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Abstract: Tomato brown rugose fruit virus (ToBRFV) is an emerging pathogen affecting tomato-
production systems in several countries, including Mexico. This situation involves challenges due to
the negative impact on yield and the lack of disease-management measures. This work analyzes the
spatiotemporal distribution of ToOBRFV in commercial tomato greenhouses. The presence or absence
of diseased plants was evaluated weekly, assigning a location in space (x, y). Temporal analysis
consisted of fitting the incidence to the monomolecular, logistic, log-logistic, Gompertz, exponen-
tial, Weibull, and Richard models, evaluated using the Akaike information criterion, significance,
correlation, coefficient of determination, and root mean square error. Spatial analysis consisted of
determining spatial aggregation using the Moran, Fisher, and Lloyd indices. In addition, spatial
distribution was assessed by sequence observations, point patterns using the inverse distance index,
and analysis by SADIE distance indicators. Results indicated that the logistic models (log-logistic and
logistic) best described the temporal progress of ToBRFV. This disease also had slightly aggregated
patterns in the initial phase, highly aggregated in the exponential phase, and uniform in the decel-
eration and stationary phases. This study demonstrates that the spatial and temporal dynamics of
ToBRFV have important implications for the monitoring, diagnosis, management, and risk prediction
of this disease.
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1. Introduction

Tomato (Solanum lycopersicum L.) is a plant native to tropical America, belonging to the
Solanaceae family [1]. This vegetable accounts for one of the most economically important
global production systems. The main tomato-producing countries are China, the USA,
India, and Turkey. Mexico ranks 10th in production and is the world’s leading tomato
exporter [2], mainly to the United States, with an international market share of 24.5% of the
total value of exports, representing earnings of USD 2080 billion [3].

Tomato brown rugose fruit virus (ToBRFV) is a recently described Tobamovirus that is
an emerging threat, affecting open-field and greenhouse tomato crops in several coun-
tries [4-6]. It is currently spreading to new tomato-production areas, including in Mexico.
This situation is of concern due to the absence of management measures, as this phytosani-
tary problem has negatively impacted various global production regions [7].

ToBRFV is a seed-borne, but not seed-transmitted, virus in tomatoes. The mechanical
transmission of ToBRFV from infected seeds to seedlings is very likely responsible for initi-
ating new infection, and highly impacts high-intensity crop production [8]. ToBRFYV, like
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other members of the Tobamovirus genus, is very stable, which allows for it to be efficiently
transmitted mechanically through the various cultural practices where plants are handled
and through direct plant-to-plant contact, as well as through tools and inert materials that
have direct contact with infected plants [7]. In addition, its dispersal in production units
through nutrient solutions and at a low frequency by the effect of bumblebee pollination
was reported [5,7].

Tobamoviruses are among the most important viruses in horticulture due to the losses
they can cause [9]. In this sense, studies carried out to estimate losses in tomato-crop
production due to ToBRFV infection report disease incidences between 50% and 100% [10],
and damage to 10% to 15% of the total fruits of infected plants [11]. The greatest impact on
the yield, quality, and commercial value in this crop is considered to occur when severe
symptoms appear in fruits such as roughness, deformation, and the presence of brown
spots [6,10-12]. In the particular case of Mexico, the presence of TOBRFV was reported in
the state of Michoacan affecting tomato and pepper (Capsicum annuum L.) crops [13], as
well as in Baja California, affecting tomato cultivars that carry resistance genes for other
Tobamoviruses [14].

Given the growing economic importance of diseases associated with viruses of the
Tobamovirus genus such as ToBRFYV, it is necessary to know the spatial and temporal
dynamics of the diseases they cause in order to understand different epidemiological
aspects [15]. Epidemiology is used as a tool to complement basic studies to provide answers
from a biological and ecological point of view concerning the development, evolution, and
management of diseases [16-18]. Despite this, epidemiological studies associated with the
Tobamovirus genus and especially ToBRFV under commercial conditions are scarce and not
very informative.

The use of epidemiological models supports the analysis of variables of phytopatho-
logical interest such as incidence and severity. These data are used to forecast and analyze
disease dynamics, which are then incorporated into integrated management tools. Tech-
niques used for the development of these analyses include temporal and spatial models [18].
Thus, epidemic modeling contributes to a broad understanding of disease dynamics in
time and space, which has led to the establishment of management strategies focused on
the biological, genetic, and evolutionary aspects of both the hosts and these agents [19].

