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ABSTRACT

Tomato severe rugose virus (ToSRV) and Tomato chlorosis virus (ToCV)
are among the major viruses that affect tomato (Solanum lycopersicum)
development and yield in Brazil. ToSRV and ToCV are transmitted in a
persistent circulative and semipersistent manner, respectively, by the
whitefly Bemisia tabaci Middle East-Asia Minor 1, considered the main
vector of these viruses. In this study, the kinetics of systemic invasion and
the latent and incubation periods of ToSRV and ToCV were evaluated in
singly and doubly infected tomato plants. Both viruses moved systemically
into tomato plants as early as 1 day after inoculation. The mean ToCV

latent periods in single infections and co-infections with ToSRV were 13
and 11 days, respectively, while incubation periods in single and co-
infections were, on average, 30 and 31 days, respectively. For ToSRV, the
mean latent period was 7 days in single infections and 6 days in co-
infections with ToCV. Incubation periods were, on average, 18 and 17 days
in single and co-infections, respectively. Because latent periods for both
viruses were shorter than their respective incubation periods, field-infected
tomato plants may act as sources of inocula soon after infection and before
onset of symptoms.

Tomato (Solanum lycopersicum, family Solanaceae) is one of the
most important vegetables in the world, generating a large number of
jobs in both agriculture and industry, and is a source of high-value
nutrients and minerals for human consumption (Bergougnoux 2014).
Among factors that may compromise the development and production
of tomato, the diseases caused by Tomato severe rugose virus (ToSRV;
genus Begomovirus) and Tomato chlorosis virus (ToCV; genus
Crinivirus) are particularly noteworthy (Inoue-Nagata et al. 2016a,b).
In Brazil, 17 species of the genusBegomovirus that naturally infect

tomato plants in the field have been described (Fernandes et al. 2008;
Inoue-Nagata et al. 2016a,b; Rocha et al. 2013). ToSRV is the
predominant begomovirus in the main tomato-producing regions in
Brazil: the states of Minas Gerais, São Paulo, and Goiás and the
Federal District (Inoue-Nagata et al. 2016a,b). To date, ToCV is the
only crinivirus reported as infecting tomato plants in Brazil (Barbosa
et al. 2011; Inoue-Nagata et al. 2016a). ToSRV and ToCV are
transmitted in a persistent circulative and semipersistent manner,
respectively, by different species of whiteflies. The cryptic species
Bemisia tabaci Middle East-Asia Minor 1 (MEAM1, formerly
biotype B), because it predominates in different regions and shows
high efficiency in transmitting ToSRV and ToCV, is considered the
principal vector of these viruses in Brazil (Barbosa et al. 2014; De
Marchi et al. 2017;Marubayashi et al. 2013; Rocha et al. 2011). Both
viruses can also be transmitted by B. tabaci New World 2 (NW2,
formerly biotype A) (DeMarchi et al. 2017). B. tabaciNewWorld 1
(NW1, formerlybiotypeA),B. tabaciMediterranean (MED, formerly
biotype Q), Trialeurodes abutiloneus, and T. vaporariorum are
also vectors of ToCV (Lourenção et al. 2008; Orfanidou et al. 2016;
Wintermantel andWisler 2006). Of these, only T. abutiloneus has not

yet been reported in Brazil. There is no apparent interaction between
ToSRVand ToCV in the processes of acquisition and transmission by
B. tabaci MEAM1, because transmission rates when these viruses
were acquired simultaneously or individually are similar (Macedo
et al. 2019).
ToSRV-induced symptoms in tomato plants include vein clearing,

chlorosis, mosaic, and foliar wrinkling that affect plant development
(Inoue-Nagata et al. 2016a,b; Macedo et al. 2015). Tomato plants
infectedwithToCVexhibitmostly interveinal chlorosis onolder leaves,
which may also show bronzing or reddish spots and upward-curved
edges, eventually becoming thick and brittle. Symptoms begin at the
base and progress toward the plant apex but rarely appear on younger
leaves (Wintermantel and Wisler 2006; Wintermantel et al. 2008).
Due to the presence of common hosts of these viruses in the field,

includingcultivatedplants andweeds, andbecausebothare transmitted
by B. tabaciMEAM1, co-infections in tomato crops frequently occur
in Brazil (Inoue-Nagata et al. 2016a; Macedo et al. 2014). A study of
tomato plants in Goiás and the Federal District found that, of 150
samples analyzed, 40% were infected with both viruses, while 32 and
20% contained only ToCV or ToSRV, respectively (Macedo et al.
2014). Greenhouse experiments showed that tomato plants co-infected
early with ToSRV and ToCV may have drastically reduced yield
(Guimarães et al. 2017).
Epidemiological studies have shown that the spatial and temporal

