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ABSTRACT

During the development of a citrus fruit, many cycles of infection by
Xanthomonas citri subsp. citri may occur leading to the development of a
range of characteristics of citrus canker lesions scattered across the fruit
surface. This study aimed to determine whether the size of the lesions,
their distance from the peduncle, and the number and time of appearance
of the lesions on fruit of sweet orange were associated with premature
fruit drop. A multiple linear regression analysis revealed a negative rela-
tionship between the fruit detachment force and the lesion diameter, the
proximity of the nearest lesion to the peduncle and the number of lesions. A
survival analysis demonstrated that these characteristics significantly influ-
enced the probability and the time that a cankered fruit remained attached
to the tree. More than 90% of dropped fruit had large lesions (>5 mm) but

not all fruit with large lesions dropped before harvest. Approximately 50%
of the harvested fruit had lesions >5 mm. On the harvested fruit remaining
on the tree, although large, the lesions had a smaller diameter, were located
farther from the peduncle, and were less numerous than those observed on
dropped fruit. Small canker lesions neither reduced the detachment force
nor the survival of fruit in the tree. The earlier a fruit expressed canker
symptoms, the higher the probability the fruit developed large lesions near
the peduncle and/or developed lesions in greater numbers. This study
provides a better understanding on the relationship between the time of
appearance of lesions of citrus canker on fruit and premature fruit drop.
This information defines the critical period for fruit protection and may
be used to improve disease management.

Citrus canker, caused by Xanthomonas citri subsp. citri is one of
the most serious diseases of citrus in tropical and subtropical
production regions (Behlau and Belasque 2014; Gottwald et al.
2002, 2001). Conditions conducive for disease outbreaks occur
when growth flushes and fruit expansion coincide with periods of
warm temperatures and frequent rainfall associated with gusty
winds (³8 m/s) (Bock et al. 2010; Gottwald and Graham 2000;
Gottwald et al. 2002; Serizawa and Inoue 1974).
Citrus canker affects several citrus species, causing symptoms

on leaves, twigs and fruit (Gottwald et al. 2009, 2002; Gottwald
and Graham 2000). Lesions on fruit are the most economically
important, as they may increase premature fruit drop and reduce
marketability of fresh fruit. Direct canker-related crop losses,
i.e., fruit drop, in unmanaged trees may range from 40 to 60%, and
sometimes as much as 80%. Even when control measures are em-
ployed, the trees may show substantial yield losses depending on
the variety and favorability of the weather (Behlau and Belasque
2014; Behlau et al. 2017, 2010; Graham et al. 2016a). For the fresh
market, canker symptoms on fruit may negate sale, or at best reduce
the value of the fruit; lesions on fruit may also impact international
fruit trade due to phytosanitary regulation in canker-free citrus-
producing areas (Gottwald et al. 2009, 2002; Graham et al. 2016b;
Shiotani et al. 2009). Lesions on leaves and twigs are also important
as a cause of defoliation, dieback, and impair the development of the
trees (Behlau and Belasque 2014; Das 2003; Gottwald et al. 2009).
Canker symptoms begin as pinpoint spots which develop to

brownish circular erumpent lesions with a necrotic center sur-
rounded by a water-soaked margin and, most often, a chlorotic halo
(Bitancourt 1957; Gottwald and Graham 2000; Gottwald et al.
2002). The lesion size is determined mainly by the age of the host
tissue at infection, as well as the citrus species or cultivar affected
(Gottwald et al. 2002). Due to the long period of susceptibility to