Despite the importance of the effect of this pathosystem on global tomato crops, studies
aimed at the characterization of epidemics as a basis for the design and implementation of
integrated management strategies have not been conducted. For this reason, the objective
of this study was to analyze and understand the spatiotemporal distribution of ToOBRFV
through mathematical modeling in five commercial tomato greenhouses, as a basis for the
formulation of proposals for the management of the disease.

2. Materials and Methods
2.1. Study Area and Production-System Characterization

The study was conducted in a commercial tomato production farm during the second
cycle of 2019 from July to December (weeks 28-51 of the year). During this period, five com-
mercial greenhouses established with the TOP-2299 cultivar (Top Seeds®) were monitored.

For the characterization of the epidemic caused by ToBRFYV, five greenhouses ranging
in area from 1 to 1.3 ha were selected in which different plant densities were established
with different transplanting dates (Table 1). In each of the greenhouses, the plants were
transplanted in 1 m long coconut fiber slabs distributed in 40 m furrows. In each furrow,
40 slabs were established that contained three planting sites, transplanting two plants per
site. The distance between planting sites was 33 cm, and the distance between rows was
1.20 m.
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Table 1. Characteristics of commercial tomato greenhouses cv. TOP-2299 during the 2019 cycle.

Greenhouse Area (ha) Number of Plants/Greenhouse Number of Furrows Transplanting Date
1 1.3 33,600 140 15 July 2019
2 1.0 26,400 110 11 July 2019
3 1.1 28,800 120 10 July 2019
4 1.15 30,000 125 13 July 2019
5 1.2 31,200 130 20 July 2019

A high-intensity production system with a 168 day cycle (24 weeks) was used. The
main cultural practice carried out was the tutoring of the plants, which was carried out
weekly throughout the crop cycle. Harvesting was carried out from Week 35 with an
average periodicity of 2 days, while leaf removal began in Week 36 and was performed
weekly until the end of the production cycle. Fertilization was conducted through a
combined mixture of nutrients using the application efficiency of the irrigation system,
which was carried out by means of drip-type emitters under technical and technological
agricultural criteria.

2.2. Detection of ToBRFV by RT-PCR

Before conducting the study, samples of leaves and fruits with symptoms associated
with ToBRFV infection in tomato plants were collected in each greenhouse. The virus was
detected and identified through reverse transcription polymerase chain reaction (RT-PCR).
Twenty-five samples from the five commercial greenhouses were processed (three symp-
tomatic leaf samples and two fruit ones per greenhouse). Viral detection was performed
with the specific TOBRFV-FMX and ToBRFV-RMX oligonucleotides, which amplify a 475 bp
fragment that encodes a region of the RdRp located in ORF1 [20].

2.3. Design and Data Collection in the Greenhouses

All tomato plants in each greenhouse were monitored. Each plant was considered
to be a sampling unit, where the amount of disease present in the total population was
evaluated, which was quantified by the incidence (number of diseased plants with respect
to the total number of plants). Plant status (healthy or diseased) was determined by visual
inspection of the expression of foliar symptoms (mosaics) present on leaves located in the
upper third of the plant (Figure 1), characteristic of the infection caused by ToBRFV in
tomato crops [6,10-12].

For temporal analysis, weekly monitoring was conducted from the first week after
transplanting (Week 28) until the end of the crop cycle (24 evaluations). Additionally, for
spatial analysis, the presence or absence of TOBRFV was determined in each of the plants
in the five evaluated greenhouses, assigning their location in space using coordinates (x, y).
This evaluation was carried out from Week 40 until the end of the crop cycle for a total of
12 evaluations.

2.4. Temporal Analysis

Incidence data for each greenhouse were plotted against time, obtaining the area under
the disease progress curve [21]. From this curve, the absolute rate (dy/dt) was determined
for each evaluation period. Raw incidence data were fitted to monomolecular, logistic,
Gompertz, exponential, and Richard models, which are commonly used in agricultural
epidemiology [21]. Additionally, the log-logistic and Weibull models were evaluated. The
log-logistic model presents a good fit in progress curves that are characterized by peaks
after a finite period of growth followed by a slow decline, making this type of behavior
suitable for representation with models that have a nonmonotonic failure rate [22], whereas
the Weibull model represents cumulative distributions such as disease progress curves, due
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to its simplicity and flexibility in its epidemiological applications [23]. The mathematical
expressions of the used models and their linearized form are reported in Table 2.
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Figure 1. Foliar symptoms caused by ToBRFV in tomato plants cv. TOP-2299. (A,B) Severe mosaics on leaflets. (C,D)
Deformation of leaves. (E) Low incidence of infected plants. (F) High incidence of infected plants.