dynamics ofToSRVandToCVin tomatocrops arevery similar and that,
for both viruses, primary infections through the continuous influxes of
viruliferous whiteflies are the main factor responsible for epidemics
(Macedo et al. 2019). However, important epidemiological parameters
such as latent and incubation periods are still unknown for ToSRVand
ToCV in tomato plants. Knowledge of latent and incubation periods of
pathogens in their hosts is important to the development of strategies for
managing plant diseases (Rimbaud et al. 2015). Latent period can be
defined as the time between inoculation and host infectivity (i.e., the
time when the infected plant becomes a source of inoculum) and
incubation period as the time interval from inoculation of the pathogen
into the host until symptoms appear (Bergamin Filho et al. 2018;
Rimbaud et al. 2015; Van Der Plank 1963).
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Control of both diseases has been difficult and, in general, it is
recommended that management measures for these viruses be
carried out on a regional scale and involve integrated management
with the use of various practices, including transplanting healthy
seedlings; using resistant or tolerant cultivars, which are currently
available only for begomoviruses; establishing a virus-free tomato
crop period; avoiding scaling of plantations; eliminating external
sources of inocula; and rational control of the insect vector by
applying insecticides (Bergamin Filho et al. 2016; Gouvêa et al.
2017; Inoue-Nagata et al. 2016a,b).
To better understand the important epidemiological parameters

for the development of diseases associated with ToSRVand ToCV
and to assist in establishing more effective management measures,
we evaluated the kinetics of systemic invasion and the latent and
incubation periods of these viruses in single infections and co-
infections in tomato plants.

MATERIALS AND METHODS

Plant material. Healthy tomato plants (typeSantaCruz, cultivar
Kada) grown from seed sown in 1.5-liter pots containing commercial
substrate (Tropstrato HT Hortaliças) were used. Approximately 20
seeds were sown per pot. After reaching the three- to four-true-leaf
stage, plants were transplanted to new 1.5-liter pots containing the
same substrate, with one plant per pot. Plants were irrigated daily and
fertilized periodically with N-P-K (10-10-10).

Virus isolates. The ToCV isolate used in the experiments was
collected from infected tomato plants in the municipality of Sumaré,
state of São Paulo, Brazil. The ToSRV isolate used in the first
experimental replicate was kindly provided by Dr. Alice Kazuko
Inoue-Nagata, Embrapa Hortaliças, Distrito Federal. In the other
replicates, an isolate of ToSRVobtained from infected tomato plants
in Sumaré was used. The identity of the virus isolates was confirmed
through partial nucleotide sequencing of their genomes and compar-
ison with other corresponding nucleotide sequences deposited in
GenBank,using the programBLASTn, available at https://www.ncbi.
nlm.nih.gov/blast. ToCV- or ToSRV-infected tomato plants were
maintained separately in plant growth chambers (Conviron) at a tem-
perature of 25�C with a photoperiod of 14 h of light and 10 h of
darkness. Tomato plants co-infected with ToSRVand ToCV isolates
were maintained in whitefly-proof cages in a greenhouse. Sources of
inoculum were renewed periodically by transmitting the viruses to
young tomato plants, using B. tabaciMEAM1.

Colony of B. tabaci MEAM1. Avirus-free colony ofB. tabaci
MEAM1 was used for the transmission assays. The colony was
established in collard plants (Brassica oleraceae) and kept in
whitefly-proof cages. Periodically, the species identity and colony
purity were molecularly verified. Total DNA of adult insects was
extracted by using the Chelex 100 protocol (Walsh et al. 1991) and
amplified by polymerase chain reaction (PCR) using the primer
pair Bem23F and Bem23R, which differentiate the cryptic species
Bemisia tabaci MEAM1 and MED (De Barro et al. 2003).

Transmission of viruses by B. tabaci MEAM1. With a
mouth aspirator, virus-free B. tabaci MEAM1 adults were collected
from collard leaves and transferred to glass pots (600 ml) containing
tomato leaves infectedwith ToSRVandToCVisolates, separately. The
insects were provided an acquisition access period (AAP) of 24 h. To
transmit both viruses together, detached leaves of tomato plants co-
infected with ToSRV and ToCV were used as an inoculum source,
because simultaneous acquisition of these viruses does not affect the
efficiency of vector transmission, as mentioned previously. After the
AAP, the potentially viruliferous insects were transferred to clip cages
andplacedon leaflets of tomatoplants to be inoculated.An inoculation
access period (IAP) of 24 h was used for the assays of kinetics of
systemic invasion, and an IAP of 5 days was used for the assays to
determine the latent and incubation periods. To prevent possible cross-
contamination between plants after IAP, inoculated leaves together
with clip cages were detached from the plants, thus eliminating all

adult insects and any deposited eggs and eventual nymphs. Then,
plants were sprayed with the insecticides pyriproxyfen and cartap
hydrochloride to prevent later colonization by the vector. Plants were
kept in whitefly-proof cages in a greenhouse.