X. citri subsp. citri and the occurrence of multiple infection events
during development, fruit usually develop larger and less uniformly-
sized lesions in comparison with leaves (Gottwald and Graham
2000). While leaves are most susceptible from 14 to 28 days after
a growth flush begins (one-half to full expansion stage), fruit are
more prone to infection by X. citri subsp. citri during the first 90
days after petal fall (DAPF). Subsequent to these periods, both
leaves and fruit become progressively more resistant to the disease
(Gottwald and Graham 2000, 1992; Gottwald et al. 2002; Graham
et al. 2016b, 1992; Stall et al. 1982; Vernière et al. 2003).
Some characteristics of canker lesions on fruit have been

described as associated with crop loss in citrus species; however,
the association has been inferred rather than based on empirical
evidence (Bock et al. 2011; Graham et al. 2011, 2010). Previous
studies that assessed the efficacy of copper sprays for control of
citrus canker on sweet orange and grapefruit described a posi-
tive relationship between premature drop and the presence of
large lesions resulting from infections early in fruit develop-
ment (Graham et al. 2011, 2010). Additionally, the high density of
canker lesions on the upper surface of grapefruit near the point of
attachment (Bock et al. 2011) may exacerbate early abscission of
the fruit by inducing ethylene production near the peduncle (Goto
et al. 1980; Hyodo 1977; Imaseki et al. 1968; Olson et al. 1970;
Williamson and Dimock 1953). However, none of these studies
identified the characteristics of canker lesions on fruit that can
result in premature drop, nor did they describe the fruit stage at
which these lesions appear, which could help citrus growers
manage the disease and reduce its impact on yield loss.
Successful control of citrus canker is highly dependent on inte-

grated management which includes the use of copper-based bacte-
ricides as an important control measure (Gottwald et al. 2002; Leite
and Mohan 1990). Copper sprays provide satisfactory reduction of
disease intensity. However, the number and interval of applications
may vary and is based mainly on the cultivar, environmental condi-
tions, use of other control measures, while taking into account crop
destination (fresh fruit or juice) (Behlau et al. 2010, 2008; Gottwald
andGraham2000;Gottwald et al. 2002; Leite andMohan1990;Leite
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et al. 1987). In canker-affected orchards, citrus growers commonly
follow a calendar-based schedule of sprays without considering the
aforementioned factors,whichmay lead tounder- or over-application
of bactericide. Protecting the fruit for a period shorter than its
susceptibility phase may reduce the effectiveness of canker control
and result in greater crop loss.Conversely, toomanyapplicationsmay
waste sprays on stages of the fruit that are no longer susceptible
(Graham et al. 2016b, 1992). Unnecessary copper sprays increase
the production costs without increasing financial return. Moreover,
the excessive use of copper may result in environmental pollution
(Fan et al. 2011; Flemming and Trevors 1989; Graham et al. 1986),
phytotoxicity (Albrigo et al. 1997; Alva et al. 1995; Schutte et al.
1997) and development of copper-resistant strains of X. citri subsp.
citri (Behlau et al. 2013).
Knowledge of the characteristics of citrus canker lesions related

to premature fruit drop and the developmental phase at which the
infections occur may contribute to precisely defining the critical
period of protection for copper applications, and consequently
improve management of the disease by both increasing the effi-
ciency of chemical control, reducing the number of applications,
and thus reducing costs. The objective of this study was i) to
characterize the size, location, number, and severity of canker le-
sions on fruit of sweet orange associated with premature drop, and
ii) to determine the time and developmental stage of fruit at which
these lesions appear.

MATERIALS AND METHODS

Characteristics of citrus canker lesions and fruit de-
tachment force. The study was performed in 2013/2014 (trial 1)
and 2015/2016 (trial 2) in 8- and 6-year-old commercial orchards of
sweet orange ‘Valencia’ (Citrus sinensis) grafted onto Rangpur
lime (Citrus limonia), respectively. The orchardswere located in the
municipality of Paranavaı́ (22�5993499S, 52�3692399W, 426m a.s.l.)
and Xambrê (23�47928.4499S 53�36900.8699W, 366 m a.s.l.),
respectively, both in Paraná state, Brazil. The orchards received
regular weed, pest and disease control, except for the full length of
five sequential rows (;80 trees in each row) in the middle of the
block, where the trials were performed, which did not receive
copper applications during the season to ensure canker development
on fruit.
Based on previous studies which addressed the diameter of

