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ABSTRACT. Disease progress and spatial spread of citrus variegated chlorosis (CVC) disease was
monitored yearly for 6 yr in a 20-ha grove consisting of 4,309 Natal sweet orange/Cleopatra mandarin
trees in the state of Sao Paulo, Brazil. Linear, exponential, monomolecular, logistic, and Gompertz
temporal models were fitted to the data set by linear and nonlinear regression analysis. Overall, the
nonlinear Gompertz model was the most appropriate, based on correlation of observed versus predicted
values and examination of residuals of regression for patterns. The Gompertz rate parameter k for the
grove was 0.49. Disease gradients were very steep but extended rapidly during the third year of the
epidemic resulting in the flattening of gradient slopes over time. This flattening is consistent with
spread from a point focus which would be expected for insect-vectored contagions but inconsistent with
spread from seed-borne pathogens. Spatial analysis by the ordinary runs method indicated a high
degree of within- and across-row association of CVC-diseased trees and demonstrated that disease in
trees immediately adjacent to one another was highly associated. This association of adjacent CVC-dis-
eased trees increased over time. Spatial proximity patterns resulting from spatial autocorrelation
analysis indicated associations among CVC-diseased trees immediately adjacent as well as at some
distance. The association among CVC-diseased trees located immediately adjacent to one another
suggests a pattern of vector movement to immediately adjacent trees with only limited movement over
longer distances.

Citrus variegated chlorosis disease often develop on the lower leaf surface
(CVC) was first seen in the states of in conjunction with the chlorotic pat-
Sao Paulo and Minas Gerais, Brazil in terns on the upper surface. Fruit are
1987 (18). Samples were examined by small, early maturing, and hard, making
transmission electron microscopy in them difficult to juice and often causing
1990 and bacteria-like organisms were damage to juicing machines. The dis-
seen in the xylem which resembled ease is more prevalent in younger trees,
Xylella fastidiosa (17). Isolation and i.e. less than 6 to 8 yr old, in which the
culturing of the organisms from diseased entire tree is often affected. In more
xylem tissue of affected citrus from vigorous trees or trees older than six
Brazil confirmed the presence of X. years CVC is often associated with in-
fastidiosa (3). Pathogenicity tests with dividual branches.
cultured X. fastidiosa have recently No vector has been associated with
demonstrated that bacteria from cul- CVC transmission, but other diseases
tures induce typical CVC symptoms in caused by X. fustidiosa, such as Pierce’s
greenhouse-inoculated citrus plants (3). disease of grape, are usually transmitted

Symptoms associated with CVC by leafhopper (Cicadellidae) vectors.
are similar to symptoms induced by Leafhoppers must therefore be consid-
other xylem-limited diseases. The most ered potential vectors for transmission
notable symptoms include a mottled of CVC.
chlorosis and reduced size of new foliage, Little is known of the epidemiology
resembling a zine deficiency pattern. of CVC and virtually no data have been

Small brown necrotic, gummy lesions collected. Some data have been collected
_— concerning the number of groves in-

Mention of a trademark, warranty, proprie- fected over time, the age distribution
tary product, or vendor does not constitute a of CVC-infected trees, and the geo-
guarantee by the U.S. Department of Agricul- graphiclocation of infected groves. The
ture and does not imply its approval to the exclu- P ; ?
sion of other products or vendors that may also Ob.}ec{:'wes of this study were 7) FO
be suitable, examine the data from one outbreak in
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one grove tomake a preliminary spatial
and temporal assessment against
which future outbreaks can be com-
pared, i) to determine if the spatial
and temporal characteristics of CVC
increase and spread are consistent with
a particular type of transmission, and
i11) to examine the findings in light of
other citrus diseases to help put the
threat of CVC to the citrus industry of
Brazil into perspective.