Nucleic acid extraction. Total DNA and RNAwere extracted
from leaf samples according to Dellaporta et al. (1983), with
adaptation. In a microfuge tube, 0.1 g of leaf samplewas macerated
in liquid nitrogen. In total, 750 µl of nucleic acid extraction buffer
(100 mM Tris-Cl, 50 mM EDTA, and 500 mM NaCl, pH 8.0) and
50 µl of 20% sodium dodecyl sulfatewas added to the ground tissue.
The sample was then incubated at 65�C for 10 min. Then, 250 µl of
3 M potassium acetate was added, and the sample was kept on ice
for 20 min and centrifuged at 12,000 × g at 4�C for 20 min. The
supernatant was transferred to a new tube and 680 µl of isopropanol
was added. The sample was incubated at 20�C for 30 min and then
centrifuged at 12,000 × g at 4�C for 20 min. Subsequently, the
supernatant was discarded and the pellet was vacuum dried for 5min.
The pellet was then resuspended in 100 µl of 1× Tris-EDTA (TE)
buffer (10mMTris-Cl and 1mMEDTA, pH 8.0), and the suspension
was kept on ice for 15min.Then, 10 µl of 3Msodiumacetate, pH5.2,
and 250 µl of 95% ethanol were added. The suspension was kept at
_20�C for 30 min, then centrifuged at 12,000 × g for 20 min at 4�C.
The pellet was washed with 150 µl of 70% ethanol and centrifuged at
12,000 × g for 10min at 4�C, and the supernatant was discarded. The
pellet was vacuum dried for 5 min and resuspended in 50 µl of
0.1× TE buffer and stored at _20�C for later use in rolling-circle
amplification (RCA)-PCR and reverse-transcription (RT)-PCR.

Detection of ToSRV by RCA-PCR and of ToCV by RT-
PCR. The presence of ToSRV and ToCV was analyzed from the
totalDNAandRNAextracted from leaf samples, respectively. Total
DNA and RNA extracted from tomato plants with confirmed
infection with ToSRVor ToCVand from healthy plants were used in
RCA-PCR and RT-PCR as positive and negative controls, re-
spectively. To check for possible cross-contamination between
plants, leaf samples from some tomato plants inoculated with
ToSRValone were randomly selected and analyzed molecularly to
detect ToCV, while other plants inoculated with ToCV alone were
selected and analyzed to detect ToSRV.
Afterextractionof totalDNA,an initialamplificationwasperformed

by theRCA techniquewith the enzyme phi29DNApolymerase, using
the Illustra TempliPhi kit (GE Healthcare) according to the manu-
facturer’s recommendations. The RCA product was stored at _20�C
for later use in PCR. The PCR was performed using the universal ol-
igonucleotideprimers for begomoviruses, PAR1c496andPAL1v1978,
which amplify a fragment of approximately 1.1 kbp comprising the
59 region of the replicase gene, the entire intergenic region, and the
59 region of the coat protein gene (Rojas et al. 1993). For detection
of ToCV, the oligonucleotide primers ToC-5 and ToC-6, which
amplify a fragment of approximately 463 bp comprising the heat
shock protein 70 homolog gene, were used (Dovas et al. 2002).
Amplicons obtained were analyzed by electrophoresis in 1% aga-
rose gels, stained with SYBR Safe DNAGel Stain (Invitrogen), and
visualized in a UV-transilluminator.

Nucleotide sequencing. To confirm the identity of the virus
species that were detected by RCA-PCR and RT-PCR, some
ampliconswere randomly selected and sent for nucleotide sequencing.
RCA-PCR and RT-PCR products were purified using the Wizard SV
Gel purification kit and PCR Clean-up System (Promega Corp.),
according to themanufacturer’s recommendations. Purified amplicons
were sent toMacrogen for sequencing.Nucleotide sequences obtained
were compared with other corresponding nucleotide sequences
available in GenBank, using the program BLASTn, available at
https://www.ncbi.nlm.nih.gov/blast.

Kinetics of systemic invasion of ToSRV and ToCV in single
and co-infection in tomato plants. Two independent experiments
were conducted in a greenhouse in ambient temperature and
photoperiod from January to March 2017 and July to September
2017. Tomato plants (cultivarKada)were inoculatedwithToSRVand
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ToCV, separately and together, 30 days after emergence. After a 24-h
AAP of the viruses, 20 viruliferous adults of B. tabaciMEAM1were
confined in clip cages placed on the terminal leaflet of the third leaf
of test tomato plants for a 24-h IAP. Then, the insects were killed
inside the clip cages by applying carbon dioxide gas for 30 s.
Leaves inoculated with the virus by the vector were detached from
the plants together with clip cages at the following time intervals: 1,
2, 3, and 4 days after the viruliferous insects were confined on the
plants. In 15 tomato plants, the inoculated leaf was not detached
from the plant after the insects were killed, as a positive control
for systemic invasion. After the inoculated leaves were removed,
pyriproxyfen and cartap hydrochloride were applied to prevent
subsequent colonization by the vector. Plants were kept in individual
whitefly-proof cages to prevent cross-contamination between the
experimental plants. Infection and systemic invasion of the virus or
viruses in all tomato plants were confirmed 30 days after inoculation
(DAI), using RCA-PCR for ToSRVand RT-PCR for ToCV.