lesions of citrus canker as a possible factor affecting premature fruit
drop (Graham et al. 2011, 2010), two fruit sets were sampled
immediately before harvest from each orchard: (i) fruit with only
small lesion(s) (considered as£5mm in diameter), and (ii) fruit with
large lesion(s) (considered as >5 mm in diameter), irrespective of
the presence of small lesions on the fruit. A group of coalescing
small lesions that exceeded 5 mm in diameter was classified as
a large lesion. No fruit with only large lesions was assessed as
small lesions invariably occurred alongside large lesions on dis-
eased fruit.
In both experiments, each sample set comprised 90 symptomatic

fruit collected from ;50 different trees in the block. The 90 fruit
were selected in groups of 30 depending on lesion proximity to the
peduncle and dividing the fruit into three transverse sections based
on lesion distance from the peduncle. Thus, depending on the group,
the lesions closest to the peduncle occurred in either the upper
third, mid third or lower third of the fruit. The fruit detachment force
(dependent variable) was measured with a digital dynamometer
(Lutron, FG-5020 Force Gauge, Taipei, Taiwan) by attaching the
device around the peduncle and pulling the fruit downward. The
canker lesions present on the corresponding fruit were characterized
(independent variables) based on the sample set. On fruit with small
lesions, the diameter and distance of the nearest lesion to the peduncle
were measured, the number of lesions counted and the severity of
symptoms estimated. On fruit with large lesion (which may or may
not have small lesions) the diameter and distance of the nearest large

lesion to the peduncle was measured, the number of small and large
lesions were counted, and the severity of small and large lesions
combined was estimated. The distance of the nearest large lesion
to the peduncle was standardized as a proportion relative to the
length of the respective fruit (linear distance from the apex to the
base of the fruit). Size and distance measurements were performed
with a caliper (Eccofer, 150 mm, Curitiba, Paraná). The severity of
citrus canker lesions on the fruit was estimated based on the per-
centage area with lesions using a diagrammatic scale as an aid to
improve accuracy (Braido et al. 2014b). As a control, fruit detach-
ment force of 30 healthy fruit with no evidence of lesions of citrus
canker was also measured for each trial.
The relationship between each independent variable and the

detachment force was determined by multiple linear regression.
Subsequently, the independent variables with the highest t and
lowest P values were used in nonlinear/linear regression analysis.
Because the detachment force of fruit with no citrus canker le-
sions (control) from the two orchards did not differ (t test, P <
0.05), the regression parameters were estimated using the combined
data from both trials based on lesion size to increase the robust-
ness of the analysis. All analyses were performed using SigmaPlot
13.0 (Systat Software Inc., San Jose, CA) for both the combined and
group data from fruit sets with small and large lesions. The best-
fit regression solution based on Akaikes’s information criterion
(nonlinear regression) or the adjusted coefficient of determination
(adjusted R2) and standard error (linear regression) was selected.
Data from all fruit sets, with small and large lesions from both
locations, were submitted to a surface response analysis using the
software Origin 2016 (OriginLab, Northampton, MA) to explore
the association between the two characteristics of canker lesions
most related to fruit detachment force (those with the highest t
values in the multiple regression analysis). The best-fit regression
solution was selected using Akaikes’s information criterion.

Characteristics and time of appearance of citrus canker
lesions affecting premature fruit drop. This study was con-
ducted in the same seasons and orchards as described previously.
In both trial 1 and 2, sets of 50 fruit showing one citrus canker
lesion at the earliest visible stage (£2 mm) were marked monthly
(from October to December) after petal fall. The marked fruit were
individually wrapped with extruded tubular mesh bags in order to
monitor drop. No more than a week after drop or at harvest the
canker lesions on the marked fruit were characterized for distance
from the peduncle and diameter of the nearest large canker lesion
(>5 mm) to the peduncle irrespective of the presence of small
lesions (£5mm), fruit length, the number of small and large lesions,
and the severity of small and large lesions. In addition, the fruit
diameter was measured monthly from the first month the citrus
canker symptoms presented until drop or harvest. Measurements of
lesion distance from the peduncle, lesion size, and canker severity
were performed as described earlier.
Survival analysis was used to compare the survival probability

