al. [24], with an incidence exceeding 80%. (iii) Similarly, in 2016, seeds
from the ‘Pérola’ bean plants were harvested from a commercial farm in Cristalina, GO.
Plants were at R9 phenological stage, and the farmer reported nearly 100% virus-like
symptoms in the field earlier in the season. (iv) ‘BRS FC 401 RMD’ seeds were collected
from plants infected by CPMMYV (and BaCV), which had been inoculated with whiteflies
in previous experiments documented by Pinheiro-Lima et al. [4]. (v) ‘BRS FC 401 RMD’
and ‘Pérola’ seeds were obtained from bean plants experimentally infected with CPMMV
through mechanical inoculation. Healthy seeds of both cultivars were cultivated inside
an insect-proof cage in a greenhouse at ambient conditions. Infected (CPMMYV, BaCV, and
BGMYV) leaves from a bean plant collected in 2016 in Cristalina, GO [4], were macerated
with inoculation buffer [0.01 M potassium phosphate buffer (Sigma-Aldrich, St. Louis,
MO, USA), pH 8.0; containing 0.25 M EDTA (Sigma-Aldrich, St. Louis, MO, USA) and
0.01% sodium sulfite (Sigma-Aldrich, St. Louis, MO, USA)]. The inoculum was then rubbed
onto the leaves of 10 plantlets of each cultivar, which had been previously dusted with
carborundum (600 mesh, Sigma-Aldrich, St. Louis, MO, USA). Thirty days post-inoculation
(dpi), the plants were tested for CPMMYV infection by RT-PCR. Infected plants were further
cultivated until maturity, and their seeds were collected. All seeds were air-dried and
stored in paper bags at 4 °C for up to 3 years.

2.2. Seed-Transmission Experiments

A series of four experiments was conducted to assess the transmission of CPMMYV by
the seeds of common beans ‘BRS FC 401 RMD’ and ‘Pérola’ (Figure 1). Seeds from both
naturally infected and experimentally inoculated plants were utilized. All assays were
based on grow-out tests, in which plants originating from potentially infected seeds were
screened for virus infection.

The first experiment (Experiment I, Figure 1) was carried out at Embrapa Arroz e
Feijao, Santo Antonio de Goids, Brazil. Seeds of the cultivar ‘BRS FC 401 RMD’, obtained
from a field with a high incidence of CPMMY, were used for the transmission tests. Seeds
were individually sown and maintained in a greenhouse free of whiteflies, with precautions
taken to avoid insect transmission. This included proper greenhouse insulation and weekly
application of cyantraniliprole (0.25 mL/L) (Benevia®, FMC Agricola, Campinas, Brazil).
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Twenty days after germination (dag), plants were examined for visual symptoms, and leaf
tissue was collected for virus detection. Individual samples were collected for PTA-ELISA,
and negative samples were subsequently analyzed in bulk using RT-PCR.

Common bean fields Common bean fields Mechanical inoculation Whitefly inoculation

| |
Inoculum Mechanical Inoculum Whitefly
source inoculation source inoculation
@ d % g
Seed collection I— RT-PCR _|
| |
Sowing Seed collection —— Positive plants
| |
Individual plants Sowing
| |
PTA-ELISA Individual plants
| |
Negative plant bulks RT-PCR
RT-PCR Southern hybridization
'\
&‘BRS FC 401 RMD’ \;iL\ ‘Pérola’ Whitefly

Figure 1. Experiments conducted to evaluate the seed transmission of CPMMYV in ‘BRS FC 401 RMD’
and ‘Pérola’ common bean cultivars in Brazil. The seeds used in the grow-out tests were collected
from common bean plants in an experimental field (Experiments I and II) and from a commercial
field with high viral incidence (Experiment II). Additionally, seeds were collected from mechanically
inoculated plants (Experiment III) and from plants inoculated with whiteflies (Bemisia tabaci MEAM1)
(Experiment IV). In Experiment I, 190 plants were individually tested for CPMMYV by PTA-ELISA.
Subsequently, 19 bulks, each comprising 10 plants, were formed and tested by RT-PCR. In the
other experiments, all plants were individually tested using RT-PCR and nucleic acid hybridization.
Created with Inkscape 1.4.2.

The other three experiments were conducted in a growth chamber at 24 °C (£4 °C)
with a 12 h photoperiod at Embrapa Recursos Genéticos e Biotecnologia, Brasilia, Brazil.

In Experiment II (Figure 1), the objective was to investigate the occurrence of C°PMMV
transmission via seeds collected from naturally infected plants in the field. For this purpose,
seeds of ‘BRS FC 401 RMD’ from the same lot as described above for Experiment I, along
with seeds of ‘Pérola’ collected in Cristalina, Goids, Brazil, were grown in a mixture (1:1)
of autoclaved soil and Plantmax HT substrate (Eucatex Agro, Paulinia, Brazil) in 500 mL
pots. The first fully developed leaf was collected at 30 dag, and plants were evaluated for
virus presence by RT-PCR, followed by Southern blot hybridization with a probe specific
for CPMMV.

Experiments III and IV (Figure 1) assessed CPMMYV seed transmission using seeds
obtained from experimentally inoculated plants via artificial mechanical inoculation or
biological inoculation (by the whitefly vector), respectively. In Experiment III, 24 seeds of
‘BRS FC 401 RMD’ and 25 of ‘Pérola” were sown in 500 mL pots as described in Experiment
II. Similarly, in Experiment IV, 25 ‘BRS FC 401 RMD’ seeds were sown. Plants were tested
for CPMMYV infection at 30 dag using RT-PCR followed by Southern blot hybridization
assays with a probe specific for CPMMV.

In previous studies, BaCV was found at high incidence in mixed infections with
CPMMYV in bean fields in Santo Antdnio de Goids and Cristalina, and was transmitted by
B. tabaci to both ‘BRS FC 401 RMD’ and ‘Pérola’ [4,24]. Therefore, the plants grown from
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seeds in Experiment II and IV were also tested for BaCV by RT-PCR followed by Southern
blot hybridization with a specific BaCV probe.

2.3. Indirect ELISA

Samples from 190 plants of the ‘BRS FC 401 RMD’ variety, grown from field-collected
seeds, were tested for CPMMYV infection using the indirect or plate-trapped antigen PTA-
ELISA method. Each sample consisted of three 1 cm leaf discs taken from each plant. The
CPMMYV antibody used in the analysis was kindly provided by Dr. Alvaro M. R. Almeida
from Embrapa Soja, Londrina, Brazil. The PTA-ELISA method was performed according
to the protocol by Arias et al. [25]. Each sample was analyzed in triplicate, and control
samples included both negative controls from healthy bean plants and positive controls
from known CPMM V-infected plants.

2.4. RNA Extraction from Bean Leaves

For Experiment I (Figure 1), samples were collected in 19 bulks of ten plants, consisting
of one leaf disc from each ‘BRS FC 401 RMD’ plant, totaling approximately 100 mg for each
bulk. Total RNA was prepared using RNeasy Plant Mini Kit (Qiagen, Germantown, MD,
USA) according to the manufacturer’s instructions. For subsequent experiments, total RNA
was extracted from 100 mg of bean leaves from individual plants using TRIzol Reagent
(Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s protocol. The quality
and quantity of RNA preparations were assessed using a 1% agarose gel and measurements
from a Nanodrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA USA).