Identification of latent and incubation periods of ToSRV
and ToCV in single and co-infections in tomato plants.
Three independent experiments were conducted in a greenhouse,
with ambient temperature and photoperiod during November 2016
to February 2017, February toMay 2017, and July to October 2017.
Tomato plants were inoculated with the viruses, separately and
mixed, 30 days after emergence. Procedures for virus acquisition
and inoculation were performed as described previously. For
inoculation, 30 viruliferous insects per plant and a 5-day IAP were
used. Inoculated tomato plants were subsequently used as inoculum
sources for acquisition of the viruses by B. tabaci MEAM1 in
transmission assays conducted at different time intervals. Tomato
plant sources of inoculawere used for virus acquisition by thevector
at 4, 8, 12, and 16 DAI.
For virus acquisition, 50 virus-free adultwhiteflieswere confined

in clip cages and were always placed on the newest fully developed
leaf of the inoculum source plants at each acquisition time interval
assessed. For each preestablished acquisition time, the AAP for the
vector was 24 h. Subsequently, the insects were transferred to other
clip cages and placed on the terminal leaflet of the third leaf of
healthy tomato plants. Tomato test plants were inoculated 25 to
30 days after emergence. For inoculation, approximately 30 viru-
liferous insects per plant were confined for a 5-day IAP. In all
acquisition intervals, the same plants were used as sources of inoc-
ula. For each virus-acquisition interval, insects that acquired the
viruses on a tomato inoculumsourcewere used to inoculate a tomato
test plant. After inoculation, test plants were kept in individual
cages in the greenhouse and sprayed with pyriproxyfen and cartap
hydrochloride tokillwhiteflies andavoidpossible cross-contamination
between experimental plants.
Latent periodswere evaluated basedon transmission ofToSRVand

ToCV by B. tabaciMEAM1 to tomato test plants after the whiteflies
acquired the viruses from the tomato sources of inoculum at each
different time interval after inoculation. Transmission of viruses was
determined for all plants 30DAI byRCA-PCR for ToSRVand byRT-
PCR for ToCV. Incubation periods of ToSRV and ToCV in tomato
plants were evaluated daily based on the appearance of symptoms in
the plants used as sources of inocula.
Two experiments were conducted according to the procedures

describedabove.A third experimentwascarriedout, differing from the
previous experiments only in the time intervals for acquisition of the
viruses from the plant sources of inoculum. In the third experiment,
acquisitions of the viruses by the vector were conducted daily, from
days 1 to 8 after inoculation for tomato plants inoculated with ToSRV;
from days 4 to 12 after inoculation for plants inoculated with ToCV;
and from days 1 to 12 after inoculation for plants doubly inoculated
with ToSRV and ToCV. Evaluations followed the same criteria
described above.

Statistical analysis. Binary logistic regression analysis was
used to assess the kinetics of systemic invasion of ToSRVand ToCV
in single and co-infections in tomato plants (Madden et al. 2002;

Mituti et al. 2018). Logistic function was fitted to model the
relationship between plant infection status (0 = noninfected and 1 =
infected) and removal time of inoculated leaves (1, 2, 3, or 4 DAI).
This relationship was tested to determine whether it was affected
by the virus and the type of infection (single versus co-infection).
The generalized linear model with binomial error structure and

logit link function for each individual experiment can bewritten as logit
(pijk)= ln[p/(1_ p)]=µ +ai+bi+dk+ (abg)ijk+ (ab)ij+ (ag)ik+ (bg)jk,
where pijk is the probability of a tomato plant being infected on day i
after inoculated leaf removal for virus j and type of inoculation k (single
or in co-inoculation); µ is a constant.
The significance of the predictor variables (a, b, d, and their double

and triple interactions) were tested in the deviance analysis by theWald
statistic z-value. Plots of p [obtained by back-transformation of the logit
(p)] as a function of removal timeof inoculated leaves for both viruses in
single or co-infection were done for better understanding of the results.
Survival analysis technique was used to estimate both latent and

incubation periods because it is a suitable tool to deal with time-to-
event variables. The advantage of this analysis technique is that it can
accommodate censored observations (i.e., cases in which the event
has not occurred by the end of the study) (Hosmer and Lemeshow
1999; Scherm and Ojiambo 2004). Cox proportional hazards regres-
sion models were fitted to (i) time (days) when the infected plant
becomes a source of inoculum (latent period) and (ii) time (days)
from the inoculation until the appearance of the typical symptoms of
each virus (incubation period) (Copes and Thomson 2008; Lanza
et al. in press). The Kaplan-Meier method was used to produce es-
timates of the latent and incubationcurves andmedianperiod lengths.
The median period lengths of both variables were compared using a
log-rank test (atP=0.05),which testedwhether theywere affectedby
the type of virus (ToCVor ToSRV) or when they were inoculated in
single or co-infections.
All statistical analyses were performed using R (R Team 2018).

