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Abstract. Fruit abscission in blueberry (Vaccinium sp.) occurs at the pedicel/peduncle
junction (PPJ). Growth regulators such as methyl jasmonate (MeJa) and ethephon
accelerate the progression of abscission at this zone. It is not known whether the
abscission zone at the PPJ is sufficient to perceive and respond to these growth regulator
applications or if the fruit and leaf tissues are required to elicit these responses.
Furthermore, the effects of injury to the fruit and leaves on fruit detachment responses
have not been previously reported in blueberry. In this study, the requirement of the fruit
and leaves to respond to MeJa and ethephon applications was investigated through organ
removal treatments in rabbiteye blueberry. Removal of the fruit or the fruit and leaves
on the branch followed by MeJa application delayed the progression of abscission at the
PPJ suggesting that the fruit tissue is required only to accelerate the progression of fruit
detachment in response to MeJa. Interestingly, the extent of fruit/pedicel detachment in
response to ethephon applications was higher in the organ removal treatments compared
with the control indicating that the PPJ was sufficient to perceive and respond to
ethephon and that wounding caused by organ removal synergistically enhanced fruit
abscission in response to ethephon. Mechanical wounding of the fruit by removing the
distal half of the berry resulted in accelerated fruit detachment at the PPJ. Detachment of
non-injured fruit was unaffected by mechanical wounding of adjacent fruit. These data
suggest that wounding generates a local signal capable of accelerating fruit abscission at
the PPJ. This information may have implications for fruit retention or drop in response
to injury to the fruit as caused by herbivore feeding or as a result of insects and
pathogens.

Abscission is a physiological process involving the detachment of an organ from the
plant at specific regions termed abscission
zones (AZs; Roberts et al., 2002). Organ
detachment through abscission may be the
result of an intricately controlled developmental process to achieve its removal on
completion of its function or to achieve the
dispersal of its contents. Alternatively, abscission may occur in response to different
types of stress such as drought or wounding
resulting from insect, pathogen, or herbivore
attack (Taylor and Whitelaw, 2001). Multiple phytohormones such as auxins, ethylene,
jasmonates, and abscisic acid regulate the
signaling mechanisms leading to the activation
and progression of abscission (Hartmond
et al., 2000; Kim et al., 2013; Roberts et al.,
2002; Taylor and Whitelaw, 2001). External
application of some of these growth regulators
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affects the progression of abscission. Such
applications can be used to control the detachment of organs such as the fruit and are
potentially useful as harvest aids (Burns
et al., 2005; Fidelibus et al., 2007; Malladi
et al., 2012).
Blueberry has a production value of over
$750 million in the United States and has
emerged as a major fruit crop in the southeastern United States over the last decade
(U.S. Department of Agriculture, 2013). Recent studies have started exploring the regulation of fruit detachment in blueberry with
the aim of developing abscission agents that
can be used to improve mechanical harvesting efficiency (Malladi et al., 2012, 2013;
Vashisth and Malladi, 2013). Developmentally regulated mature fruit detachment
through the physiological process of abscission occurs within the AZ located at the PPJ
(Vashisth and Malladi, 2013). Application of
MeJa (20 mM), an oxylipin, and ethephon
(1000 mg·L–1), an ethylene-releasing compound, results in rapid (24 to 48 h) and
extensive abscission of mature blueberry
fruit (Malladi et al., 2012). Fruit detachment
as a result of the application of these growth
regulators occurs at the PPJ indicating that
these compounds accelerate the progression
of abscission (Malladi et al., 2012; Vashisth
and Malladi, 2013). However, it is unclear if