(probability to remain attached to the tree until harvest) and time
to drop as DAPF of canker-affected fruit based on the presence of
large (>5mm) or small (£5mm) lesion(s) and time of appearance of
the first canker lesion (October, November, or December). Further-
more, the survival of marked fruit with large lesions was ana-
lyzed based on the location of the lesion nearest to the peduncle
depending on whether the lesion was located on the upper
(proximal to the peduncle) or lower (distal to the peduncle) half of
the fruit, the diameter of the lesion nearest to the peduncle (5.1 to
10 mm or >10 mm), and the number of large lesions (1 to 2 or ³3).
The fruit survival analyses were performed using SigmaPlot 13.0
by building Kaplan-Meyer curves (nonparametric analysis) and
estimating the survival probabilities (Scherm and Ojiambo 2004).
The Kaplan-Meyer curves were compared using a log-rank test at
P = 0.05 to test whether the time to drop was significantly affected
by the various characteristics of the canker lesions that were
assessed. If significantly different, the curves and the average time
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to drop were compared pairwise using the Holm-Sidak test at P =
0.05 and by calculating 95% confidence intervals, respectively.
In addition, the data were subject to a descriptive analysis of the

frequency of total marked, dropped and harvested fruit. The
analysis was based on the month of appearance of the first canker
lesion and the means of the distance and diameter of the nearest
large lesion to the peduncle, and the number of large lesions on all
marked, dropped, and harvested fruit.

RESULTS

Characteristics of citrus canker lesions related to the
fruit detachment force. Multiple linear regression analysis
revealed a significant relationship between the fruit detachment
force and characteristics of canker lesions when the data from fruit
with small and large lesions were combined (P < 0.001; R2 = 0.40)
and when the fruit with large lesions were analyzed separately (P <
0.001; R2 = 0.47). However, no significant relationships were
observed for any variable with the fruit with only small lesions (P =
0.9; R2 < 0.01) (Table 1). Thus, the multiple regression analysis of
data from fruit with large lesions had the highest coefficient of
determination. The analysis with the combined data (large and
small lesions) showed that the fruit detachment forcewas negatively
related (P < 0.001) to the diameter of the lesion nearest to the
peduncle, and positively (P < 0.001) related to the distance of that
lesion from the peduncle, respectively. No relationship was
observed between the detachment force and total number of lesions
(P = 0.08). The analysis of the data from the fruit with only large
lesions showed the fruit detachment force was negatively related to
the diameter of the lesion nearest to the peduncle (P < 0.001),
positively related to the distance of that lesion from the peduncle
(P < 0.002) and negatively related to the number of lesions on the
fruit, respectively (P= 0.008). As noted, no significant relationships
were observed for fruit with only small lesions (P = 0.5). The
variance inflation factor (VIF) of the severity of lesions of citrus
canker on fruit was high in the multiple linear regression analysis,
so this variable was removed from all analyses to avoid errors
associated with multicollinearity (Kutner et al. 2005).
When the data from small and large lesions were combined, a

sigmoid regression solution best described a moderately strong
relationship between the detachment force and lesion diameter (P <
0.001; R2 = 0.42; Fig. 1A). There was no relationship with the
distance from the nearest lesion to the peduncle (R2 = 0.06),

although the sigmoid model was significant (P < 0.001) (Fig. 1D).
Furthermore, there was no relationship between the detachment
force and the total number of lesions (R2 = 0.08), despite the linear
model being significant (P < 0.001), (Fig. 1G). When regressions
were performed using data from fruit with large lesions alone, there
were weak to moderately strong relationships with all variables
whichwere best explained by linear regression solutions (P< 0.001;
R2 = 0.16 to 0.40) (Fig. 1B, E, and H). There was no relationships
observed between detachment force of fruit and small lesions (P >
0.5; R2 < 0.01; Fig. 1C, F, and I).
The surface response analysis showed a significant interaction

between the diameter of the lesion and its distance to the peduncle
and the fruit detachment force (Fig. 2). This relationship was best
explained by an extreme cumulative model (P < 0.001; R2 = 0.45),
which showed that the force required to detach a fruit decreased as
the diameter of the lesion increased and as the lesion’s proximity to
the peduncle increased (Fig. 2).