The “glm” function from the stats packagewas used to fit the binary
data and “predict” function for back-transforming the estimated
logit(p) to probability scale. The “coxph” and “survfit” functions
from the survival package were used to fit the survival curves and
Cox proportional hazards regression models, respectively. For a
better comprehension of results, the survival curves were trans-
formed to their cumulative event plots by f(y) = 1 _ y. The
“ggsurvplot” function from the survminer package was used to plot
the survival curves (Kassambara and Kosinski 2018).

RESULTS

Identity of virus isolates and molecular analyses. Partial
nucleotide sequences obtained from total DNA and RNA extracted
from tomato plants used as sources of inoculum of ToSRV and
ToCV showed 95 to 98% and 98 to 99% identity, respectively,
with other corresponding sequences of ToSRV (accession num-
bers AYO29750 and JX415196) and ToCV (accession numbers
JQ952601 and KY419528) deposited in GenBank. The nucleotide
sequences of five amplicons obtained from the total DNA and RNA
extracted from tomato plants infected with ToSRV and ToCV,
respectively, andwhichwere randomly selected in each experiment,
confirmed the identity of the viral isolates. Tomato plants used as
sources of inoculumwere also tested by RT-PCR for the presence of
other tomato-infecting viruses of the genera Potyvirus (Potato virus
Y), Tobamovirus (Tomato mosaic virus), Orthotospovirus (Tomato
spotted wilt virus and Tomato chlorotic spot virus), and Crinivirus
(Tomato infectious chlorosis virus). The results were negative (data
not shown).
Samples of tomato plants used to check cross-contamination

showed that those inoculated with ToSRValone tested negative by
RT-PCR for the presence of ToCV, whereas those inoculated with
ToCV alone tested negative by RCA-PCR for the presence of
ToSRV. Neither of the viruses was detected in healthy tomato plants
used as controls (data not shown).
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Kinetics of systemic invasion of ToSRV and ToCV in
single and co-infections in tomato plants. The results for the
kineticsof the systemic invasionofToSRVandToCVin tomatoplants
demonstrated that both viruses, in single and co-infections, moved
systemically from the inoculated leaf within 1 DAI (Table 1).
The percentage of plants infected with ToSRV remained high

with the different removal times of the inoculated leaves. For
inoculated leaves removed at 1 DAI, the proportion of ToSRV-
infected plants was higher than 50%. This proportion did not
increase when the inoculated leaves were removed at 2, 3, or 4 DAI
(Fig. 1A and B). Statistical analysis indicated that co-infection with
ToCVdid not significantly influence the time required for ToSRV to
move systemically from the inoculated leaf (Fig. 1A and B). The
percentage of plants infectedwith ToCVincreased as the inoculated
leaf remained longer on the tomato plants (Fig. 1C and D). This
percentage ranged from 8 to 19% when the inoculated leaf was
removed from the plant at 1 DAI and increased up to 80 to 90%
when the inoculated leaf was removed from the plant at 4 DAI
(Table 1). In the first experiment, the co-infection with ToSRV
affected the systemic invasion of ToCV, because the proportion of
ToCV-infected plants reached 50% when the inoculated leaf was
removed at 2.7 DAI in a single infection and at 1.5 DAI in a co-
infection (Fig. 1C). However, in the second experiment, co-
infection with ToSRV did not significantly affect the systemic
invasion of ToCV (Fig. 1D).

Latent and incubation periods of ToSRV and ToCV in
single and co-infections in tomato plants. The minimum and
mean latent periods of ToSRVin single infection in tomato plants
were 4 and 7 days, respectively (Table 2; Fig. 2). The incubation
period of ToSRV in tomato plants analyzed in experiments 1 and
2 could not be determined because the infected plants, for
unknown reasons, did not show symptoms typical of those
induced by this virus such asmosaic and foliar wrinkling. ToSRV
infection was confirmed in all asymptomatic tomato plants by
RCA-PCR. In the third experiment, tomato plants infected with
ToSRV showed symptoms of vein clearing and foliar wrinkling,
and some plants also showed mosaic on younger leaves.
Symptoms were first expressed at 16 to 18 DAI. In tomato
plants doubly inoculated with ToSRV and ToCV, the minimum
and mean latent periods of ToSRV were 2 and 6 days,
respectively. Doubly infected plants in experiments 1 and 2 also
did not exhibit characteristic symptoms of begomovirus in-
fection. The incubation period of ToSRV in co-infection with
ToCV, evaluated only in experiment 3, ranged from 16 to 18 days,
similar to that of the single infection (Table 2; Fig. 2).
The minimum latent period of ToCV in a single infection was