2.5. Virus Detection by RT-PCR

To detect CPMMYV in ‘BRS FC 401 RMD’ plants grown from seeds collected from
field plants (Experiment I, Figure 1), cDNA was synthesized from 2 pg of RNA, using the
GoScript cDNA synthesis kit (Promega, Madison, WI, USA) and random octamer primers,
according to the manufacturer’s instructions. All primers used in this study are described
in Table S1. PCR reactions were conducted using 1 pL of cDNA, along with CPMMV-
specific primers CPMMV-4000F and CPMMYV-4500R [3] (Table S1), and temperature cycle
conditions as described by Alves-Freitas et al. [24].

For the other experiments, RNA samples were treated with 2 units of TURBO DNase
(Life Technologies, Carlsbad, CA, USA) at 37 °C for one hour. Afterward, reverse transcrip-
tion was carried out using 50 mM oligo dT and 10 mM random primers, 200 U of M-MLV
Reverse Transcriptase (Promega, Madison, WI, USA), and 2 pg of RNA. Only cDNAs that
were assessed for quality via PCR using specific primers for the actin 11 gene [26] were
used. All PCRs were carried out using 1 pL of cDNA, 1 pL each of 10 mM specific primers
(qActl1_F and qActll_R; qCPMMV_4144F and qCPMMV_4339R; BaC_1F and BaC_1579R),
0.8 puL of 10 mM dNTPs, 0.2 uL of (5 U/uL) Taqg DNA polymerase (Invitrogen, Carlsbad,
CA, USA), 2.5 uL of 10x Taqg DNA polymerase buffer, 1 uL of 50 mM MgCl,, and 17.5 uL of
water. The reactions underwent an initial denaturation step at 95 °C for 3 min, followed
by 35 cycles of denaturation at 95 °C for 30 s, annealing at 58 °C for CPMMYV or 61 °C
for BaCV for 30 s, and extension at 72 °C for 30 s or 1 min and 40 s. PCR products were
resolved on a 1.2% agarose gel.

2.6. Virus Detection by Nucleic Acid Hybridization

Nucleic acids from the gel were transferred to Hybond XL nylon membranes
(GE Healthcare, Chicago, IL, USA) using alkaline transfer, following the manufacturer’s
instructions. DNA was fixed to the membranes by UV crosslinking for 30 s using a UV
Stratalinker 1800 apparatus (Stratagene, San Diego, CA, USA). The membranes were
hybridized with radiolabeled probes specific to CPMMYV or BaCV, prepared using the
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Amersham™ Rediprime™ II DNA Labeling System (GE Healthcare, Chicago, IL, USA)
and [o®?P] dCTP, with the viral genome regions of the corresponding PCR fragments as
templates. Signals were detected by exposing the blots to Fujifilm BAS-IP MS imaging
plates, and the resulting images were acquired using a Fujifilm FLA-3000 scanner (Fujifilm
Corporation, Tokyo, Japan). The Fujifilm FLA-3000 scanner displays highly intense signals
as pink pseudocolor pixels. For figure preparation, images were uniformly converted to
grayscale to facilitate visualization of hybridization signals; no adjustments affecting the
underlying data were made.

2.7. Whitefly Transmission of Seed-Transmitted CPMMV

A whitefly-mediated transmission assay was conducted to determine if vertically
transmitted CPMMYV could be transmitted to healthy bean plants by the natural vector
(Figure 2). Three CPMMV-infected ‘BRS FC 401 RMD’ plants, which tested positive in
Experiment III, served as source plants. These plants were individually placed in three
BugDorm cages (MegaView Science Co., Taichung, Taiwan) within a growth chamber
maintained at 24 °C (£4 °C) and a 12 h photoperiod. The insect cages were made with
anti-aphid mesh and had long sleeves for manipulating the insects inside (without opening
the cage door), thereby preventing escapes. Yellow sticky traps were installed in the growth
chamber to capture any insects that might escape. B. tabaci MEAM1 whiteflies were reared
on cabbage plants, which are non-hosts for CPMMYV, in a rearing facility at the Universidade
de Brasilia, Brasilia, Brazil. Approximately 400 whiteflies were collected from the cabbage
plants and transferred to each of the three source plants for a 48 h acquisition period.
After this period, 10 healthy ‘BRS FC 401 RMD’ test plantlets (at 10 days after sowing)
were introduced to each of the three cages to coexist with the insects and the inoculum
source for 30 days. A total of 30 test plants were evaluated, arranged in three replicates
of 10 plants each. As a control, whiteflies were placed in a separate tent with five healthy
bean seedlings. Throughout the 30-day duration, the plant leaves were periodically shaken
to ensure that the whiteflies moved among the plants. Before placing the plants in the cage
and again after the 30 days, younger leaves from each test plant were collected to assess for
CPMMY infection.

A Acquisition period (48h) B After (48h) Inoculation access period (30d)

—zZzo=x™m

. Inoculum source (@ Test plants Whitefly

Figure 2. Whitefly-mediated (Bemisia tabaci MEAM 1) transmission of seed-transmitted cowpea mild
mottle virus (CPMMYV). (A) Three CPMMV-positive ‘BRS FC 401 RMD’ plants, identified in a seed
transmission assay, served as the inoculum source. These plants were exposed to whiteflies during a
48 h acquisition access period. (B,C) Following this, ten healthy plantlets were introduced into each
cage and were maintained for 30 days. At the end of the assay, the younger leaf of each test plant was
collected and tested for CPMMYV infection. A control experiment was conducted in a separate cage
with five healthy bean plantlets and non-viruliferous whiteflies. Created with Inkscape 1.4.2.
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2.8. Statistical Analysis

Differences in seed-transmission frequencies were assessed using Fisher’s exact test for
2 x 2 contingency tables. Comparisons involving more than two groups were performed
using the Fisher-Freeman—Halton exact test. When significant overall differences were
detected, pairwise Fisher’s exact tests were conducted, and p-values were adjusted for
multiple comparisons using the Bonferroni correction. Exact tests were preferred over
Pearson’s chi-square tests because of the small sample sizes and the presence of expected
cell counts below five.

3. Results and Discussion
3.1. CPMMYV Is Seed-Transmitted in Common Beans

The first record of CPMMYV in Brazil was in 1979, when it was observed in common
bean plants showing angular mosaic symptoms [9]. Twenty years later, CPMMYV reappeared
in soybean fields in Goids state, causing mosaic and stem necrosis symptoms. In the
following years, CPMMYV was found to be widely distributed in the country’s major
soybean-producing areas [6,10,27]. Yield losses in soybeans have been experimentally
estimated to range from 85% in older cultivars suffering from stem necrosis [10] to 14-16%
in more recent asymptomatic cultivars [21]. Although CPMMYV was considered non-
significant in common beans when it was first reported [9], after about 35 years, by 2013, its
presence had spread to eight Brazilian states [3], and its incidence reached as high as 100%
in commercial fields in Central Brazil during the 2016 season [4].

Seed infection by a virus plays a key role in the disease epidemiology, as infected
plantlets serve as primary inoculum sources early in the growing season. In addition, virus
transmission through seeds enables the long-term persistence of viruses outside the host
plant and facilitates their spread across continents. Serious epidemics can arise when the
virus is transmitted by efficient vectors, such as whiteflies. Early studies found no evidence
of seed transmission of CPMMYV in soybeans or common beans in Brazil [9,10,19]. However,
advancements in virus detection methods have enabled the detection of seed-transmitted
viruses, even at low viral loads in the seedlings originating from infected seeds. In the
past years, CPMMYV has been frequently detected in bean-growing areas, even early in the
season, despite low vector populations. This fact rekindled the concerns of CPMMYV being
seed-transmitted in beans.