Characteristics and time of appearance of citrus canker
lesions affecting premature fruit drop. In both trials, the
probability of a fruit with citrus canker to remain attached to the tree
until harvest (survival probability) was dependent on the diameter
of the nearest lesion to peduncle (P < 0.001) (Fig. 3A and D). In
trials 1 and 2, respectively, fruit with small lesions showed a 90 and
98% chance of remaining attached to the tree or not dropping
prematurely because of the disease, as opposed to 58 and 35% for
fruit with at least one large lesion. The average time to drop after
petal fall for the fruit with large lesions in each trial (357 and 289
DAPF, respectively) was significantly lower compared with fruit
with small lesions (399 and 363 DAPF, respectively).
The retention of symptomatic fruit in the tree was dependent

(P < 0.001) on the time of appearance of the first canker lesion.
The earlier after petal fall the first symptoms appeared, the lower
the probability of survival of the fruit, and the shorter the time
until premature abscission (Fig. 3B and E). In trial 1, the survival
probability of the fruit that showed the first canker symptoms in
October (;60 DAPF) was 63%, which was less compared with the
83% and 100% survival probability for fruit that expressed the
earliest symptoms in November (;90 DAPF) or December (;120
DAPF), respectively (P = 0.04) (Fig. 3B). However, there was
no difference in the average time to drop based on the month of
appearance of the first lesion. In trial 1, no fruit that showed
symptoms in December dropped before harvest. In trial 2, the
survival probabilities of fruit that developed the earliest canker

TABLE 1. Multiple linear regression analysis of the relationship between the fruit detachment force (kgf) and the diameter of the lesion of citrus canker nearest
to the peduncle, and the distance of that lesion from the peduncle, and the total number of lesions on fruit of sweet orange using the pooled data from trials
1 and 2 and the fruit sets with large or small lesions and the combination of the two lesion size sets

Fruit seta Variable Coefficient of regression (b)b SEc (F)/t P value Adjusted R2

Large lesion + small lesion Regression (63.393) <0.001 0.40
Constant of regression 9.064 0.282 32.170 <0.001
Lesion diameter (mm) _0.311 0.026 _11.670 <0.001
Distance to peduncle (proportion)d 1.302 0.341 3.818 <0.001
Number of lesions _0.051 0.029 _1.790 0.08

Large lesion Regression (47.966) <0.001 0.47
Constant of regression 10.771 0.601 17.926 <0.001
Lesion diameter (mm) _0.472 0.056 _8.304 <0.001
Distance to peduncle (proportion) 1.423 0.441 3.224 0.002
Number of lesions _0.267 0.098 _2.704 0.008

Small lesion Regression (0.244) 0.9 <0.01
Constant of regression 8.138 0.491 16.573 <0.001
Lesion diameter (mm) 0.071 0.128 0.561 0.6
Distance to peduncle (proportion) 0.304 0.500 0.608 0.5
Number of lesions 0.003 0.046 0.070 0.9

a The fruit set with large lesion(s) (>5 mm diameter) included fruit with at least one large lesion irrespective of the presence of small lesion(s); the fruit set with
small lesion(s) (£5 mm diameter) included fruit with only small lesion(s).

b y = b0 + b1x1 + b2x2 = b3x3 + e, where y = fruit detachment force (kgf); b0 = constant of regression; b1 = lesion diameter (mm); b2 = distance to peduncle
(proportion); b3 = number of lesions; x = observed value for each variable; and e = regression error (not shown).