the PPJ perceives and responds to these
growth regulator applications or whether
the fruit and leaf tissues are required for such
responses. It is possible that these growth
regulator applications are directly perceived
at the AZ within the PPJ thereby facilitating an
abscission response. Alternatively, the perception of these growth regulators may occur
within the berry or within leaves on the branch
leading to the generation of a signal that is
translocated to the AZ at the PPJ, thereby
activating abscission.
Abscission may also be induced or accelerated as a result of injury as a result of
pathogen, insect, or herbivore attack or as
a result of mechanical wounding (Taylor and
Whitelaw, 2001). In citrus (Citrus sinensis),
mechanical wounding of the flavedo of the
mature fruit resulted in a decrease in the fruit
detachment force and an increase in the
extent of fruit drop (Kostenyuk and Burns,
2004). Injury to the fruit may result in the
generation and release of a variety of signals
including phytohormones such as ethylene
and jasmonates (Howe, 2004). Some of these
signals may translocate over long distances
and induce responses within non-injured
organs (Howe, 2004; Schilmiller and Howe,
2005). Potentially, such signals may activate
or accelerate the abscission response. In
blueberry, significant injury to the fruit is
often observed as a result of bird feeding. It is
unknown whether such injury results in the
abscission of the affected fruit and whether it
generates signals that cause adjacent fruit to
respond similarly.
The objectives of this study were: 1) to
determine whether the AZ at the PPJ in the
mature fruit is by itself sufficient to perceive
and respond to abscission agent applications;
and 2) to study the effect of mechanical injury
to mature fruit on the abscission of the
affected fruit and adjacent non-injured fruit.
Organ removal treatments followed by growth
regulator applications and mechanical wounding of mature fruit and leaves in rabbiteye
blueberry (Vaccinium ashei Reade) were used
to address these objectives.
Materials and Methods
Expt. 1. Rabbiteye blueberry plants of the
cultivar, Climax, planted in 2008 at the
University of Georgia Horticulture Farm in
Watkinsville, GA, were used in this study in
2013. The experiment was performed when
the majority of the fruit on the plant was
mature (blue/black). A split-plot experimental design with four replicates was used. The
whole-plot factor was completely randomized and consisted of the following growth
regulator applications: 1) control (water); 2.
MeJa (20 mM; Sigma-Aldrich, St. Louis,
MO); and 3) ethephon (1000 mg·L–1; Bayer
CropScience, Kansas City, MO). All applications were made along with 0.15% of
Latron B-1956 (Rohm and Haas, Philadelphia, PA) as the adjuvant. All spray applications were performed 0900 h until runoff
using a hand sprayer. The average daily
temperature on the day the spray applications
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were performed was 25.6 C and ranged from
23.2 to 27.8 C during the duration of the
experiment. On each plant, four branches,
each consisting of 25 to 45 fruit, were
tagged and randomly assigned to one of four
organ removal treatments (split-plot factor).
On all these branches, immature fruit (green
and pink) were removed 1 h before the
application of treatments. The organ removal
treatments consisted of: 1) no organ removal (NR); 2) fruit removal (FR); 3) leaf
removal (LR); and 4) fruit and leaf removal
(FLR). The FR treatment consisted of hand
detachment of all mature fruit on the branch
at the junction of the pedicel and the berry
resulting in the retention of only the pedicels
on the branch. The LR treatment involved the
removal by hand of all leaves present on the
fruiting portion of the branch and up to 15 cm
from it. The FLR treatment involved the
removal of both the fruit and the leaves on
the branches as described previously for the
FR and LR treatments. The organ removal
treatments were applied 30 min before the
growth regulator treatments. The number
of fruit or pedicels on the tagged branches
was counted to determine the extent of
fruit/pedicel drop in response to the growth
regulator and organ removal treatments. A
preliminary experiment performed in 2012
using ‘Powderblue’ rabbiteye blueberry plants
indicated that pedicels in treatments involving
fruit removal often remained loosely attached
to the branch although abscission had progressed, potentially as a result of the absence
of the weight of the fruit to complete the
detachment process. Hence in the 2013 experiment with ‘Climax’, the pedicels were
brushed lightly before the fruit/pedicel count
in all the treatments to promote complete
detachment of abscised organs.
Expt. 2. The effect of organ injury on fruit
detachment characteristics was determined
in the rabbiteye cultivars, Premier and Powderblue. Blueberry bushes planted in 2010 at
the University of Georgia Horticulture Farm
in Watkinsville, GA, were used in this study
in 2013. In the study with ‘Premier’, four
treatments were applied when the majority of
the fruit on the plant was mature. Four
single-plant replicates were used in this study
in a completely randomized design. On each
plant, one branch with 25 to 50 fruit was
selected and subjected to the organ injury
treatment. Only mature fruit were used in this
experiment. Approximately 1 h before the
treatment, all immature fruit were removed
from the selected branch. The treatments
were: 1) control (no organ injury); 2) fruit
injury; 3) 50% fruit injury; and 4) leaf injury.
For the fruit injury treatment, all fruit on the
branch were cut in half using a razor blade
such that the top half of the fruit was left
attached to the branch through the pedicel
and the bottom half was discarded. For the
50% fruit injury treatment, 50% of randomly selected fruit on the branch was injured as described previously, whereas the
remaining fruit were not injured. For the leaf
injury treatment, the distal half of the leaf
blades on all of the leaves on the branch was