To tackle this issue, in Experiment I (Figure 1), we used seeds from the ‘BRS FC 401
RMD’ beans variety collected from a field with a high incidence of virus symptoms. The
seeds collected from these plants were smaller, and some showed slight deformities com-
pared to seeds from healthy plants (Figure 3). Plants emerging from these seeds appeared
normal with no visual symptoms, corroborating a previous report on soybeans [16]. These
authors suggested that the lack of symptoms in seedlings originating from CPMM V-infected
plants might be due to host tolerance to early infection [16]. However, another study on
soybeans showed that emerged seedlings from CPMM V-infected plants presented early
symptoms, that intensified as the plants grew [13]. Since we had access to an anti-CPMMV
antibody, and ELISA tests are commonly used to detect seed transmission of plant viruses,
including CPMMV [14,28,29], we used PTA-ELISA as our first choice for CPMMYV detection
in this experiment. All 190 plants grown from field-collected seeds tested negative for
CPMMYV in the PTA-ELISA, whereas only the CPMM V-infected controls tested positive.
Given that PCR-based techniques can detect viruses at picogram levels, making them more
sensitive than ELISA, we also used RT-PCR to examine pooled samples of 10 plants each.
All 19 bulked samples were negative for CPMMYV, with amplicons of the expected size
obtained only from the positive controls. These results suggested that either CPMMYV is not
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transmitted through the seeds of this common bean cultivar or that CPMMYV was present
in very low concentrations in the plants and could not be detected by the methods used.

‘BRS FC 401 RMD’ ‘Pérola’

b avarr oo 0000000900009
on mvnon mm 00006

Figure 3. Common bean seeds of ‘BRS FC 401 RMD’ and ‘Pérola’ varieties used in seed transmission
experiments. (A,D) ‘BRS FC 401 RMD’ seeds collected from bean plants in a field with viral symptoms
observed in 80% plants. (E,H) ‘Pérola’ cultivar seeds were collected in a field with a high incidence
of cowpea mild mottle virus (CPMMYV), bean golden mosaic virus (BGMV), and bean-associated
cytorhabdovirus (BaCV). (B,C,F,G) Seeds from plants grown in a greenhouse free of insects and
tested negative for CPMMYV through periodic sampling. The seed portions (C,D,G,H) from both
cultivars are of equal weight. Photos by Leandro Ribeiro de Matos (‘BRS FC 401 RMD’) and Simone
Ribeiro (‘Pérola’).

In Experiment II (Figure 1), we investigated the potential for low seed-transmitted
CPMMYV loads in plants using field-collected seeds of ‘BRS FC 401 RMD’ beans. We also
included ‘Pérola’ seeds, which were similarly collected from field-grown plants. This
time, all RT-PCR tests were conducted on individual plant samples. The seeds of ‘Pérola’
and ‘BRS FC 401 RMD’ collected from plants in a field with a high incidence of virus-like
symptoms were visually smaller in size and mildly deformed (Figure 3). These observations
contrast with another study, which found that CPMMYV infection did not produce visible
symptoms in soybean seeds [16]. In the present study, while ‘Pérola’ plants did not show
any visual symptoms, some plants grown from CPMM V-infected ‘BRS FC 401 RMD’ seeds
(which were from the same seed lot used in Experiment I) presented some deformed leaves,
resembling CPMM V-infected plants.

The RT-PCR reactions performed on RNA samples from plants grown from seeds
(20 “BRS FC 401 RMD’ and 50 ‘Pérola’) produced very faint bands that matched the size
(~200 nt) of the positive control plant infected with CPMMYV. For the ‘BRS FC 401 RMD’
samples, a band was barely visible in two samples (Figure 4A, samples 5 and 16). In
contrast, for the ‘Pérola’ plants, the band was detectable in four samples: #35, 37, 38, and 39
(Figure 4B). The positive controls yielded clear bands (Figure 4A,B). Given that equivalent
amounts of RNA and cDNA from both the bean samples and the positive controls were
used for the RT-PCR tests and considering the good quality of the cDNAs as assessed
by PCR for the actin 11 gene, these results suggest that the CPMMYV load in the plants
grown from infected seeds was relatively low. The low levels of CPMMYV in these samples
could explain the negative ELISA and RT-PCR results for the bulk samples in Experiment
I. Generally, RT-PCR assays are several orders of magnitude more sensitive than ELISA
tests [29-31], especially in embryonic tissues compared to vegetative tissues [13]. Still, it
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was not possible to detect CPMMV-derived amplicons in bulked samples. While extracting
RNA from bulk samples may save time and resources, the total RNA volume per sample
can be lower in bulk processing than in individual samples, due to greater dilution.
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Figure 4. Cowpea mild mottle virus (CPMMYV) can be transmitted by seeds in common beans. Bean
seeds collected from plants in experimental fields with viral symptoms (‘BRS FC 401 RMD’) (A) and
in a commercial field ("Pérola’) (B) in which CPMMYV was detected in high incidence were sown in
a growth chamber. The plants were cultivated, and 30 days after germination, leaf samples were
collected individually. Virus detection was performed by RT-PCR using specific primers (amplicon
size 196 bp), followed by Southern blotting. In the gel of samples ‘BRS FC 401 RMD’ (A), very discrete
bands are present in plants 5 and 16, while among the ‘Pérola’ cultivar (B), it is possible to notice
bands in samples 35, 37, 38, and 39. Hybridization confirmed the infection in ‘BRS FC 401 RMD’
plants 5 and 16 and increased detection in ‘Pérola’ plants (4, 5, 7, 8, 19, 31, 35, 37,38, 39, and 50).

Although CPMMV RT-PCR-derived amplicons were detected in some individual
samples in Experiment II (Figure 1), they were at the limit of visual detection on the agarose
gel. Therefore, we might have overlooked CPMMYV in samples with low viral loads. Nucleic
acid hybridization is a powerful technique for detecting low quantities of nucleic acids. It
can detect viral nucleic acids in plants by Southern blotting, even when no visible virus-
derived bands are apparent on the gels [32-34]. Hybridization with a virus-specific probe
improves RT-PCR sensitivity by up to 100-fold. To determine whether there were additional
positive samples with CPMMV-derived bands that were not visible on the gels, we blotted
the agarose gels onto a nylon membrane and performed Southern blot hybridization using
a CPMM V-specific probe. For the ‘BRS FC 401 RMD’ plants, the Southern blot hybridization
results confirmed the RT-PCR, as a hybridization signal was detected only in samples 5
and 16 (Figure 4A). This indicates a 10% CPMMYV seed transmission rate in this cultivar.
Although some ‘BRS FC 401 RMD’ plants exhibited deformed leaves, this abnormality
could not be linked to CPMMYV infection. In the case of the ‘Pérola’ plants, Southern
blot hybridization revealed seven additional infected plants (#4, 5, 7, 8, 19, 31, and 50) in
addition to the four already identified by RT-PCR (Figure 4B). This totalized 22% CPMMV
seed transmission in the ‘Pérola’ cultivar. The variation in seed transmission rates among
cultivars of the same plant species has been observed before for CPMMYV and several
other viruses, including barley stripe mosaic virus—BSMV (Hordeivirus hordei, family
Virgaviridae), pea seed-transmitted mosaic virus—PSbMYV (Potyvirus pisumsemenportati,
family Potyviridae), alfalfa mosaic virus—AMYV (Alfamovirus AMV, family Bromoviridae),

https://doi.org/10.3390/v18070752


https://doi.org/10.3390/v18070752

Viruses 2026, 18, 752

10 of 17

soybean mosaic virus—SMV (Potyvirus glycitessellati, family Potyviridae), and tomato yellow
leaf curl virus—TYLCV (Begomovirus coheni, family Geminiviridae) [8,35-40].