c Standard error of the regression coefficients.
d The distance of the nearest small or large lesion to the peduncle was standardized as a proportion relative to the length of the respective fruit.
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lesion were significantly different (P £ 0.02) in October (31%),
November (45%), and December (83%) (Fig. 3E). Likewise, the
times for the fruit to drop based on themonth the symptom appeared
were significantly different (270, 308, and 353 DAPF in October,
November, and December, respectively). In both trials, the appear-
ance of the first canker lesion occurred when the fruit diameter
ranged from;30 to 45mm (60 to 120 DAPF; October to December)
(Fig. 3C and F). No new canker symptoms developed when fruit
diameter exceeded ;45 mm (January to harvest).
The survival probability and time to drop for fruit with large

lesions depended on the diameter of the lesion and the distance
of the nearest lesion to the peduncle, and the total number of large
lesions (Fig. 4). The survival probabilities for fruit with lesion of 5.1
to 10 mm diameter and fruit with lesions >10 mm in diameter were
different (P < 0.001) in both trials (Fig. 4A and D). However, the
time to drop for fruit with more large lesions was significantly
shorter only in trial 2. In trial 1, when the first large lesion had a

diameter of 5.1 to 10mm the probability of fruit survival to harvest
was 67% and the time to drop was 364 DAPF, as oppose to 30%
and 337 DAPF, respectively, for fruit with the first large lesion
having a diameter >10 mm (Fig. 4A). In trial 2, the fruit survival
probabilities were 56 and 16%, with times to drop of 325 and
258 DAPF, respectively (Fig. 4D). The position of large lesions
influenced the survival probabilities and the time to fruit drop only
in the second trial (Fig. 4B and E). In this trial, when the first large
lesion was on the lower half of the fruit, the survival probability
and time to drop were 55% and 328 DAPF, respectively, which
were significantly greater (P < 0.001) when compared with 16%
and 253 DAPF when the first large lesion was on the upper half
of the fruit (Fig. 4E). The survival probability and time to drop of
fruit that had three large lesions or more were significantly lower
compared with fruit with only one or two large lesions in trial 1
(P = 0.04) and trial 2 (P < 0.001) (Fig. 4C and F). The incidence of a
higher number of large lesions reduced fruit survival probabilities

Fig. 1. The detachment force required for fruit from sweet orange trees as a function of A, B, and C, the diameter of the nearest lesion of citrus canker, D, E, and F,
the distance from the peduncle to the nearest small or large citrus canker lesion, and G, H, and I, the total number of lesions on the fruit. Sigmoid regression
solutions best described the relationships in A and D and linear regression solutions described the remaining relationships in B, C, E, F, and G to I. The distance of
the nearest small or large lesion to the peduncle was standardized as a proportion relative to the length of the respective fruit. Gray and white circles represent fruit
data from trials 1 and 2, respectively.
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from 67 to 39% in trial 1 and from 43.8 to 4.4% in trial 2. In
comparison with fruit with more than 3 large lesions, the times to
drop for fruit with 1 or 2 large lesions decreased significantly from
371 to 327 DAPF and from 303 to 239 DAPF in trials 1 and 2,
respectively.
Overall, the earlier the symptoms appeared, the greater the

number of fruit with large lesions (Fig. 5A and B). Most dropped
fruit had large lesions, but not all fruit with large lesions dropped
prematurely. Of the total dropped fruit, 91.3 and 98.5% had at least
one large lesion in trials 1 and 2, respectively (Fig. 5C and D).
Conversely, in both trials, the proportion of the total harvested fruit
with large or small lesions was approximately 50% (Fig. 5E and F).
Most of harvested fruit with large lesions developed the earliest
symptoms in October (;60 DAPF). Characteristics of large lesions
also varied based on fruit age and the time of appearance of the first
symptoms (Fig. 5G to L). The final diameter and proximity of the
first large lesion to the peduncle and the total number of large
lesions on fruit marked in October was higher compared with fruit
marked in November or December. The dropped fruit had large
canker lesions of greater diameter and proximity to the peduncle,
and a greater number of those lesions in comparison with the
harvested fruit.