7 days, with a mean of 13 days. The incubation period of this
crinivirus in a single infection ranged from 21 to 41 days, with a
mean of 30 days (Table 2; Fig. 2). The minimum latent period of
ToCV in tomato plants co-infected with ToSRV was 6 days, with a

mean of 11 days. Three tomato plants inoculated with both viruses
and proven to be infected with ToCV did not serve as sources of
inoculum of this crinivirus in the transmission intervals evaluated.
The incubation period of ToCV co-infected with ToSRV ranged
from 23 to 41 days, with a mean of 31 days (Table 2).
Latent and incubation periods of ToSRV and ToCV in tomato

plants were significantly different (P < 0.0001) (Fig. 3A and D).
Plants infected with ToSRV became sources of inoculum and
symptomatic earlier than plants infected with ToCV. However, co-
infection did not significantly alter the latent and incubation periods
of either virus (Fig. 3B, C, E, and F).

DISCUSSION

Kinetics of systemic invasion of ToSRV and ToCV in
single and co-infections in tomato plants. The results of the
present study demonstrated that ToSRV and ToCV rapidly move
systemically from the inoculated leaves of tomato plants (i.e., within a
single day after inoculation of plants by viruliferous whiteflies). The

TABLE 1. Systemic invasion of Tomato severe rugose virus (ToSRV) and Tomato chlorosis virus (ToCV) in single and co-infection in tomato plants after removal
of the inoculated leaf at different time intervals (days)

Number of plants infected/number of plants inoculated (% infection)

Experiment, virus Removal of inoculated leaf (days)

Inoculated Detected 1 2 3 4 Undetached leafa

First
ToSRV ToSRV 7/9 (78) 4/7 (57) 6/8 (75) 6/8 (75) 2/3 (67)
ToCV ToCV 1/12 (8) 3/10 (30) 8/14 (57) 9/10 (90) 2/2 (100)
Both ToSRV 5/10 (50) 6/8 (75) 6/8 (75) 8/8 (100) 2/2 (100)
Both ToCV 4/10 (40) 7/8 (88) 5/8 (63) 7/8 (88) 2/2 (100)

Second
ToSRV ToSRV 6/8 (75) 5/8 (63) 5/8 (63) 5/6 (83) 2/2 (100)
ToCV ToCV 3/16 (19) 4/8 (50) 5/8 (63) 8/10 (80) 2/3 (67)
Both ToSRV 8/8 (100) 2/8 (25) 5/8 (63) 5/6 (83) 3/3 (100)
Both ToCV 4/8 (50) 2/8 (25) 6/8 (75) 5/6 (83) 3/3 (100)

a Control.

Fig. 1. Probability of tomato plants being infected as a function of the removal
time of inoculated leaf. ToSRV = Tomato severe rugose virus and ToCV =
Tomato chlorosis virus. Gray shaded area represents the 95% confidence in-
terval of the estimated proportions. Gray horizontal line indicates 50% in-
fected plants. P values represent the significance of the interaction term: time
(in days) of inoculated leaf removal and type of infection (single or co-in-
fection). A and C, First experiment and B and D, second experiment.
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infection rate of tomato plants with ToSRV was high, even with the
removal of the inoculated leaf 1DAI,whereas ToCVinfection ratewas
increased when inoculated leaves remained longer on the plant
(Table 1; Fig. 1). These results indicated a higher efficiency of the
begomovirus at the beginning of the systemic invasion in tomato
plants.
Several factors can influence the length of time viruses take to

systemically invade the host: species, variety, and age of the host;
species and strain of the virus; suppression of virus-induced host
defenses such as RNA silencing; the environment; and themethod
and site of inoculation. It should also be considered that the rate of
virus movement in mesophyll and epidermal cells is much lower
than the rate of movement through the phloem vessels (Hull
2013).
Silva et al. (2002) evaluated the kinetics of the systemic invasion of

the Cowpea mosaic virus (genus Comovirus) in cowpea (Vigna
unguiculata) by removingmechanically inoculated primary leaves at