Together, the results from Experiment II (Figure 1) demonstrate that CPMMYV from
Brazil is transmitted through common bean seeds of two cultivars, ‘BRS FC 401 RMD’
and ‘Pérola’. Also, it was crucial to combine RT-PCR and Southern blot hybridization
to achieve sufficient sensitivity to reliably detect CPMMYV seed transmission in the bean
plants. Accordingly, RT-PCR followed by Southern hybridization was used to detect
CPMM V-infected plants in all the other experiments.

The level of virus symptoms in plants from the fields where the samples from ex-
periments I and II were collected exceeded 80%. However, we did not test the mother
plants for CPMMYV infection. Thus, we cannot be sure if all the analyzed plants were
grown from seeds derived from CPMMV-infected mother plants. To assess whether seed
transmission rates differ when seeds are derived from mother plants unequivocally infected
with CPMMYV, we conducted experiments III and IV.

RT-PCR and Southern blot analysis of the plants grown from seeds collected from
CPMM V-infected mother plants that were inoculated by mechanical means in experiment
III resulted in 45% of CPMMV transmission through seeds for ‘BRS FC 401 RMD’ and 13%
for ‘Pérola’ (Figure 5). Other authors have also confirmed the transmission of C°PMMYV to
plant progeny via seeds obtained from mechanically infected plants [13]. However, the
seed transmission rate of CPMMYV was higher in soybean grow-out tests, reaching 86-100%
in some studies across different countries [13,16]. It should be emphasized that the presence
of a virus in seeds does not always imply its transmission to the offspring, as the virus
could be localized in the endosperm rather than in the embryo [41]; therefore, grow-out
assays remain the most reliable method for determining seed transmission of viruses.

A
1 kb plus—|

ctrl
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 () (+)

RT-PCR 196 bp

Southern
v -Cutmes 8

B

1kb plus—, ctrl
1 2 3 45 67 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 () “)

RT-PCR 196 bp

Southern
blot -

Figure 5. Cowpea mild mottle virus (CPMMYV) can be transmitted by seeds to the progeny of
mechanically inoculated ‘Pérola’” and ‘BRS FC 401 RMD’ common bean plants. After mechanical
inoculation with CPMMY, the seeds of infected plants were collected in a pool. Seeds were sown, and
the plants were maintained in a growth chamber until virus detection 30 days after germination (dag).
Virus detection was performed by RT-PCR, using specific primers (amplicon size 196 bp), followed
by Southern blotting. (A) Nine ‘BRS FC 401 RMD’ (1, 4, 11, 13, 14, 15, 16, 17, 18) and (B) three ‘Pérola’
(2, 4, 20) were positive for CPMMV.

In an identical analysis of ‘BRS FC 401 RMD’ bean plants obtained from seeds of
CPMM V-infected mother plants that were inoculated by the whitefly vector in Experiment
IV, a rate of 12% CPMMYV seed transmission was achieved (Figure 6). Some of these
plants showed leaf deformations, although it was not possible to correlate this fact with
the presence of CPMMV. For example, leaf deformations were observed in both positive
samples 20 and 25 (Figure 7A,B) and in negative samples such as 1 and 2 (Figure 7C,D).

https://doi.org/10.3390/v18070752


https://doi.org/10.3390/v18070752

Viruses 2026, 18, 752

11 of 17

1kb
ctrl

DNA  —
ladder 1 2 3 4 5 6 7 8 9 10 11 1213 14 15 16 17 18 19 20 21 22 23 24 25 ) @

, e « « ©
Figure 6. Cowpea mild mottle virus (CPMMYV) can be transmitted by seeds to the progeny of whitefly-
inoculated ‘BRS FC 401 RMD’ common bean plants. Twenty-five seeds of plants inoculated with
CPMMYV and BaCV by the whitefly Bemisia tabaci (MEAM1) were sown and maintained in a growth

chamber until RNA extraction, 30 days after germination. CPMMYV was detected by Southern blot in
three plants (17, 20, and 25).

Figure 7. Leaves of common bean ‘BRS FC 401 RMD’ grown from seeds of mother plants inoculated
with CPMMYV by whitefly (Bemisia tabaci MEAMI1). (A,B) CPMMV-positive plants and (C,D) CPMMV-
negative plants in Southern blot hybridization.

Seed-transmission rates between cultivars were compared using Fisher’s exact test.
No significant difference was observed between Pérola and BRS-FC401 RMD in Experi-
ment II (p = 0.322) (Table 1), which also represents different seed sources (commercial field
for Pérola and experimental field for BRS FC 401 RMD). In contrast, Experiment III re-
vealed a significantly higher seed-transmission frequency in BRS-FC401 RMD (9/20 plants)
than in Pérola (3/23 plants) (Fisher’s exact test, two-tailed, p = 0.039). Seed-transmission
frequencies in the cultivar BRS-FC401 RMD differed significantly among experiments
(Fisher-Freeman—Halton exact test, p = 0.0177). Pairwise Fisher’s exact tests revealed that
Experiment III showed a higher transmission rate (9/20; 45.0%) than Experiments II (2/20;
10.0%; p = 0.029) and IV (3/25; 12.0%; p = 0.024), whereas no difference was detected
between Experiments II and IV (p = 1.000). However, these differences were no longer
significant after Bonferroni adjustment for multiple testing (adjusted o = 0.0167). Thus,
the overall analysis supports variation among experiments, but no individual pairwise
contrast was statistically significant after correction for multiple comparisons.

The results for ‘BRS FC 401 RMD’ could be linked to the fact that the mother plant
was undoubtedly infected with CPMMYV. However, several abiotic factors such as tempera-
ture [42,43], drought [44], and light intensity [43,45], as well as biotic factors like the virus
isolate [46,47], host genotype [8,12,16,46,48], and phenological stage at which the plant
became infected [49], may also influence the production of virus-infected seeds. A recent
study has shown that an antiviral RNAi pathway, which is more strongly expressed in seeds
than in whole plants, can inhibit the seed transmission of viruses in plants [50]. However,
there is limited knowledge of proteins with silencing-suppressor functions encoded by
the CPMMYV genome. Some studies suggest that the CRP protein, encoded by ORF6 of
carlaviruses, may play a role in suppressing silencing [51-53]. In fact, RNAi-mediated
inhibition of seed transmission has been demonstrated only in the cucumber mosaic virus
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(CMV)-Arabidopsis thaliana model system to date [50]. As a genetically defined mechanism,
RNAi-mediated suppression of vertical virus transmission may be hypothetically influ-
enced by both host and virus genotypes, which could help explain the observed variation
in transmission rates. Moreover, evidence indicates that seed transmission exerts selective
pressure toward decreased virulence in plant viruses while enhancing host resistance [54].
This phenomenon could account for the variation in seed transmission rates observed
among different cultivars.

Table 1. Cowpea mild mottle virus (CPMMYV) seed transmission in common beans in Brazil.