DISCUSSION

Characteristics of canker lesions including diameter, distance
from the peduncle and population size of large lesions, influenced
how long fruit remained attached to the tree, which is an important
component of crop loss due to the disease. This study demonstrated
that the presence of large lesions (> 5 mm) on fruit was the most
important characteristic resulting in a reduction of the detachment
force. The distance of the nearest lesion from the peduncle and the
number of lesions were related to the fruit detachment force only
when the lesions were large.
The relationships between the canker variables assessed and the

fruit detachment force corroborated the patterns and characteristics

of canker lesions observed on dropped and harvested fruit. Most
dropped fruit and only half of the harvested fruit had large lesions
(>5 mm). In general, the harvested fruit had small lesions or large
lesions with a smaller average diameter, which were located farther
from the peduncle and were less numerous compared with those on
the dropped fruit. These observations are in accordance with other
studies that reported or discussed an association between early
infection and “old” canker lesions developing near the peduncle
resulting in premature fruit drop (Bock et al. 2011; Graham et al.
2011, 2010).
Small canker lesions (£5 mm), irrespective of the distance to

peduncle and the number, did not result in a reduction in the
detachment force; nor did they affect fruit retention. In both trials,
there were trees with fruit that had dozens of small canker lesions
that remained attached to the tree until harvest. These trees also had
fruit with only one large lesion close to the peduncle that dropped
prematurely. This observation emphasized the role of lesion size
on fruit drop, and more importantly demonstrated that neither the
total number of lesions nor the severity of canker lesions on a fruit
are reliable predictors of crop loss due to the disease. Thus, dia-
grammatic scales for estimating the severity of canker on fruit may
not be particularly good indicators of fruit drop (Braido et al. 2014a,
b), although they may remain of value for quantifying canker for
other purposes.

Fig. 2. The detachment force required for fruit from sweet orange trees as
predicted by the extreme cumulative model as a function of the diameter and
distance of the nearest small or large lesion of citrus canker to the peduncle.
The distance of the nearest small or large lesion to the peduncle was stan-
dardized as a proportion relative to the length of the respective fruit. The
equation for the response surface is z = 8.37 – 4.69 × exp(_exp(_(x _ 8.12)/
2.35))) + 0.46 × exp(_exp(_(y _ 0.51)/0.17))) + 1.86 × exp(_exp(_(x _ 8.12)/
2.35))) _exp(_(y _ 0.51)/0.17)), R2 = 0.45, P < 0.001, where z = fruit de-
tachment force, x = diameter of the nearest large or small lesion of citrus
canker to the peduncle, and y = distance of the nearest large or small citrus
canker lesion to the peduncle. Dots represent the observed data for fruit from
trials 1 and 2.

Fig. 3. Kaplan-Meier probability of survival curves for premature detachment
of sweet orange fruit based on A and D, the presence of at least one large
lesion or only small lesions and B and E, the month of appearance of the first
lesion on the fruit, and C and F, fruit diameter from the onset of symptom
development until harvest in trails 1 (A, B, and C) and 2 (D, E, and F). Circles
and triangles indicate the final fruit survival probabilities and mean time to
premature drop, respectively. Circles followed by the same letter do not differ
based on the Holm-Sidak test at P = 0.05. Triangles followed by same letter do
not differ based on the 95% confidence intervals (ns, not significant).
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The association between lesions of citrus canker and premature
drop of fruit or leaves may be attributed to ethylene production in
the diseased host tissue which culminates with abscission (Goren
1993; Goto et al. 1980; Goto and Yaguchi 1979; Hyodo 1977;
Imaseki et al. 1968; Olson et al. 1970; Williamson and Dimock
1953). Ethylene has been demonstrated to be produced following
the development of canker lesions on citrus leaves. The abscission
of leaves with lesions near the petiole was observed earlier than
leaves with lesions located on the distal portion of the leaf blade
(Goto et al. 1980). According to Olson et al. (1970) andWilliamson
and Dimock (1953), a minimum area of injured tissue is necessary
to generate the amount of ethylene capable of triggering early
abscission of a fruit. The results we obtained corroborated these
reports in two aspects: (i) small lesions either did not, or only barely
affected the detachment force, and (ii) the fruit detachment force
decreased drastically when the diameter of a lesion close to the
peduncle was >5 mm, as demostrated in the regression analysis.
Seemingly, only large canker lesions induce the production of
sufficient ethylene to reduce the detachment force required for
premature fruit drop and that small lesions, irrespective of their
number or location, do not promote ethylene production to levels
required for fruit abscission. Moreover, as observed for leaves
affected with citrus canker (Goto and Yaguchi 1979; Goto et al.