MATERIALS AND METHODS

Incidence and spatial position of
CVC-affected trees was recorded yearly
for 6 yr from 1987 to 1992 in a 20-ha
grove of Natal sweet orange on Cleo-
patra mandarin rootstock in the Sao
Jorge farm near Bebedouro in Sao Paulo
State. The plot consisted of 4309 trees
in 82 north-southrows ofunevenlength
planted ona6m X 8mpattern. Incidence
was recorded as positive or negative
for CVC, based on visual symptoms.

Disease progression models were
tested on data from the Sao Jorge plot
over time. The appropriateness of the
nonlinear forms of the exponential,
monomolecular, logistic, and Gom-
pertz models was examined for disease
incidence by nonlinear regression
analysis using the SAS NONLIN pro-
cedure (SAS Institute, Ine. Cary,
North Carolina, USA: version 6.02)
(12). The appropriateness of each
model was assessed by examining
standard residual plots and tested by
correlation analysis of observed versus
predicted values. The models with the
highest coefficient of correlation were
chosen as superior (13).

The centroid of disease oceurrence
(average location of disease incidence)
was calculated for 2x2 quadratized
data for each year of the epidemic (1).
The calculation results in a mathemat-
ical determination of the relative
center of disease in a field by row and
column designators.

Analysis of CVC-disease gradients
was accomplished by subjecting 2x2
quadratized data to the GRADCALC
PC-based program which calculates
the distance from a proposed focus to
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every other point in the spatial matrix
(7). Forthe SaoJorge data analysis the
northernmost infected treeinthe small
cluster of trees in the northeast end of
the plot was assumed as the focus. A
subset of the data was determined by
GRADCALC by striking a gradient
from the proposed focus toward the
southeast (225 degrees magneticdirec-
tion) based on centroid movement over
time. This gradient line was the midline
of a 90 degree angle whose apex was
the focus tree. The weighted average
disease incidence was then calculated
for those trees within 20-m concentric
annuli around the focus that fell be-
tween the two lines delimiting the 90
degree angle. Because the Gompertz
model was considered the most appro-
priate temporal model tested, the dis-
ease gradient data from the GRAD-
CALC output were transformed by a
modified Gregory model, Gompit (y)
vs. In (@), where y = disease incidence
and x = distance from the proposed
focus (10). Individual gradients can at
times be discontinuous, i.e. zero values
can be found between positive values
along a gradient. To avoid the problem
of taking a gompit (-In(-In(x))), where
x = 0, a small number (0.0004 to 0.04)
equivalent to the lowest reading for
disease incidence for each year was
added to all incidence values (7). Gra-
dients were calculated from trans-
formed values for each year by the SAS
REG procedure (SAS Institute, Inc.
Cary, North Carolina, USA: version
6.02), and represented graphically
(Freelance Graphics for Windows Re-
lease 1.0, Lotus Corp., Cambridge,
Mass., USA).

Aggregation of diseased plants was
determined by ordinary runs analysis
for each year (12). Aggregation was
assessed as the proportion of rows in
the north-to-south and east-to-west
orientations with significant (P = 0.05)
clustering. To visualize disease sever-
ity, three-dimensional response sur-
face maps were generated for each year
to better understand the directionality
of disease spread within and across
rows and spatially within the matrix.
The 3-dimensional plots were prepared
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by using a data contouring software
package (Surfer, version 4, Golden
Software, Golden Colorado, USA).
Prior to spatial analysis, the data for
each year was divided into 2x 2, 4x 4,
8x 8, and 16 X 16 tree quadratsstarting
at the southwest corner of the plot. The
spatial distribution of CVC-diseased
quadrats of each size was analyzed by
Morisita’s index of dispersion (15) and
spatial lag autocorrelation analysis of
2X2 quadrats for each year was ac-
complished with the LCOR2 program
(8,14).