Number of Positive Plants/Number of Tested Plants (Seed Transmission %)

Cultivar Experiment IT 12 Experiment ITI 3 Experiment I'V 4
Pérola 11/50 1 (22%) Aa 3/23 (13%) Aa -
BRS FC 401 RMD 2/202 (10%) Aa 9/20 (45%) Bb 3/25(12%) a
Total 13/70 (18.6%) a 12/43 (27.9%) a 3/25a

Seeds from commercial field !, experimental field 2, mechanical inoculation assay 3, and whitefly-mediated
inoculation assay ¢. Means followed by different uppercase letters within columns or lowercase letters within
rows are statistically different at p < 0.05 by the Fisher’s exact test. For the cultivar BRS FC 401 RMD, pairwise
Fisher’s exact tests revealed that Experiment III showed a higher transmission rate (9/20; 45.0%) than Experiments
11(2/20; 10.0%; p = 0.029) and IV (3/25; 12.0%; p = 0.024), whereas no difference was detected between Experiments
ITand IV (p = 1.000). However, these differences were no longer significant after Bonferroni adjustment for multiple
testing (adjusted o = 0.0167).

The source plants that provided the seeds analyzed in Experiments I and II were not
tested for the presence of CPMMV. This implies that some seeds may have originated
from uninfected plants, which could have influenced the observed seed transmission rates.
However, we emphasize that cultivar BRS FC 401 RMD is immune to BGMYV, suggesting
that the viral symptoms observed in these plants (and in their seeds, which were smaller
and malformed) were likely caused by CPMMV. Furthermore, the seed transmission
rates obtained in these experiments reflect natural occurrence in seeds harvested from a
field exhibiting viral symptoms, considering the variable infection status among plants.
Additionally, the mechanical inoculation did not result in a significantly higher seed
transmission rate, as stated before.

Taken together, our findings show that the seed transmission rates of CPMMYV for
the ‘BRS FC 401 RMD’ common bean variety range from 10% to 45%, while for the ‘Pérola’
variety, the rates range from 13% to 22% (Table 1). These rates are somewhat higher
than those recorded for common bean cultivars infected with the CPMMYV isolate from
Ghana [8]. Additionally, the transmission rates reported in the present study are at least
26.6 times higher than those reported for the BMX POTENCIA RR soybean cultivar in
Brazil [21], but lower than those observed in soybean in other countries [13,16], suggesting
that host-specific factors may affect seed transmission efficiency.

3.2. No Evidence Was Found for the Seed Transmission of BaCV

Plant rhabdoviruses are generally not considered to be seed transmitted [55,56]. How-
ever, since the ‘BRS FC 401 RMD’ and ‘Pérola’ seeds were collected from bean plants in
regions where BaCV is prevalent [4], and there is no data on BaCV seed transmission, we ap-
plied the same detection method used for CPMMYV to investigate BaCV. Following RT-PCR
with BaCV primers and Southern hybridization using a BaCV-specific radiolabeled probe,
all tested plants had negative results, except for the positive control. This indicates that, at
least in these plants and under the experimental conditions, BaCV was not transmitted via
seeds. The seed transmission of papaya virus E (PpVE), another Betacytorhabdovirus caricae
isolate found in Carica papaya with a genome sequence identity of 97% to BaCV, has been
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evaluated by Medina-Salguero et al. [57]. Grow-out tests from 100 seeds obtained from
PpVE-positive papaya and Macroptilium lathyroides plants were conducted, and similar to
the findings for BaCV in common beans, this mode of transmission was not observed [58].

3.3. Seed-Transmitted CPMMYV Could Be an Inoculum Source in Secondary Transmission

Our results from the whitefly transmission assay (Experiment IV, Figure 1) confirmed
that vertically transmitted CPMMYV in the common bean ‘BRS FC 401 RMD’ can potentially
act as an inoculum source for secondary infections, at least under experimental conditions
in a growth chamber. CPMMYV was detected using RT-PCR followed by Southern blot
analysis 30 days after inoculation in 7 out of 30 test plants, representing approximately 23%
of the samples (Figure 8). CPMMYV was not detected in any of the five plants that served as
controls for the experiment (Figure 8—c1 to c5). Additionally, leaf samples collected from all
test plants before the transmission assay tested negative for the virus. The results indicate
that although the viral load in the progeny of infected bean plants appears to be low, these
plants can still act as a source of inoculum for new CPMMYV infections in healthy beans,
particularly via the whitefly vector, B. tabaci MEAM1. A vector-mediated transmission rate
of 23.3% underscores the significance of seed transmission within the crop, as these infected
plants will be a primary source of CPMMYV in common bean fields. If an efficient vector,
such as whiteflies, is present in this context, yield losses could be substantial, even if virus
transmission through seeds occurs at low rates [59]. Taken together, the results suggest that
the virus can spread in the field when CPMM V-infected seeds are sown, which act as a
source of inoculum for vector transmission.

Tkbplus— 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19

196 bp
RT-PCR

Southern —— -
blot

1 kb plus
PUS™7 20 21 22 23 24 25 26 27 28 29 30 dd 2 3 o4 oS

RT-PCR

Southern

blot ——

ctrl

1 kb plus /) ﬁ

Southern
blot

Figure 8. Cowpea mild mottle virus (CPMMYV) seed-transmitted in common bean is an inoculum
source for secondary transmission by the whitefly Bemisia tabaci (MEAM1). Three CPMMV-positive
‘BRS FC 401 RMD’ plants obtained in a seed transmission grow-out assay were introduced into three
BugDorm cages with whiteflies and maintained for 48 h. Ten seedlings of the same cultivar were
introduced into each cage (cage 1: plants 1-10; cage 2: plants 11-20, and cage 3: plants 21-30) and
maintained for 30 days. As a control, five bean plants (c1-c5) were introduced into a fourth cage
containing only whiteflies. At the end of this period, the last newly formed leaf of each bean plant was
collected and analyzed by RT-PCR and Southern blot. In the gel, faint bands are visible in samples 3,
22, and 23 at the expected size of 196 bp. In the Southern blot, samples 3, 4, 5, 16, 17, 22, and 23 were
positive. The five controls c1-c5 were negative. C+ is the positive control.
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The occurrence of CPMMYV in common bean crops has been highlighted since 2013 [3],
with high incidence rates reaching up to 94-95% of tested samples in some Brazilian
states [4]. Our results suggest that the whitefly may not be the only factor contributing
to these high rates. The impact of CPMMYV on common beans is not well understood,
underscoring the need for further research. However, given its seed-transmitted nature—
where transmission rates can be as high as 45%—and the reductions in soybean productivity
associated with the virus [21], it is reasonable to anticipate that CPMMYV could pose a
significant threat to bean production. Hence, the development and implementation of
preventive and management strategies may become increasingly relevant for this crop in
the future. The establishment of certified seed fields with strict whitefly control could serve
as a viable solution to minimize primary infections during sowing.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/v18070752/s1, Table S1: Primers used for quality test and for
virus detection in common bean plantlets by RT-PCR.

Author Contributions: Conceptualization, FL.M., PV.P, and S.G.R.; methodology, EL.M., PV.P,, and
S.G.R,; validation, B.P-L., A.H.V,, EL.M.,, and S.G.R,; formal analysis, B.P-L. and A.H.V,; investigation,
B.P-L.,, G.PE, AHYV, EEM.A,, and D.M.T.A.-E; resources, PV.P, J.C.F, and S.G.R.; data curation,
B.P-L., C.L, and A.H.V,; writing—original draft preparation, B.P-L., AH.V,, PVP, FLM,, and S.G.R.;
writing—review and editing, B.P-L., AH.V, EEM.A, DM.TA.-E, ]J.CE, CL, ELM,, PVP, and
S.G.R; visualization, B.P-L., C.L., and A.H.V,; supervision, S.G.R. and FL.M.; project administration,
FLM,, S.G.R,, and P.V.P; funding acquisition, S.G.R. and P.V.P. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was supported by funds from Embrapa, Conselho Nacional de Desenvolvi-
mento Cientifico e Tecnolégico (CNPq), Instituto Nacional de Ciéncia e Tecnologia em Interacao
Planta Praga (INCT-IPP), and Fundagao de Apoio a Pesquisa do Distrito Federal (FAPDF). D.M.T.A.-F
and G.P.L. received fellowships from CNPq. B.P-L. and A H.V. were supported by scholarships from
Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior (CAPES).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Acknowledgments: We thank the farmers for providing access to bean fields, Rita Pereira-Carvalho
from UnB for providing whiteflies for the experiments, and Mario Saraiva for assistance with
lab administration.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. CONAB. Acompanhamento da safra brasileira graos. In Safra Brasileira de Grios 8° Levantamento-Safra 2025/2026; CONAB: Brasilia,
Brazil, 2025.