1980), increments in lesion diameter, proximity to the peduncle and
the number of large lesions on fruit seem to exacerbate ethylene
production and its influence on crop loss through preharvest fruit
drop.
The lesion characteristics related to premature fruit drop were

also related to the development stage of the fruit when the canker
lesion first developed. Fruit were prone to infection and lesion
development until they had reached a diameter of 45 mm or 120
DAPF, which is in agreement with observations by Graham et al.
(2016b, 1992). During this period, the young healthy tissue ex-
pands continuously and many infection cycles may occur (Dewdney
and Graham 2016), resulting in diseased fruit with different numbers

Fig. 4. Kaplan-Meier probability of survival curves for premature de-
tachment of sweet orange fruit based on A and D, the diameter of the lesion
closest to the peduncle, B and E, the proximity of that lesion to the pe-
duncle, and C and F, the number of large lesions on the fruit in trials 1 (A,
B, and C) and 2 (D, E, and F). Circles and triangles indicate the final fruit
survival probabilities and mean time to drop, respectively. Circles followed
by the same letter do not differ based on the Holm-Sidak test at P = 0.05.
Triangles followed by same letter do not differ based on the 95% confidence
intervals (ns, not significant).

Fig. 5. Percentage of A and B, total marked, C and D, dropped, and E and F,
harvested fruit of sweet orange with small (£5 mm) or large (>5 mm) lesions
of citrus canker (A to F) based on the month after petal fall that the first
symptom appeared on the fruit in trials 1 (A, C, and E) and 2 (B, D, and F).
G and J, Average diameter of the nearest large lesion of citrus canker to the
peduncle, H and K, the distance from that lesion to the peduncle, and I and
L, the number of large lesions on the total marked, dropped, and harvested
fruit of sweet orange based on the month after petal fall that the first
symptom appeared on the fruit in trials 1 (G, H, and I) and 2 (J, K, and L).
NA = not applicable, as no fruit drop was observed for fruit that showed the
first lesion in December in trial 1. Whiskers indicate the standard error of the
mean.
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and sizes of canker lesions scattered across the fruit surface (Bock
et al. 2011; Graham et al. 2010, 1992). Our study demonstrates
canker lesion characteristics that significantly affect the reten-
tion of diseased fruit on the tree: the earlier a fruit develops
symptoms of canker, the higher the likelihood the fruit develops
large lesions near the peduncle and/or large lesions in a greater
number, and consequently, the greater the probability of pre-
mature fruit drop.
This information on characteristics of citrus canker lesions that

result in fruit drop is of value in defining the critical period of fruit
protection againstX. citri subsp. citri in commercial orchards. The
integrated management program for citrus canker adopted in
citrus-growing areas where the disease is endemic includes sprays
of copper-based bactericides as the primary measure of control
(Behlau et al. 2017; Graham et al. 2016a; Leite and Mohan 1990;
Leite et al. 1987). The results can help guide citrus growers to
schedule copper-based spray programs in accordance with the
period of fruit development most at risk and the final use for the
crop. For instance, in orange orchards destined for juice produc-
tion, premature fruit drop caused by large canker lesions is the main
cause of crop loss due to the disease, so copper sprays should be
targeted toward the early developmental stages of the fruit (up to;40
to 45 mm; during ;90 to 120 DAPF). Conversely, in orchards des-
tined for the fresh fruit market, where the diseasemay affect not only
the yield but also the quality of the harvested fruit, the calendar of
copper sprays should be extended to protect developmental stages
of the fruit (>45mm; >120DAPF) in order to prevent the appearance
of both small and large canker lesions, which may impair fruit
marketability. Therefore, this study contributes not only to improve
understanding regarding the relationship between characteristics
of citrus canker lesions and premature fruit drop, but also provides
information that can be used to optimize disease management
decisions and minimize production costs while reducing the
environmental impact of unnecessary sprays.
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