Table 2. Models used to fit TOBRFV progress curves in tomato plants cv. TOP-2299 under greenhouse conditions.

Model Differential Form Linearized Form

Exponential ! y(t) = rE(y) (In[y] = In(yg) + rEt)

Gompertz ! y(t) =rG yl[—In(y)] (=In[—=Iny] = —In[-In(y)] + rGt)
Logistic ! yt)=rLy(l—y) (In[y/(1 — y)]=01In[y/(1 — y)] + rLt)

Monomolecular ! y(t) =rM(1 — y) (In[1/(1 = y)] =In[1/(1 — y)] + rML).

Richard ! yt) =[rR/(m — D]yl —y" 1Y (In[/(1/1 — y'=™] =(In[/(1/1 — yL=™")] +rgt

Log-logistic 2 y(t) =rLy[1 — y* In(y)] (In[y/(1 = y)]=0In[y/(1 — y)] +t)
Weibull 3 y(t) = c/b (t— a/b)*Lex[—(t—a/b)] (In[In/(1/1 — y)] =—cIn(b) +cIn(t — a)

Mathematical expressions for the model and its linearized form are based on 1121]; 2 [22]; 3 [23]. t: time; rC, rate parameter (units 1/time,
when C: E, G, L, M, and R to exponential or Gompertz, logistic, monomolecular, and Richard models, respectively); #: parameter affected
by form curve (f(1 — y) =1-yn — 1) yo, integration constant; y: initial intensity of disease when t: 0; a and b: parameters of Weibull model;
a: location parameter and the earliest occurrence of the disease; b: scale parameter inversely proportional to the rate of disease increase
(time units); and c: unitless parameter controlling the shape of the rate curve (dy/dt vs. t) and the inflection point.
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From the linearized form of the models, parameters (30 (intercept) and 31(x) (slope)
were determined. The fit of the models was evaluated through the estimation of statistical
parameters such as a balance between complexity using the Akaike information criterion
(AIC), statistical significance (p < 0.05) and predictive ability through the correlation coeffi-
cient (r), coefficient of determination (r2), and root mean square error (RMSE). Likewise, for
all models, residuals were analyzed to guarantee assumptions of normality, independence,
and constant variances of errors with a significance level of 95% (« = 0.05). At the same
time, from the linear form of the model that best fit the incidence of TOBRFV (log-logistic),
disease growth rate (r) at different stages of epidemic development (initial, exponential
growth, deceleration, and stationary) was determined [21].

These procedures were developed with free software R [24], utilizing our own code
using functions of the mgev [25], ModelMetrics [26], and drc [27] libraries.

2.5. Spatial Analysis

Intensive mapping was carried out on the basis of the position of each plant (sampling
unit) in each of the evaluated greenhouses, where its location in space was determined by
assigning coordinates (x: planting site, y: furrow). With this information, spatial analyses
were carried out, for which the data on the presence (1) and absence (0) of the disease
were selected using values found in the last week of the four phases identified in the
epidemic (initial, exponential, deceleration, and stationary) according to the growth rate of
the disease (Table 3).

Table 3. Disease growth rates (r) associated with four phases of ToBRFV epidemic in commercial
tomato greenhouses, determined from the log-logistic model.

Epidemic Stage r (Growth Rates) Development Time (Weeks)
Initial 0.0001-0.0009 28-41
Rapid or exponential >0.03 41-48
Deceleration 0.001-0.029 48-50
Stationary <0.02 50-51

r = value calculated in each phase of the epidemic from the linearized form of log-logistic model.

In the first part of the analysis, aggregation and spatial dependence were estimated
using Moran’s index (MI), which can be used for nominal variables (healthy (0) and
diseased (1)), where values close to 0, less than —1, and close to 1 indicate a random,
uniform, and aggregated spatial pattern, respectively [28]. As a complement to the previous
test, the Fisher [29], and Lloyd [30] indices were determined, where values <1, =1, and
>1 for both indicate a uniform, random, and aggregated pattern, respectively. On the
basis of this information and following the classification criteria [31], spatial aggregation
was divided into four descriptive classifiers according to the numerical value of Moran’s
index: random (0), slightly aggregated (0.01-0.6), highly aggregated (0.61-1), and uniform
(<—1). Additionally, to know the spatial distribution of the disease in the early stages, we
calculated the aggregation index in Week 35, just before harvest began, and the cultural
management practices that probably influenced the mechanical transmission. Likewise,
during this week, the first cases of visual expression of the disease were presented.