2. Zerbini, EM,; Ribeiro, S.G. Bean golden mosaic virus and bean golden yellow mosaic virus (Geminiviridae). In Encyclopedia of
Virology, 4th ed.; Bamford, D.H., Zuckerman, M., Eds.; Elsevier: Amsterdam, The Netherlands, 2021; Volume 3, pp. 192-199.

3. Lamas, N.S.; Matos, V.O.R.L.; Alves-Freitas, D.M.T.; Melo, EL.; Costa, A.F.; Faria, J.C.; Ribeiro, S.G. Occurrence of cowpea mild
mottle virus in common bean and associated weeds in Northeastern Brazil. Plant Dis. 2017, 101, 1828. [CrossRef]

4. Pinheiro-Lima, B.; Pereira-Carvalho, R.C.; Alves-Freitas, D.M.T.; Kitajima, E.W.; Vidal, A.H.; Lacorte, C.; Godinho, M.T.; Fontenele,
R.S.; Faria, ].C.; Abreu, EEM.; et al. Transmission of the bean-associated cytorhabdovirus by the whitefly Bemisia tabaci MEAMI1.
Viruses 2020, 12, 1028. [CrossRef] [PubMed]

5. Menzel, W.; Winter, S.; Vetten, H.]. Complete nucleotide sequence of the type isolate of cowpea mild mottle virus from Ghana.

Arch. Virol. 2010, 155, 2069-2073. [CrossRef] [PubMed]

https://doi.org/10.3390/v18070752


https://www.mdpi.com/article/10.3390/v18070752/s1
https://www.mdpi.com/article/10.3390/v18070752/s1
https://doi.org/10.1094/pdis-04-17-0562-pdn
https://doi.org/10.3390/v12091028
https://www.ncbi.nlm.nih.gov/pubmed/32942623
https://doi.org/10.1007/s00705-010-0821-y
https://www.ncbi.nlm.nih.gov/pubmed/20890716
https://doi.org/10.3390/v18070752

Viruses 2026, 18, 752 15 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.
28.

29.
30.

31.

32.

Zanardo, L.G,; Silva, EN.; Bicalho, A.A.C.; Urquiza, G.P.C.; Lima, A.TM.; Almeida, AM.R.; Zerbini, EM.; Carvalho, C.M.
Molecular and biological characterization of cowpea mild mottle virus isolates infecting soybean in Brazil and evidence of
recombination. Plant Pathol. 2014, 63, 456-465.

Brunt, A.A.; Atkey, P.T.; Woods, R.D. Intracellular occurrence of cowpea mild mottle virus in two unrelated plant species.
Intervirology 1983, 20, 137-142. [CrossRef] [PubMed]

Brunt, A.A.; Kenten, R.H. Cowpea mild mottle, a newly recognized virus infecting cowpeas (Vigna unguiculata) in Ghana. Ann.
Appl. Biol. 1973, 74, 67-74. [CrossRef] [PubMed]

Costa, A.S.; Gaspar, J.O.; Vega, ]. Mosaico angular do feijao jalo causado por um carlavirus transmitido pela mosca branca Bemisia
tabaci. Fitopatol. Bras. 1983, 8, 325-327.

Almeida, A M.R;; Piuga, FF,; Marin, S.R.; Kitajima, EW.; Gaspar, ].O.; Oliveira, T.G.D.; Moraes, T.G.D. Detection and partial
characterization of a carlavirus causing stem necrosis of soybean in Brazil. Fitopatol. Bras. 2005, 30, 191-194. [CrossRef]

Brito, M.; Fernandez-Rodriguez, T.; Garrido, M.].; Mejias, A.; Romano, M.; Marys, E. First report of cowpea mild mottle carlavirus
on yardlong bean (Vigna unguiculata subsp. sesquipedalis) in Venezuela. Viruses 2012, 4, 3804-3811. [CrossRef] [PubMed]

Yadav, M.K,; Biswas, K.K.; Lal, S.K.; Baranwal, V.K,; Jain, R K. A distinct strain of cowpea mild mottle virus infecting soybean in
India. J. Phytopathol. 2013, 161, 739-744. [CrossRef]

Bhagwatkar, D.N.; Sandra, N.; Tripathi, A.; Dalal, G.; Kesaratagi, S.; Saini, M.; Lal, S.K.; Lal, S.K. Seed transmission of Carlavirus
vighae (cowpea mild mottle virus): A hidden driver of veinal necrosis and bud blight disease in soybean (Glycine max) in India.
Front. Microbiol. 2025, 16, 1654471. [CrossRef] [PubMed]

Iwaki, M.; Thongmeearkom, P.; Prommin, M.; Honda, Y.; Hibi, T. Whitefly transmission and some properties of cowpea mild
mottle virus on soybean in Thailand. Plant Dis. 1982, 66, 365-368. [CrossRef]

Horn, N.M,; Saleh, N.; Baliadi, Y. Cowpea mild mottle virus could not be detected by ELISA in soybean and groundnut seeds in
Indonesia. Neth. J. Plant Pathol. 1991, 97, 125-127. [CrossRef]

Sutrawati, M.; Hidayat, S.H.; Suastika, G.; Sukarno, B.P.W.; Nurmansyah, A. Seed-transmission of cowpea mild mottle virus on
several varieties of soybean in Indonesia. Biodiversitas 2021, 22, 4182-4185. [CrossRef]

Ogunsola, K.E.; Ilori, C.; Fatokun, C.A.; Boukar, O.; Ogunsanya, P.; Kumar, P.L. Disease incidence and severity in cowpea lines
evaluated for resistance to single and multiple infections of endemic viruses in Nigeria. J. Crop Improv. 2021, 35, 427-452.
Amayo, R.; Arinaitwe, A.B.; Mukasa, S.B.; Tusiime, G.; Kyamanywa, S.; Rubaihayo, P.R.; Edema, R. Prevalence of viruses infecting
cowpea in Uganda and their molecular detection. Afr. J. Biotechnol. 2012, 11, 14132-14139. [CrossRef]

Almeida, AM.R,; Piuga, FF; Kitajima, E.W.; Gaspar, W.O.; Valentin, N.; Benato, L.C.; Marin, S.R.; Binneck, E.; Oliveira, T.G;
Belintani, P; et al. Necrose da Haste da Soja; Embrapa: Londrina, Brazil, 2003; Volume 221.

Simmons, H.E.; Munkvold, G.P. Seed transmission in the Potyviridae. In Global Perspectives on the Health of Seeds and Plant
Propagation Material; Springer: Berlin/Heidelberg, Germany, 2014; pp. 3-15.