RESULTS AND DISCUSSION

The present distribution of CVC in
Brazil includes the newer citrus grow-
ing areasin Sao Paulo and Minas Gerais
states that have been established in
what was previously grassland-
savanna (Fig. 1). At the time of writ-
ing, less than six percent of the groves
in the area presently show symptoms
(Fig. 2A) and these are predominately
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in the north (Table 1). Nearly half of
the diseased blocks (48.5%) are 3-5
years of age (Fig. 2B) and of these, the
majority of blocks have fewer than 1%
diseased trees (Fig. 20).

CVC progressed slowly for the first
two years of the epidemic then entered
a logarithmic phase in the third year
(Fig. 3). Because the epidemic had not
approached an asymptote, all of the
nonlinear models fit well. The two non-
linear models which were the most ap-
propriate for the CVC data were the
logistic and Gompertz, based on re-
sidual plot analysis and correlation
analysis of observed vs predicted val-
ues (Table 2). Both of these models are
appropriate for disease progress
curves that are asymmetrically sig-
moid, which is the shape that a CVC
progress curve is expected to take as
more data are collected. The Gompertz
model is known to be the most flexible
of those tested and was chosen for this
reason and for its presumptive flexibil-
ity with the addition of future data.

Rio/de Janeiro

Fig. 1. Progressive map showing location of the state of Sao Paulo, the relative citrus growing
areas within Sdo Paulo, and the areas within the citrus producing area where citrus variegated
chlorosis has been seen.
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Fig. 2. A. The increase over time of the
proportion and number of groves in Sao Paulo
state expressing symptoms of citrus vari-
egated chlorosis (CVC). B. The proportion of
individual blocks of citrus affected by CVC
and their relative distribution into age
categories. C. The distribution of disease inci-
dencerankings withinblocks expressing CVC.

The Gompertz model has been used to
describe the temporal progress of
other insect-vectored citrus diseases
as well (4, 5). The Gompertz rate of
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CVC increase (k=0.489) falls near the
same range as that calculated for citrus
tristeza virus increase in Spain
(k=0.07 to 0.41) and the logistic rate
of CVC increase (r=1.187) falls within
the range of citrus greening disease in-
crease (r=1.035 to 2.527) (4, 5). The
rate of CVC disease increase is consid-
erably less than that of foliar citrus
bacterial diseases such as citrus canker
and citrus bacterial spot which can ap-
proach an asymptote of 95 to 100% in
one to two years (6, 9). Thus the rate
of CVC increase is not unusual for vec-
tored citrus diseases and considerably
slower than rates of disease increase
of foliar bacterial diseases of citrus.
The Gompertz model was used to pre-
dict continued disease increase in the
Sao Jorge plot based on data from the
first 6 yr. In this plot CVC was pre-
dicted to reach an asymptotic level of
disease (0.98 to 0.99) within 13 to 14 yr
(Fig. 3). This is similar to the time re-
quired by greening (6 to 13 yr) toreach
an asymptotic level (4).

Spatial spread of CVC in the Sao
Jorge plot can best be seen in the 3-di-
mensional surface response plots of
quadratized disease incidence (Fig.
4A). CVC started in the northeast
corner of the plot and spread toward
the southwest over time. The general
trend of disease movement was sub-
stantiated by centroid analysis which
demonstrated a southwestern move-

TABLE 1
DISTRIBUTION AND INCIDENCE OF CITRUS VARIEGATED CHLOROSIS BY REGION IN
THE STATES OF SAO PAULO AND MINAS GERAIS, BRAZIL

Total Groves Groves Percent
Region Examined Infected Infected
Fernandopolis 216 1 0.46
SanJose RioPreto 330 42 12.73
Catanduva 333 39 11.71
Severinia 287 17 5.92
Bebeduro 295 54 18.30
Itapolis 421 1 0.24
Taquaritinga 430 29 6.74
Matao 104 13 12.50
Araraquara 114 0 0.00
PuertoFerreira 233 0 0.00
Limeira 465 0 0.00
Mogi Mirim 234 0 0.00
Total 3462 196 5.66
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Fig. 3. A. Disease progress curve for citrus
variegated chlorosis (CVC) in the Sio Jorge
block. Solid line indicates the predicted points
based on the data from the first six years
(marked actual datainthe boxed area). Dotted
lines indicate 95% confidence limits to the pre-
diction. B. Gompit-linearized disease gra-
dients for CVC to the southeast from a pro-
posed focus of infection in the northeast
corner of the Sio Jorge plot. X is measured in
meters fromthe focus. C. Relative aggregation
based on Morisita’s index of dispersion (MI)
for different quadrat sizes over time. MI > 1
indicates aggregation among diseased quad-
rats, MI = 1 indicates a random distribution
of diseased quadrats, and MI < 1 indicates
regular arrangement of diseased quadrats.