Subsequently, and given the origin of the response variable (nominal-dichotomous),
point and area patterns were used as tools for analyzing and visualizing the spatial distribu-
tion. In this sense, three strategies were used. The first consisted of sequence observations
of the presence and absence in space as a function of time. For the second, a point pattern
was used, where the “point” was a function of the values of the coordinates (x, y), and the
“mark” was a function of the value of the presence (1) or absence (0) of the disease for each
time of the epidemic, from which interpolation was performed using the inverse distance
weighted (IDW) method [32]. The third strategy entailed spatial analysis by distance
indicators using SADIE, which calculates different indices and probabilities as a function
of the most regular distance for the observed spatial pattern and a specified number of
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random permutations of this pattern. This index expresses the probability that a certain
phenomenon occurs in space [33-35].

In this work, we opted to use the statistical parameters in the SADIE analysis of
absolute index, index rank, and its graphical representation based on the index called
“red-blue” plots, which detect the clusters of interest, and facilitate a complete definition of
the size and dimension of the cluster [36]. The biological and epidemiological interpretation
of these parameters is associated with the fact that, when the values of the index rank are
greater than 1.5, they indicate the aggregation of the evaluated phenomenon, indicating
areas where the inoculum source is located (red circles), while values less than 1.5 indicate
the aggregation of the opposite phenomenon; in this case, they show healthy plants (blue
circles), representing areas that can potentially become infected. On the other hand, values
between —1.5 and 1.5 indicate areas of interception of the two phenomena.

The size of the circles (red and blue) in the absolute index indicates the size, intensity,
and dimension of the phenomenon (healthy and infected areas). All analyses performed in
this work were developed with the free software R using the Geo R [37], Epiphy [38], and
akima [39] libraries.

3. Results
3.1. Detection of ToBRFV by RT-PCR

All tissue samples (leaves and fruits) of tomato cv. TOP-2299 from the five greenhouses
(1 to 5) tested positive for TOBRFV because the expected 475 bp fragment was amplified,
confirming the presence of the virus in the study area.

3.2. Temporal Analysis of the Tomato Epidemic Caused by ToBRFV

All epidemics represented by the progress curves obtained in the five greenhouses
had a sigmoidal shape, characteristic of logistic models (log-logistic and logistic), which
described the dynamics of the behavior of the disease during the productive cycle of the
crop (Figure 2A). These types of curves were characterized by presenting an initial phase
of the epidemic, where a slow increase in incidence was observed during weeks 28—41,
followed by an exponential or rapid-growth phase of the disease between weeks 4148,
and a deceleration and stationary phase where incidence values slowly approached 100%
during weeks 48-51 (Figure 2A and Table 3).

In general, a symmetric absolute rate curve was presented in all greenhouses, with
primary infections observed during weeks 35-37 (Figure 2B and Table 3). In this period,
there was a low number of infected plants, which showed mosaic symptoms, vein clearing,
anatomical abnormalities, wrinkling, and deformation of leaves. The absolute rate progress
curve was characterized by a progressive increase in the disease, which occurred in weeks
41-48 (Figure 2B and Table 3), where the viral spread rate within the greenhouses increased;
as the amount of disease (incidence) increased, the absolute growth rate increased due to
the continuous production of inoculum and the development of secondary infections. The
highest ToBRFV infection rate occurred when the incidence of the virus reached 50% for
all evaluated greenhouses (Figure 2B and Table 3). Lastly, the absolute rate decreased in
the last four weeks of evaluation, since 100% diseased plants (crop-load capacity) were
reached in almost all cases at the end of the production cycle (Figure 2B and Table 3).

The estimation of the statistical parameters associated with the balance between low
complexity (AIC), significance (p value), and predictive ability (z, 12, and RMSE) indicated
that the log-logistic, logistic, Gompertz, and Weibull models best fit the disease-progress
data in the five evaluated greenhouses (Figure 2C), with the logistic models (log-logistic
and logistic) being the ones that had the best fit to the temporal dynamics of the disease
(Table 4). In this sense, the adjusted r and r2 values for the logistic models (log-logistic and
logistic) presented values of >0.89 and >79%, respectively. In addition, these models had
the lowest values of AIC (<146.00) and RSME (<0.104) (Table 4).
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Figure 2. Progress curves and mathematical model adjustments associated with Tomato brown rugose fruit virus (ToBRFV) in

five commercial tomato greenhouses. (A) Disease progress curves. (B) Absolute incidence rate in each evaluated period.