daily intervals. Systemic infection was established when the inocu-
lated leaves were removed 2 DAI or later. A similar study with the
begomoviruses Tomato rugose mosaic virus (ToRMV) and Tomato
yellow spot virus (ToYSV), inoculated using bioballistics into
Nicotiana benthamiana and tomato plants, revealed that both viruses
were able to move systemically 2 and 4 DAI in N. benthamiana and
tomato plants, respectively (Alves-Júnior et al. 2009). These results
differ from those obtained for ToSRV in the present study because,
here, thevirusmoved systemically only1DAI in tomatoplants. Part of
the divergence between the results obtained in the assays involving
these begomoviruses may be related to the inoculation methods used.
The inoculation method may influence the amount of time required
for systemic invasion of the host plant because it influences the
location where virus particles are deposited within host tissues. For
phloem-limited viruses that are delivered by the insect vector directly
into the vasculature, the initial cell-to-cell movement may not occur
and the virus particles are transported long distances through the
phloem almost immediately after inoculation (Hull 2013). This may
explain the rapid onset of systemic movement of the begomovirus
and crinivirus in the tomato plants observed in the present study,
compared with studies with other begomoviruses in which delivery
involved biolistic methods.
Co-infections of viruses in plants can also lead to changes in the

kinetics of the systemic invasion of the viruses involved (Alves-
Júnior et al. 2009). In the systemic movement of the begomoviruses
ToRMVand ToYSV in N. benthamiana and tomato plants, positive
and negative interactions were observed between the viruses at
different stages of the infection. In co-infected plants, when the
inoculated leaf was detached at 2 DAI in N. benthamiana and at
4 DAI in tomato plants, there was a reduction in the percentage of
plants infected with ToYSV compared with plants inoculated with
this virus alone. In plants where inoculated leaves were detached at 4
and 6 DAI in N. benthamiana and at 8 and 12 DAI in tomato plants,
the percentages of ToYSV-infected plants in single or co-infection
were similar, while the percentage of plants infected with ToRMV
increased inco-infectedplants (Alves-Júnior et al. 2009).The authors
suggested that the presence of ToRMV interfered with the early
events of the ToYSV infection cycle (replication in the initially
infected cell or cell-to-cell movement), but ToYSV facilitated the
systemic invasion of ToRMV in the later stages in both hosts. In the
present study, the systemic invasion of ToSRV was not influenced

TABLE 2. Latent and incubation periods of Tomato severe rugose virus
(ToSRV) and Tomato chlorosis virus (ToCV) in single and co-infection in
tomato plantsa

Virus,
experiment

Inoculum
source
plants

Latent
period
(days)

Incubation
period
(days)

Interval between
latent and

incubation (days)

ToSRV
1 1 8 as _

2 8 as _

3 8 as _

4 8 as _

5 8 as _

2 6 4 as _

7 8 as _

8 4 as _

9 4 as _

10 4 as _

3 11 7 18 11
12 8 18 10
13 7 16 9
14 7 18 11

Mean … 7 18 11
ToCV

1 1 16 34 18
2 16 29 13
3 12 34 22
4 16 41 25
5 12 35 23

2 6 12 29 17
7 16 32 16
8 12 32 20
9 16 31 15

3 10 11 25 14
11 12 21 9
12 7 25 18
13 11 23 12

Mean … 13 30 17
ToSRV + ToCV

1 1 8/_ as/28 _/_

2 8/12 as/31 _/19
3 8/16 as/27 _/11
4 8/12 as/26 _/14
5 8/16 as/34 _/18

2 6 8/16 as/37 _/21
7 4/_ as/41 _/_

8 4/_ as/41 _/_

9 4/12 as/39 _/27
10 4/8 as/37 _/29

3 11 5/6 16/23 11/17
12 2/12 16/25 14/13
13 2/8 16/25 14/17
14 8/8 18/25 10/17

Mean … 6/11 17/31 11/20

a Symbols: as = asymptomatic plants and _ indicates parameter not deter-
mined. For combined viruses, the left side represents results for ToSRV and
the right side represents results for ToCV.

Fig. 2. Mean latent and incubation periods of Tomato severe rugose virus
(ToSRV) and Tomato chlorosis virus (ToCV) in single and co-infection in
tomato plants.
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by co-infection with ToCV (Fig. 1A and B). The ToCVinfection rate
for the first experiment was higher in the plants co-infected with
ToSRV than in those infected only with this crinivirus, suggesting a
positive effect of ToSRVat the beginning of the systemic invasion of
ToCVinto tomato (Table 1; Fig. 1C). However, this synergistic effect
was not observed for the second experiment (Table 1; Fig. 1D).