Silva, EB.; Muller, C.; Bello, V.H.; Watanabe, L.EM.; De Marchi, B.R.; Fusco, L.M.; Ribeiro-Junior, M.R.; Minozzi, G.B.; Vivan, L.M.;
Tamai, M.A. Effects of cowpea mild mottle virus on soybean cultivars in Brazil. Peer] 2020, 8, €9828. [CrossRef]

Guimaraes, E.P; Souza, T.L.P.O. Feijao comum: O uso de sementes certificadas na cadeia produtiva. Seed News 2019, 23, 30-35.
de Oliveira, M.G.C.; Wendland, A.; Heinemann, A.B.; Guimaraes, C.M.; de Ferreira, E.P.B.; Quintela, E.D.; Barbosa, ER.; Carvalho,
M.; Lobo Junior, M. Conhecendo a Fenologia do Feijoeiro e Seus Aspectos Fitotécnicos; Embrapa: Londrina, Brazil, 2018.
Alves-Freitas, D.M.T.; Pinheiro-Lima, B.; Faria, J.C.; Lacorte, C.; Ribeiro, S.G.; Melo, EL. Double-stranded RNA high-throughput
sequencing reveals a new cytorhabdovirus in a bean golden mosaic virus-resistant common bean transgenic line. Viruses 2019,
11, 90. [CrossRef] [PubMed]

Arias, C.A.A.; Almeida, A.M.; Mituti, T.; Kitajima, E.W. Inheritance of tolerance to cowpea mild mottle virus in soybean. Crop
Breed. Appl. Biotechnol. 2015, 15, 132-138. [CrossRef]

Borges, A.; Tsai, S.M.; Caldas, D.G. Validation of reference genes for RT-qPCR normalization in common bean during biotic and
abiotic stresses. Plant Cell Rep. 2012, 31, 827-838. [PubMed]

Almeida, A.M.R. Viroses da Soja no Brasil: Sintomas, Etiologia e Controle; Embrapa Soja: Londrina, Brazil, 2008.

Hampton, R.O.; Albrechtsen, S.E.; Mathur, S.B. Seed health (Viruses) of Vigna unguiculata selections from developing countries.
Seed Sci. Technol. 1992, 20, 23-38.

Sastry, K.S. Seed-Borne Plant Virus Diseases; Springer: Delhi, India, 2013.

Herrera-Vasquez, ].A.; Cérdoba-Sellés, M.C.; Cebrian, M.C.; Alfaro-Fernandez, A.; Jorda, C. Seed transmission of melon necrotic
spot virus and efficacy of seed-disinfection treatments. Plant Pathol. 2009, 58, 436—442.

Suruthi, V.; Nakkeeran, S.; Renukadevi, P.; Malathi, V.G.; Rajasree, V. Evidence of seed transmission of Dolichos yellow mosaic
virus, a begomovirus infecting lablab-bean in India. Virus Dis. 2018, 29, 506. [CrossRef]

Fontenele, R.S.; Abreu, R.A.; Lamas, N.S.; Alves-Freitas, D.M.T.; Vidal, A.H.; Poppiel, R.R.; Melo, EL.; Lacorte, C.; Martin, D.P,;
Campos, M.A; et al. Passion fruit chlorotic mottle virus: Molecular characterization of a new divergent geminivirus in Brazil.
Viruses 2018, 10, 169. [CrossRef] [PubMed]

https://doi.org/10.3390/v18070752


https://doi.org/10.1159/000149382
https://www.ncbi.nlm.nih.gov/pubmed/6629699
https://doi.org/10.1111/j.1744-7348.1973.tb07723.x
https://www.ncbi.nlm.nih.gov/pubmed/4701691
https://doi.org/10.1590/s0100-41582005000200016
https://doi.org/10.3390/v4123804
https://www.ncbi.nlm.nih.gov/pubmed/23242372
https://doi.org/10.1111/jph.12119
https://doi.org/10.3389/fmicb.2025.1654471
https://www.ncbi.nlm.nih.gov/pubmed/41035883
https://doi.org/10.1094/pd-66-365
https://doi.org/10.1007/bf01974276
https://doi.org/10.13057/biodiv/d221007
https://doi.org/10.5897/ajb11.398
https://doi.org/10.7717/peerj.9828
https://doi.org/10.3390/v11010090
https://www.ncbi.nlm.nih.gov/pubmed/30669683
https://doi.org/10.1590/1984-70332015v15n3a24
https://www.ncbi.nlm.nih.gov/pubmed/22193338
https://doi.org/10.1007/s13337-018-0494-9
https://doi.org/10.3390/v10040169
https://www.ncbi.nlm.nih.gov/pubmed/29614801
https://doi.org/10.3390/v18070752

Viruses 2026, 18, 752 16 of 17

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Fontenele, R.S.; Salywon, A.M.; Majure, L.C.; Cobb, LN.; Bhaskara, A.; Avalos-Calleros, ]J.A.; Argiiello-Astorga, G.R.; Schmidlin,
K.; Khalifeh, A.; Smith, K,; et al. A novel divergent geminivirus identified in asymptomatic new world Cactaceae plants. Viruses
2020, 12, 398. [CrossRef] [PubMed]

Ribeiro, S.G.; Lohuis, H.; Goldbach, R.; Prins, M. Tomato chlorotic mottle virus is a target of RNA silencing but the presence
of specific short interfering RNAs does not guarantee resistance in transgenic plants. J. Virol. 2007, 81, 1563-1573. [CrossRef]
[PubMed]

Bailiss, K.W.; Offei, S.K. Alfalfa mosaic virus in lucerne seed during seed maturation and storage, and in seedlings. Plant Pathol.
1990, 39, 539-547. [CrossRef]

Bowers, G.R.; Goodman, R.M. Strain specificity of soybean mosaic virus seed transmission in soybean. Crop Sci. 1991, 31,
1171-1174. [CrossRef]

Carroll, TW.; Gossel, P.L.; Hockett, E.A. Inheritance of resistance to seed transmission of barley stripe mosaic virus in barley.
Phytopathology 1979, 69, 431-433. [CrossRef]

Johansen, E.; Edwards, M.C. Seed transmission of viruses: Current perspectives. Annu. Rev. Phytopathol. 1994, 32, 363-386.
[CrossRef]

Kil, E.-J.; Kim, S.; Lee, Y.-J.; Byun, H.-S.; Park, J.; Seo, H.; Kim, C.-S.; Shim, J.-K,; Lee, J.-H.; Kim, J.-K_; et al. Tomato yellow leaf curl
virus (TYLCV-IL): A seed-transmissible geminivirus in tomatoes. Sci. Rep. 2016, 6, 19013. [PubMed]

Maule, A.].; Wang, D. Seed transmission of plant viruses: A lesson in biological complexity. Trends Microbiol. 1996, 4, 153-158.
[CrossRef] [PubMed]

Pagén, I. Transmission through seeds: The unknown life of plant viruses. PLoS Pathog. 2022, 18, €1010707. [CrossRef] [PubMed]
Frosheiser, F1. Alfalfa mosaic virus transmission to seed through alfalfa gametes and longevity in alfalfa Seed. Phytopathology
1974, 64, 102-105. [CrossRef]

Gutiérrez-Sanchez, A.; Cobos, A.; Lépez-Herranz, M.; Canto, T.; Pagan, I. Environmental conditions modulate plant virus vertical
transmission and survival of infected seeds. Phytopathology 2023, 113, 1773-1787. [CrossRef] [PubMed]

Jones, R.A.C,; Proudlove, W. Further studies on cucumber mosaic virus infection of narrow-leafed lupin (Lupinus angustifolius):
Seed-borne infection, aphid transmission, spread and effects on grain yield. Ann. Appl. Biol. 1991, 118, 319-329.