1404

cut and removed using scissors. The fruit
were not injured in this treatment. The
number of fruit on the branch was counted
at the beginning of the experiment and until 2
weeks after treatment. The average daily
temperature during the duration of the experiment ranged from 23.2 to 27.8 C. The point
of detachment of the fruit was noted. This
experiment was repeated in the rabbiteye
blueberry cultivar, Powderblue. In this study
all the treatments were performed as described previously except for the leaf injury
treatment. This treatment was not performed
because it did not appear to alter the fruit
detachment responses in the study with ‘Premier’. Four replicates in a completely randomized design were used in this study. In
this experiment, fruit drop was monitored
until 10 d after treatment. The average daily
temperature during the duration of the experiment ranged from 23.4 to 27.3 C.
Statistical analyses. Statistical analyses
were performed using SAS (Version 9.3;
Cary, NC) and SigmaPlot 11 (San Jose,
CA). Percent fruit drop data were transformed using arcsine square-root transformation before data analyses. Data from Expt. 1
were analyzed using PROC MIXED in SAS.
The interaction effects between the growth
regulator treatment and the organ removal
treatment were significant at all stages after
treatment. The simple effects of the organ
removal treatments within each growth regulator treatment were tested using the test of
effect slices (a = 0.05). When this test was
significant, pairwise comparisons were used
to separate the means of the organ removal
treatments. Data from Expt. 2 were analyzed
using analysis of variance. Comparison of
means within each time point after treatment
was performed using Fisher’s least significant difference (a = 0.05).
Results
Expt. 1. In ‘Climax’, fruit drop within the
control treatment reached up to 37% by 192 h
after treatment (Fig. 1, NR treatment). None
of the organ removal treatments affected the
extent of fruit drop in the control treatment.
Application of MeJa resulted in rapid and
extensive fruit drop in ‘Climax’ (Fig. 1). The
extent of fruit drop in response to MeJa
application was up to 64% by 24 h after
treatment and reached up to 91% by 192 h
after treatment (NR). Removal of the fruit at
the pedicel–berry junction (FR treatment)
followed by MeJa application resulted in an
altered detachment response. In the FR treatment, 2- to 3-fold lower detachment of the
pedicels was observed between 24 and 96 h
after treatment in comparison with the NR
treatment. At later stages, pedicel detachment
in the FR treatment was not different from
that in the NR treatment. Leaf removal in the
LR treatment resulted in fruit drop similar to
that observed in the NR treatment and was
significantly different from that in the other
treatments until 96 h after treatment. Removal of the fruit and the leaves in the FLR
treatment resulted in a detachment response

largely similar to that observed in the FR
treatment. The FLR treatment resulted in
significantly lower pedicel detachment than
the fruit detachment in the NR treatment by
almost 5- to 2-fold at 24 and 48 h after
treatment, respectively. However, from 72 h
after treatment, the extent of pedicel/fruit
detachment was not different between the
FLR and the NR treatments.
Application of the growth regulator ethephon resulted in extensive fruit drop in
‘Climax’ (Fig. 1). In the NR treatment,
ethephon application resulted in 65% fruit
drop by 192 h after treatment. Interestingly,
the organ removal treatments, FR, LR, and
FLR, resulted in higher pedicel/fruit drop
than that in the NR treatment in response to
ethephon. Between 24 and 96 h after treatment, the extent of pedicel/fruit drop in these
organ removal treatments was greater than
2-fold that in the NR treatment. The organ
removal treatments resulted in up to 100%
detachment in response to the ethephon
treatment by 96 h after application.
Expt. 2. The effect of mechanical wounding of fruit or leaves on fruit drop was studied
in ‘Premier’ (Fig. 2). In the control, less than
20% fruit drop was observed within the first
7 d of observation and 52% of the fruit
dropped by 14 d after treatment. In the
treatment in which all the fruit on the branch
was injured, a clear increase in the rate of fruit
drop was evident. By 3 d after treatment, 40%
of the fruit in this treatment detached and 88%
of the fruit detached by 7 d after treatment.
Almost all of the wounded fruit (99%) detached by the end of the experiment (14 d).
Injuring 50% of the fruit on the branch
resulted in significantly higher fruit drop
(greater than 2.5-fold) than that in the control
from 7 d after treatment. The extent of fruit
drop in the non-injured fruit within this
treatment was not different from that in the
control treatment (data not shown). The leaf
injury treatment did not alter the extent of fruit
drop in comparison with the control treatment.
In ‘Powderblue’, the control fruit displayed
up to 36% fruit drop by 10 d after treatment
(Fig. 3). In the fruit injury treatment in which
all fruit on the branch was cut in half, the
extent of fruit drop was greatly accelerated,
similar to that observed in the ‘Premier’ study.
Greater than 55% of these fruit detached at 2 d
after treatment and the extent of fruit drop was
greater than 96% by 5 d after treatment. In the
fruit injury treatment in which only half the
fruit on the branch were injured, fruit detachment was significantly higher (greater
than 3-fold) than that in the control from 5 d
after treatment. The non-injured fruit on the
branch within this treatment displayed a fruit
drop response similar to that of the control
(data not shown). Fruit detachment in response to mechanical wounding of the fruit
occurred primarily at the PPJ.
Discussion
In the organ removal experiment, 37%
fruit abscission occurred in the control treatment by 8 d after treatment indicating the
HORTSCIENCE VOL. 49(11) NOVEMBER 2014