ment of the mathematical center of dis-
ease over time (Fig. 5). CVC disease
gradients were fit to the gradient
model [gompit (y) vs. In (x)] by linear
regression (Fig. 3B). Gradients to the
southeast were the most extensive for

331

all years indicating a general spread of
the disease from the focus to the south-
west (data only shown for southwest
[magnetic 225°] oriented gradients). A
considerable amount of spread oc-
curred during the third (1989) and
fourth (1990) years of the epidemic
which corresponds to the greatest
movement of the centroid of disease
during 1989 (Fig. 5). As a result the
slopes of linearized gradients became
steeper and the gradient lines became
more extensive relative to the focus.
The change in the disease gradients
and the centroid movement over time
demonstrate a highly directionalmove-
ment to disease spread in the SaoJorge
plot. The diagonal (northeast to south-
west) spread across rows is inconsistent
with spread caused by mechanical or
cultural practices. Such demonstrable
spread from a focus of infection is also
inconsistent with seed transmission
other than possibly for the establish-
ment of the focus itself. Such directional
spread is consistent with aerial-wind-
borne and insect-vectored pathogens.

Aggregation was examined by ordi-
nary runs analysis. A slightly greater
amount of aggregation occurred in
rows running north-south compared to
those running east-west (Table 3). This
is interesting because trees are 8 m
apart in the north-south direction and
only 6 m apart in the east-west direc-
tion, suggesting a definite directional-
ity toCVCspreadinthe plot regardless
of planting distance. Morisita’s index
of dispersion (MI) is often utilized to
examine the relative intensity of
aggregation. MI values > 1 indicate
aggregation of diseased trees, whereas
an MI = lindicates a random distribu-
tion of disease. Cluster sizes of 4 x4,
8x8, and 16 X 16 trees were prevalent
for the first two years of the epidemic,
with the smaller quadrat sizes of 4 x4
and 8 X8 resulting in the highest MI
values and thus being the most signif-
icant indicators of approximate cluster
size for those years (Fiig. 3C). All indi-
cations of aggregation began to fall off
as disease levels approached 50%
which is normal for all plant diseases.
The distribution of cluster sizes did not
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TABLE 2
NONLINEAR REGRESSION ANALYSIS OF DISEASE INCIDENCE OF CITRUS VARI-
EGATED CHLOROSIS IN SAO JORGE FARM, SAO PAULO, BRAZIL

Asymptotic95%

AmiaedC  ConfidenceLimits  predietods
Model Parameter®  Estimate error Lower  Higher (R2)
Exponential r 1.091 0.018 1.045 1.136 0.908
Monomolecular r 0.061 0.014 0.024 0.098 0.908
Logistie r 1.187 0.168 1.143 1.230 0.989
Gompertz k 0.489 0.061 0.321 0. 0.991
b 14.069 4.236 2.308 25.830

“Models were estimated by nonlinear regression of the integrated equations y = yge™, y = 1-(1-yg)e™,
¥ = U1 + exp—(In)yy/(1-y,)) * "], and y = exp™®*** for the exponential, monomolecular, logistic, and
Gompertz models, respectively, where r and k are rate parameters, y is disease measured as incidence
of diseased trees, t is time in years, and for the Gompertz model B = —In(y,).

bCoefficients of determination of correlation of predicted values of the various models against observed
values used to examine the appropriateness of the models.

appear to change over time in relation
to disease incidence. Thus diseased
trees most often occurred in 16 to 64
tree groups.