(©): Disease progress curves adjusted for four epidemiological models.

Table 4. Estimation of statistical parameters for the selection of the best-fit model associated with the temporal dynamics of

ToBRFV in commercial tomato greenhouses.

Greenhouse Model Bo B1 Correlation () Adjusted >  Significance RMSE AIC
Log-logistic —0.041 0.044 0.94 93.45 ok 0.092 101.449
Logistic —0.28 0.047 091 83.79 i 0.095 110.251
Gompertz —0.60 0.27 0.84 70.55 ** 0.098 115.415
1 Weibull —0.40 0.31 0.72 52.43 * 0.102 120.857
Richard —0.28 0.34 0.65 50.35 ns 0.205 230.521
Exponential —0.45 0.15 0.62 48.32 ns 0.325 345.145
Monomolecular —0.38 0.23 0.58 46.3 ns 0.544 456.324
Log-logistic —0.03 0.045 0.93 92.19 i 0.098 105.709
Logistic —0.29 0.050 0.92 85.45 i 0.103 110.257
Gompertz —0.63 0.287 0.85 72.56 * 0.110 130.587
2 Weibull —0.42 0.331 0.73 54.41 * 0.115 160.387
Richard —0.12 0.45 0.62 524 ns 0.258 230.456
Exponential —0.10 0.38 0.58 46.8 ns 0.345 240.132
Monomolecular —0.23 0.18 0.51 42.52 ns 0.500 300.265
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Table 4. Cont.

Greenhouse Model Bo B1 Correlation ()  Adjusted r?»  Significance RMSE AlIC

Log-logistic —0.01 0.041 0.94 90.21 e 0.096 108.413

Logistic —-0.29 0.051 0.92 85.77 o 0.100 112.321

Gompertz —0.64 0.29 0.85 73.39 ** 0.105 130.521
3 Weibull —0.44 0.341 0.74 55.34 * 0.110 134.442
Richard —0.099 0.02 0.65 58.45 ns 0.215 200.312

Exponential —0.09 0.021 0.57 51.20 ns 0.325 325.145
Monomolecular —0.091 0.022 0.49 47.25 ns 0.425 455.235
Log-logistic —0.04 0.045 0.92 89.13 o 0.095 122.135

Logistic —0.30 0.049 0.89 79.60 i 0.097 129.369
Gompertz —0.62 0.279 0.81 66.18 * 0.098 135.422
4 Weibull —0.42 0.318 0.69 48.51 * 0.100 145.258
Richard —0.088 0.021 0.62 57.21 ns 0.185 256.423
Exponential —0.065 0.054 0.61 51.42 ns 0.155 312.654
Monomolecular —0.085 0.035 0.57 48.25 ns 0.215 358.321
Log-logistic —0.02 0.043 0.91 88.88 ok 0.088 132.403

Logistic —0.30 0.048 0.89 79.68 e 0.095 145.249
Gompertz —0.61 0.27 0.81 66.28 > 0.098 150.357
5 Weibull —0.41 0312 0.69 48.16 * 0.100 155.327
Richard —0.11 0.002 0.58 53.21 ns 0.125 300.123

Exponential -0.17 0.002 0.53 47.25 ns 0.175 325.461

Monomolecular 0.017 0.021 0.49 42.35 ns 0.953 395.48

fBo: intercept of models; 31: slope of the models. RSME: root mean square error. AIC: Akaike information criterion. ***: p < 0.001; ** p < 0.01;

* p <0.05, ns: not significant.

Spatial and temporal analysis of the epidemic in Greenhouse 5 was the one that
best represented the behavior of the disease, given that it presented the least deviation
associated with the mean values of ToBRFV incidence, with respect to the overall mean
evaluated in the five greenhouses, thus characterizing the dynamics of the epidemic in
a homogeneous manner in time and space. On the basis of this criterion, the temporal
progress of the epidemic in Greenhouse 5 showed the best fit with respect to the four
selected models in both their integral and linearized forms (log-logistic, logistic, Gompertz,
and Weibull), with the log-logistic model being the one that best described the temporal
dynamics of the epidemic (Figure 3). From the linearized form of this model, it was possible
to identify that the highest rate of disease development was obtained in the growth or
exponential phase, followed by the deceleration, stationary, and initial phases (Table 3).