Latent and incubation periods of ToSRV and ToCV in
single and co-infection in tomato plants. The latent period is
directly related to the development of epidemics because its length
influences the time when the pathogen can be transmitted from a

diseased host to another, healthy host (Rimbaud et al. 2015). The
latent period is an epidemiological parameter that influences the
progress of polycyclic diseases in the field, because the shorter the
latent period, the more cycles of the pathogen per host cycle will be
obtained, thus increasing the speed at which the epidemic develops
(Bergamin Filho et al. 2018).
The results of the present study revealed a significant discrepancy

between the onset of host infectivity and the appearance of
symptoms induced by ToSRVand ToCV in single and co-infection.
Thus, both viruses can be acquired and transmitted from one

Fig. 3. Cumulative hazard curves (obtained by inverse transformation of the Kaplan-Meier estimate) for the time when an infected tomato plant becomes a source
of inoculum (A, B, and C, latent period) or inoculated plants show typical symptoms (D, E, and F, incubation period) in single infection (top-section plots),
Tomato chlorosis virus (ToCV) single infection versus co-infection (middle-section plots), and Tomato severe rugose virus (ToSRV) single infection versus co-
infection (bottom-section plots).
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diseased tomato plant to another healthy one by B. tabaci MEAM1
before any symptoms manifest, because the mean time intervals
between the latent and incubation periods for ToCV were 17 days in
single infection and20days inco-infectionwithToSRV. In the case of
ToSRV, this time period was 11 days in both types of infec-
tion (Table 2; Fig. 2). The long incubation period of ToCV found in
this study agrees with those reported by other authors (i.e., that the
symptoms of this crinivirus manifested between 18 and 65 DAI in
tomato plants) (Barbosa et al. 2008; Orfanidou et al. 2016; Winter-
mantel and Wisler 2006). For ToSRV, symptoms of interveinal
chlorosis, leaf curling, and stunting were observed in infected tomato
plants at 3 weeks postinoculation (Macedo et al. 2015).
In contrast to the relatively long-time lag between the latent and

incubation periods of ToSRVand ToCV in tomato plants observed
here, the latent and incubation periods of the potyvirus Plum pox
virus (PPV; genus Potyvirus) in peach trees (Prunus persica) were
almost synchronous. Although it is a different pathosystem, the first
PPV-induced symptoms in peach leaves appeared 1 day before they
became infectious (Rimbaud et al. 2015). The authors also reported
that the percentage of peach trees that became infectious increased
as a function of time after inoculation.
The importance of the incubation period for plant diseases varies

according to specific interactions between the hosts, vectors, and
humans. The incubation period is important for diseases for which
control measures are based on visible symptoms such as roguing,
applied for years with great success to manage papaya mosaic
caused by Papaya ringspot virus type P (genus Potyvirus) in Brazil
(Rezende and Kitajima 2018). This control measure interferes with
the spread of the pathogen in the field by reducing the period during
which the infected plant is available to serve as a source of
inoculum. The presence of symptoms may also influence the
attraction of the insect vector to the host, which may affect the
dissemination of the pathogen (Rimbaud et al. 2015).
Symptoms induced by ToSRVand ToCV in tomato plants may be

important visual cues used by B. tabaci MEAM1 to select the host
(Fereres et al. 2016). In evaluation of the landing preference of
B. tabaciMEAM1 in free-choice tests, where only visual orientation
was possible, viruliferous and virus-free insects preferred infected
and symptomatic tomato leaves over healthy leaves. In the same
study, the preference of virus-free B. tabaci MEAM1 for tomato
leaves that were healthy or infected with ToSRV or ToCV was
evaluated in the presence or absence of light. In the dark, the insects
landed indiscriminately on infected and healthy leaves. However, in
the presence of light, the insects preferred infected symptomatic
leaves rather than healthy leaves. The same study also reported that
ToSRV-viruliferous whiteflies preferred volatiles emitted from
healthy plants, while volatiles from ToCV-infected plants were
avoided by nonviruliferous whiteflies.
The results of the present study show that tomato plants visited by

B. tabaci MEAM1, viruliferous for both viruses, are rapidly
infected systemically; additionally, the plants can serve as sources
of virus inocula for the vector long before they express disease
symptoms, especially for ToCV. Thus, from the point of view of
managing the diseases caused by these viruses, special care should
be taken to produce 100% virus-free seedlings for transplanting, as
previously recommended in other studies (Tzanetakis et al. 2013;
Wintermantel et al. 2008). The relatively long and substantially
long incubation periods for ToSRV and ToCV, respectively, can
cause a delay invisual diagnosis of the disease. Consequently, trans-
plantation of infected seedlings in the field may contribute to the
introduction of pathogens into the area early in the planting. These
delays also show the epidemiological importance of tomato plants
as a source of inocula of both viruses in the field. Therefore, after
transplantation of healthy seedlings in the field, other management
measures should be prioritized to prevent tomato plants from being
infected early. The purpose of delaying the infection time is to
reduce the damage caused by ToSRVand ToCV in the tomato crop
and to shorten the period during which the infected plants serve as

sources of inocula in the field, either as primary sources, for
transmission of both viruses between neighboring tomato crops, or
as secondary sources, for transmission of viruses between plants of
the same crop.
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