Spatial proximity patterns result-
ing from spatial lag autocorrelation
analysis of 2 X 2 quadrats show signifi-
cant positive correlations of quadrats
with each other and indicate a rapid
increase in distances over which CVC-
diseased trees were associated with
one another (Fig. 4B). Proximity pat-
terns for 1987 and 1988 are elongated
in the north-south direction and confirm
the results from ordinary runs analysis
that CVC spread was preferential in
the north to south direction. From 1989
through 1992 diseased trees were sig-
nificantly positively correlated with all
others up to 15 lags (30 trees) away
with no breaks. The lack of discontinu-
ous proximity patterns is inconsistent
with other citrus diseases previously
analyzed and may indicate that vector
movement is more general from tree
to adjacent tree without significant
jumps of distance (5). This general
tree-to-tree movement would explain
the underlying spatial processes which
lead to the continuous and unbroken
gradients seen from the original focus
of disease to the south or southeast.

This studyisbased ondata collected
from a single epidemic in a single large
block of citrus trees and therefore
should be considered preliminary. Un-
fortunately it represents an analysis of
the only set of quantitative epidemiol-

ogy data that exists for CVC. Although
conclusions should not be drawn from
a single data set, the analyses provided
can be used as a basis for comparison
of future data and insights into the
range of future experiments and data
needed to make more accurate predic-
tions. Since thisis anew citrus disease,
few previous reports exist and those
that do are mostly descriptive. Unfor-
tunately, CVC has provoked alarm and
predictions of devastation of the citrus
industry of Brazil in some public pres-
entations where reports were based on
fears rather than data (11, 16). We cau-
tion that, although this disease is new,
apparently spreading, and should be
carefully monitored, no data presently
exist to make any such predictions.
Such unfounded predictions of doom
only serve as sensationalism and ad-
versely affect the economices of citricul-
ture in Brazil and its markets, and the
credibility ofthe research community.
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Fig. 4. A. Three-dimensional surface response models of disease incidence of citrus variegated
chlorosis (CVC) based on 2 X 2 quadrats in the Sao Jorge plot. Notice the focus of infection in the
northeastern corner of the plot in 1987 which increases in disease incidence and spreads across
much of the plot in 1989. B. Disease proximity patterns prepared from results of correlograms
from spatial lag autocorrelation analysis of disease incidence in 2 x 2 quadrats of the Sao Jorge
plot. Hatched central square represents the 0,0 lag distance (origin). Black squares indicate signif-
icant positive autocorrelations (P = 0.05) to the origin. Note the north-south orientation of
autocorrelated quadrats in 1987 which extends further in the north-south axis in 1988 and begins
to extend obliquely as well. Proximity patterns for 1989-1992 show all quadrats are autocorrelated
with the origin indicating extensive contiguous diseased quadrats.
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Fig. 5. The centroid of disease, i.e., the location of the mathematical center of disease incidence
for each year of the epidemic in the Sao Jorge plot. The shaded area delimits the spatial arrangement
of the 2 x 2 quadratized data. The circles indicate the calculated location of the centroid for each
year. Note the general southwestern movement of the center of disease with the greatest movement
occurring during the 1989 season.

TABLE 3
ORDINARY RUNSANALYSIS OF CITRUS VARIEGATED CHLOROSIS IN SAOJORGE FARM
IN SAO PAULO, BRAZIL

Number of Rows with Aggregation®

Year 1987 1988 1989 1990 1991 1992
N-SRows 1/76 1/76 16/76 21/76 21/76 13/76
E-W Rows 0/82 0/82 9/82 17/82 17/82 11/82

“Diseased trees were considered to be aggregated within rows if the observed number of runs was
significantly different from the expected at P = 0.05 on a one-sided test for Z < -1.64.
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