3.3. Spatial Analysis of Tomato Epidemic Caused by TOBRFV

The autocorrelation and spatial-dependence results for the last week of each phase
of the epidemic indicated that the spatial patterns were similar in each of the evaluated
greenhouses (Table 5). MI values indicated that, in the preinitial and initial phase of the
epidemic, there was a random and slightly aggregated pattern with null and moderate
spatial dependence; for the rapid-growth phase, there was a highly aggregated pattern
with high spatial dependence; and for the deceleration and stationary phases, there was a
uniform distribution pattern. The results of disease distribution in space were corroborated
by calculating the FI and YI values for each phase of the epidemic (Table 5).
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Figure 3. Graphic representation of fit of best four models associated with the temporal progress of TOBRFV in commercial
tomato greenhouses. Disease progress curves adjusted for the four models with the best computational performance,
significance, and prediction capacity.

Table 5. Statistical parameters associated with spatial-dependence analysis of TOBRFV in commercial tomato greenhouses.

Greenhouse Epsizlaegn;ic I}fl(g:; p Value ! Fisher Index Lloyd Index Spatial Pattern 2

Preinitial 3 0.01 o 1.01 1.00 Random

Initial 0.59 * 1.21 1.1 Slightly aggregated

1 Exponential 0.95 o 2.32 1.9 Highly aggregated
Deceleration —1.38 ns 0.48 0.35 Uniform
Stationary —5.31 ns 0.31 0.24 Uniform
Preinitial 3 0.08 wk 1.02 1.01 Random

Initial 0.61 * 1.22 1.09 Slightly aggregated

2 Exponential 0.96 wHE 2.45 1.99 Highly aggregated
Deceleration -3.49 ns 0.51 0.42 Uniform
Stationary —4.99 ns 0.30 0.27 Uniform
Preinitial 3 0.04 i 1.00 1.01 Random

Initial 0.42 * 1.21 1.31 Slightly aggregated

3 Exponential 0.95 ** 249 2.2 Highly aggregated
Deceleration —4.32 ns 0.49 0.39 Uniform
Stationary —4.98 ns 0.28 0.24 Uniform
Preinitial 3 0.05 ** 1.02 1.01 Random

Initial 0.53 * 141 1.21 Slightly aggregated

4 Exponential 0.97 xxE 2.49 2.23 Highly aggregated
Deceleration -3.21 ns 0.49 0.41 Uniform
Stationary —5.39 ns 0.31 0.25 Uniform
Preinitial 3 0.06 o 1.00 1.00 Random

Initial 0.58 * 1.42 1.19 Slightly aggregated

5 Exponential 0.96 o 5.00 2.13 Highly aggregated
Deceleration —2.99 ns 0.48 0.38 Uniform
Stationary —5.12 ns 0.32 0.21 Uniform

#4 p < 0.001; ** p < 0.01; * p < 0.05, ns: not significant. ! Significance based on Moran index (MC). 2 Categorization based on classification
principles applied to Moran index (MI) [31]. 3 Early stages (Week 35).
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As in the case of temporal analysis, Greenhouse 5 presented the best fit in spatial
analysis. From this and on the basis of the first evaluated visualization strategy, the
sequence observations of the presence (1) and absence (0) of the disease in space as a
function of time allowed for identifying that the initial phase of the epidemic (t1, Week
41) exhibited a slightly aggregated spatial pattern, represented by foci of different sizes,
randomly distributed and in an aggregate manner in the center of the greenhouse. On the
other hand, the rapid-growth phase (12, Week 48) presented a highly aggregated pattern,
where the initial foci expanded, and new foci of infection appeared; in the deceleration (t3,
Week 50) and stationary (t4, Week 51) phases, uniform spatial patterns were observed as a
consequence of the coalescence of primary and secondary foci (Figure 4A).
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Figure 4. Analysis of spatial distribution of TOBRFV in commercial tomato greenhouses. (A) Sequence
observations of presence (1) and absence (0) in space as a function of time based on area patters. (B)
Spatial distribution of presence (1) or absence (0) based on point patterns using inverse distance point
interpolation (IDW) (t1 = Week 41, t2 = Week 48, t3 = Week 50, and t4 = Week 51). Maps represent
spatial dynamics of the disease in Greenhouse 5.
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Using point patterns and IDW interpolation, a disease-intensity map was generated,
representing the number of events (presence of ToBRFV) per unit area, which coincided
with the previous method, indicating that the analyzed variable presented dependence
in the space. In the initial phase of the epidemic (t1), the intensity of the disease was
greater in the center of the greenhouse, decreasing towards the ends of the structure.
The intensity was also not constant throughout the greenhouse, which indicated that
this was not a random event, but a slightly aggregated event, that is, the presence of a
ToBRFV case attracted more events to a given area over time (Figure 4B). The type of spatial
distribution showed the presence of an inoculum source zone in which the first infections
of the pathogen developed. On the other hand, in the rapid-growth stage (t2), the intensity
of the disease was greater than that in the initial stage, which represented the presence
of a greater number of infected plants due to the production of multiple infection cycles
(secondary inoculum source) in most of the greenhouse area (Figure 4B). Lastly, in the
deceleration (t3) and stationary (t4) phases, the maximal intensity of the disease occurred,
demonstrating that its dispersal was uniform throughout the greenhouse area at the end of
the crop production cycle (Figure 4B).