Montes, N.; Pagan, I. Light intensity modulates the efficiency of virus seed transmission through modifications of plant tolerance.
Plants 2019, 8, 304. [CrossRef] [PubMed]

Cobos, A.; Montes, N.; Lépez-Herranz, M.; Gil-Valle, M.; Pagéan, I. Within-host multiplication and speed of colonization as
infection traits associated with plant virus vertical transmission. J. Virol. 2019, 93, 10-1128. [CrossRef]

Pospieszny, H.; Borodynko-Filas, N.; Hasiéw-Jaroszewska, B.; Czerwonka, B.; Elena, S.F. An Assessment of the Transmission Rate of
Tomato Black Ring Virus Through Tomato Seeds; Czech Academy of Agricultural Sciences: Prague, Czech Republic, 2020.

Domier, L.L.; Hobbs, H.A.; McCoppin, N.K.; Bowen, C.R.; Steinlage, T.A.; Chang, S.; Wang, Y.; Hartman, G.L. Multiple loci
condition seed transmission of soybean mosaic virus (SMV) and SMV-induced seed coat mottling in soybean. Phytopathology
2011, 101, 750-756. [CrossRef] [PubMed]

Abd El-Aziz, M.H. Incidence and disease control of zucchini yellow mosaic potyvirus. JO] Wildl. Biodivers. 2019, 1, 122-124.
Liu, S.; Ding, S.-W. Antiviral RNA interference inhibits virus vertical transmission in plants. Cell Host Microbe 2024, 32, 1691-1704.
[CrossRef] [PubMed]

Senshu, H.; Yamaji, Y.; Minato, N.; Shiraishi, T.; Maejima, K.; Hashimoto, M.; Miura, C.; Neriya, Y.; Namba, S. A dual strategy for
the suppression of host antiviral silencing: Two distinct suppressors for viral replication and viral movement encoded by potato
virus M. J. Virol. 2011, 85, 10269-10278. [CrossRef] [PubMed]

Li, F; Huang, C.; Li, Z.; Zhou, X. Suppression of RNA silencing by a plant DNA virus satellite requires a host calmodulin-like
protein to repress RDR6 expression. PLoS Pathog. 2014, 10, €1003921. [CrossRef] [PubMed]

Zanardo, L.G.; Carvalho, C.M. Cowpea mild mottle virus (Carlavirus, Betaflexiviridae): A review. Trop. Plant Pathol. 2017, 42,
417-430. [CrossRef]

Pagén, I.; Montes, N.; Milgroom, M.G.; Garcfa-Arenal, F. Vertical transmission selects for reduced virulence in a plant virus and
for increased resistance in the host. PLoS Pathog. 2014, 10, e1004293. [CrossRef] [PubMed]

Jackson, A.O.; Dietzgen, R.G.; Goodin, M.M.; Bragg, ].N.; Deng, M. Biology of plant rhabdoviruses. Annu. Rev. Phytopathol. 2005,
43, 623-660. [CrossRef] [PubMed]

Walker, PJ.; Freitas-Astua, J.; Bejerman, N.; Blasdell, K.R.; Breyta, R.; Dietzgen, R.G.; Fooks, A.R.; Kondo, H.; Kurath, G.; Kuzmin,
LV.ICTV Virus taxonomy profile: Rhabdoviridae 2022. ]. Gen. Virol. 2022, 103, 001689. [CrossRef] [PubMed]

Medina-Salguero, A.X.; Cornejo-Franco, J.E.; Grinstead, S.; Mollov, D.; Mowery, ].D.; Flores, F.; Quito-Avila, D.F. Sequencing,
genome analysis and prevalence of a cytorhabdovirus discovered in Carica papaya. PLoS ONE 2019, 14, e0215798. [CrossRef]
[PubMed]

https://doi.org/10.3390/v18070752


https://doi.org/10.3390/v12040398
https://www.ncbi.nlm.nih.gov/pubmed/32260283
https://doi.org/10.1128/jvi.01238-06
https://www.ncbi.nlm.nih.gov/pubmed/17135316
https://doi.org/10.1111/j.1365-3059.1990.tb02531.x
https://doi.org/10.2135/cropsci1991.0011183x003100050019x
https://doi.org/10.1094/phyto-69-431
https://doi.org/10.1146/annurev.phyto.32.1.363
https://www.ncbi.nlm.nih.gov/pubmed/26743765
https://doi.org/10.1016/0966-842x(96)10016-0
https://www.ncbi.nlm.nih.gov/pubmed/8728609
https://doi.org/10.1371/journal.ppat.1010707
https://www.ncbi.nlm.nih.gov/pubmed/35951532
https://doi.org/10.1094/phyto-64-102
https://doi.org/10.1094/phyto-11-22-0448-v
https://www.ncbi.nlm.nih.gov/pubmed/36880795
https://doi.org/10.3390/plants8090304
https://www.ncbi.nlm.nih.gov/pubmed/31461899
https://doi.org/10.1128/jvi.01078-19
https://doi.org/10.1094/phyto-09-10-0239
https://www.ncbi.nlm.nih.gov/pubmed/21561316
https://doi.org/10.1016/j.chom.2024.08.009
https://www.ncbi.nlm.nih.gov/pubmed/39243759
https://doi.org/10.1128/jvi.05273-11
https://www.ncbi.nlm.nih.gov/pubmed/21752911
https://doi.org/10.1371/journal.ppat.1003921
https://www.ncbi.nlm.nih.gov/pubmed/25503264
https://doi.org/10.1007/s40858-017-0168-y
https://doi.org/10.1371/journal.ppat.1004293
https://www.ncbi.nlm.nih.gov/pubmed/25077948
https://doi.org/10.1146/annurev.phyto.43.011205.141136
https://www.ncbi.nlm.nih.gov/pubmed/16078897
https://doi.org/10.1099/jgv.0.001689
https://www.ncbi.nlm.nih.gov/pubmed/35723908
https://doi.org/10.1371/journal.pone.0215798
https://www.ncbi.nlm.nih.gov/pubmed/31220099
https://doi.org/10.3390/v18070752

Viruses 2026, 18, 752 17 of 17

58. Cornejo-Franco, J.F.,; Reyes-Proaiio, E.; Mollov, D.; Mowery, J.; Quito-Avila, D.F. Transmission and pathogenicity of papaya virus
E: Insights from an experimental papaya orchard. Plant Dis. 2021, 106, 685-690.

59. Rosenman, J.; McIntosh, C.S.; Aryal, G.R.; Nolte, P. Planting a problem: Examining the spread of seed-borne potato virus Y. Plant
Dis. 2019, 103, 2179-2183. [CrossRef] [PubMed]

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/10.3390/v18070752


https://doi.org/10.1094/pdis-11-18-2004-sr
https://www.ncbi.nlm.nih.gov/pubmed/31322494
https://doi.org/10.3390/v18070752

	Introduction 
	Materials and Methods 
	Seeds and Plant Material 
	Seed-Transmission Experiments 
	Indirect ELISA 
	RNA Extraction from Bean Leaves 
	Virus Detection by RT-PCR 
	Virus Detection by Nucleic Acid Hybridization 
	Whitefly Transmission of Seed-Transmitted CPMMV 
	Statistical Analysis 

	Results and Discussion 
	CPMMV Is Seed-Transmitted in Common Beans 
	No Evidence Was Found for the Seed Transmission of BaCV 
	Seed-Transmitted CPMMV Could Be an Inoculum Source in Secondary Transmission 

	References