Lastly, the SADIE index corroborated what was found in the previous methods,
indicating that, in the initial stage of the epidemic (t1), there was a source of inoculum
(red color) slightly aggregated in the center of the greenhouse, with a high probability
of dispersal of the disease towards healthy areas (blue) located towards the ends of the
greenhouse. In the rapid- or exponential-growth phase (t2), the amount and distribution of
the disease increased, which was represented by the presence of larger red circles, which
were distributed in the center and eastern part of the greenhouse. In the deceleration
phase (t3), there was greater dispersion and intensity of the disease towards the “eastern”
area, with only a small presence in the “western” area, indicating a uniform distribution
pattern. Regarding the stationary phase, the greatest proportion of areas were associated
with diseased plants and a significant reduction in healthy areas, which resulted in a higher
probability of disease occurrence and generalized uniform distribution throughout the
greenhouse (Figure 5).
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Figure 5. Analysis of spatial distribution of TOBRFV in commercial tomato greenhouses based on Sadie index (t1 = Week
41, t2 = Week 48, t3 = Week 50, and t4 = Week 51). SADIE index range: values of index range > 1.5 indicate aggregation
of the inoculum source, values of index range < 1.5 indicate aggregation of healthy plants, and values between —1.5 and
1.5 indicate areas of interception of the two phenomena. Circle size and color (red and blue) indicate the size, intensity, and
dimension [36] of the phenomenon (healthy or infected areas).
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4. Discussion

The shape of the disease progression curves caused by ToBRFV over time is a typical
representation of epidemics that fit logistic population-growth models. These models are
the most used in the description of plant epidemics caused by Tobamovirus, where viral
particles (infectious units) spread through direct contact between plants [21,40,41]. This
type of epidemic is characterized by a very high symmetric absolute rate of change (dy/dt)
when 50% incidence is reached (inflection point) [21,40,41].

The type of graph that represents the logistic models (log-logistic and logistic) is
a classic sigmoidal shape, which comprises an initial phase where a slow increase in
incidence occurs; then, it increases rapidly in the exponential-growth phase, and lastly
slowly approaches the maximal number of infected individuals in the deceleration and
stationary phases at the end of the epidemic assessment period [21,40,41], which agrees
with what was found in this study with ToBRFV (Figure 6 and Table 3).
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Figure 6. Epidemiological conceptual model of disease progress curve caused by ToBRFV during tomato (Solanum

Iycopersicum) phenological stages and cultural practices throughout the crop cycle.

Logistic models are best-suited to represent polycyclic diseases, which are character-
ized by presenting multiple infection cycles during the crop production cycle [21,40,41].
This was evidenced in the rapid-growth phase of this epidemic, where the proportion of
diseased plants increased due to the implementation of cultural practices (leaf removal,
tutoring, and harvesting) carried out in high-intensity tomato production systems through-
out the crop production cycle, thus favoring the mechanical transmission of virus (Figure 6).
This polycyclic pathosystem also included the constant production of inoculum mediated
by the viral replication processes inside the host cells [42], and the rapid dispersal and
subsequent infection of new contacted individuals [18,21,41]. The phenomenon of mechan-
ical transmission was explicitly observed from Week 35 onwards, mainly because, from
that date, intensive harvesting work began (every other day), favoring viral transmission
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through personnel, and direct contact between diseased and healthy plants [8,18]. In addi-
tion to harvesting, during weeks 35-51, cultural practices such as tutoring and leaf removal
were performed on a weekly basis, further increasing the risk of contagion between plants,
thus spreading the virus within the greenhouses (Figure 6).

During weeks 4148 (exponential phase), there was an increase in the disease-transmission
rate, which was directly proportional to the level of incidence; in this period of time, the
relative rate of the disease continuously increased, producing the maximal transmission
caused by secondary infections within the population of evaluated plants (Figure 6). This
phase was characterized by a higher infection rate, which translated into a higher risk of
the ToBRFV epidemic occurring over time [18,21].

The ToBRFV polycyclic process showed a relatively mild onset of the disease with a
low infection rate during weeks 35-40 due to the presence of only a few diseased plants
exhibiting symptoms associated with ToBRFV infection. This means that the main source
of inoculum was not infested seed, as the plants at the time of transplanting were 30 days
old, by which time they should manifest visual symptoms because the incubation period
of ToBRFV corresponds to an interval of 12-18 days after inoculation [11].

It is important to estimate the incubation period within the development of disease
epidemics since, from this, the first infections that may be latent within the dynamics of
a polycyclic disease such as the one caused by ToBRFV occur after the incubation period.
However, secondary infections can overshadow the initial events of the development of
this disease, so it is extremely important to know them in order to plan and implement
efficient integrated strategies for the management of this disease [21,43].

Although ToBRFV poses a risk of low-frequency transmission by seed, located in the
seed coat and endosperm but never in the embryo [5,8], it highly impacts high-intensity
production systems [44]. For this reason, it is very likely that the pathogen entered a
production unit (greenhouse) through an infected seedling in the nursery, and then the
virus was spread by external contamination through field personnel in charge of carrying
out the different crop cultural practices in the greenhouses.

Spatial patterns in epidemics are the result of biological dispersal processes and the ef-
fect of environmental heterogeneity [45]. In this sense, random distribution in the preinitial
epidemiological phase suggests that inoculum origin may come from exogenous infec-
tion sources. Additionally, the aggregate patterns found in the last week of the initial and
rapid-growth phases of the disease caused by ToBRFV support the type of mechanical trans-
mission that occurs by plant-to-plant contact, which results in the clustering and dispersal
in space of diseased plants through the high probability that a plant infects neighboring
plants over time; that is, as the incidence of the disease increases, aggregation increases in
the same way, favoring the formation of disease dispersal foci in greenhouses [18,21,46]. In
the last weeks of the deceleration and stationary phases, the found patterns were uniform,
as the increase in infection rates in the exponential phase favored the probability that a
healthy plant could become diseased due to the reduction in proximity to diseased plants
during the final phases of the epidemic [21].

The weak or null aggregation values found in the initial stages of the epidemic
(weeks 28-41) indicate that, in the first weeks of disease progression, there was probably a
random distribution of ToBRFV-infected plants possibly due to the presence of the virus
in a few plants, which initiated the development of the epidemic within the evaluated
greenhouses [21].

To date, there are no epidemiological studies on the temporal and spatial dynamics of
ToBRFV in commercial tomato greenhouses. However, recently in Sicily, Italy, there was
spread of ToBRFV in a 0.05 ha experimental greenhouse over a 9 month period, and an
accelerated increase in the spread of infection from 1.45% to almost 100% in 8 months was
found, with the largest increase (5.8 to 80%) being in just 3 months (November 2018 to
February 2019) [4]. That research showed that the main means of disease transmission was
plant-to-plant contact, and that only a few infected plants need to be present for the disease
to rapidly spread until it reaches a 100% incidence value. In contrast, in our study, the
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maximal incidence value (100%) was reached in half the time (4 months) because, under
commercial conditions, crop management is intensified, and cultural practices are carried
out more frequently, favoring the mechanical transmission of ToBRFV inside greenhouses.

5. Conclusions

The estimation of the statistical parameters for model selection indicated that the
logistic models (log-logistic and logistic) were the ones that best fit the data on the tem-
poral progress of the disease caused by ToBRFV in the five evaluated commercial tomato
greenhouses. The autocorrelation and spatial-dependence results indicated that, in the
initial phase of this epidemic, there was a slightly aggregated spatial pattern with moderate
spatial dependence; for the rapid-growth phase, there was a highly aggregated spatial
pattern with high spatial dependence; and in the deceleration and stationary phases, there
were uniform spatial patterns.

The epidemiological analyses of this pathosystem allowed for us to determine the
spatiotemporal dynamics of ToBRFV, which makes it possible to propose and evaluate
different integrated strategies for disease management in tomato production systems under
greenhouse conditions.
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