Fig. 1. Fruit or pedicel detachment at the pedicel/peduncle junction (PPJ) in response to abscission agent applications and organ removal treatments in ‘Climax’.
Four organ removal treatments were performed: NR = no removal; FR = fruit removal at the pedicel/berry junction; LR = leaf removal on the branch with fruit;
FLR = fruit and leaf removal (as described previously). Methyl jasmonate (MeJa; 20 mM) and ethephon (1000 mg·L–1) along with the adjuvant were applied
after the organ removal treatments. The control was sprayed with water and adjuvant only. Fruit or pedicels retained on the treated branches were counted and
these data were used to determine the percentage fruit/pedicel drop. Error bars indicate the SEMs (n = 4). Similar letters above the bars indicate that the means of
the organ removal treatments within a growth regulator treatment were not significantly different (a = 0.05).

extent of natural fruit detachment during this
period. None of the organ removal treatments
altered the extent of abscission at the PPJ.
These data indicate that the extent of injury
caused by the removal of the fruit, leaves, or
both was not sufficient to accelerate the fruit
abscission response in the mature fruit.
Application of the abscission agent MeJa
resulted in accelerated fruit detachment.
Greater than 60% of the mature fruit abscised
within 1 d after treatment with MeJa. These
data are consistent with previous studies in
which rapid detachment of mature fruit in
response to MeJa application was reported
in blueberry (Malladi et al., 2012; Vashisth
and Malladi, 2013). The PPJ has previously
been demonstrated to be the point of fruit
detachment through the physiological process of abscission in blueberry (Vashisth and
Malladi, 2013). Removal of the fruit at the
fruit/pedicel junction (FPJ) in the FR and
FLR treatments resulted in at least 70%
abscission at the PPJ indicating that the abscission zone at the PPJ was by itself competent to respond to the MeJa applications and
initiate detachment. These data clearly indicate
HORTSCIENCE VOL. 49(11) NOVEMBER 2014

that in mature fruit, the abscission zone at the
PPJ is developmentally mature and able to
respond to signals that activate or promote
abscission. However, presence of the mature
fruit tissue was clearly required to accelerate
the abscission response at the PPJ. Removal of
the fruit in the FR treatment especially resulted
in lower detachment at the PPJ than that in the
NR treatment until at least 4 d after treatment. Presence of the mature fruit may
allow for a greater surface area for the
absorption of MeJa, thereby resulting in an
accelerated abscission response. Alternatively, presence of the mature fruit may
allow for a jasmonate-dependent signal
generated within the fruit (in response to
MeJa) to translocate to the PPJ and add to
similar signals generated within this location, thereby accelerating the progression of
abscission.
Ethephon application resulted in mature
fruit detachment by up to 65% within 8 d after
treatment. These data are consistent with previous reports on the effects of ethephon on
blueberry fruit detachment (Malladi et al., 2012;
Vashisth and Malladi, 2013). Interestingly,

removal of the fruit, leaves, or both resulted
in enhanced abscission at the PPJ by up to
2-fold, clearly indicating that the abscission
zone at the PPJ is sufficient to respond to
ethephon and initiate abscission. Organ removal may lead to the generation of ethylene
and/or jasmonate-dependent signals. Such
wound-induced generation of ethylene and
jasmonate signals has been previously
reported in other plant systems such as
Arabidopsis and tomato (Li et al., 2002;
O’Donnell et al., 1996). Wound signals
generated through organ removal treatments
may act synergistically with external ethephon applications resulting in higher abscission within these treatments. These signals
alone were, however, not sufficient to enhance the abscission response because the
organ removal treatments did not differ in the
extent of abscission in the control treatment.
Mechanical wounding of the fruit through
the removal of the bottom half of the fruit
resulted in accelerated abscission of the injured fruit in ‘Premier’ and ‘Powderblue’. Up
to 90% of the wounded fruit detached within
5 d after injury indicating a rapid abscission
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Fig. 2. Fruit abscission in response to mechanical wounding in ‘Premier’. Four treatments were performed.
Control = no injury; Fruit injury = all mature fruit were mechanically wounded by removal of the distal
half of the berry; Fruit injury (50%) = half of the fruit on the branch were randomly subjected to the
mechanical wounding treatment as described previously; and Leaf injury = all leaves on the branch
with the fruit were mechanically wounded. The error bars indicate the SEMs (n = 4). Similar letters
above the bars indicate that the means within the given time after treatment were not significantly
different using Fisher’s least significant difference (a = 0.05).

Fig. 3. Fruit abscission in response to mechanical wounding in ‘Powderblue’. Three treatments were
performed on mature fruit. Control = no injury; Fruit injury = all mature fruit were mechanically
wounded by removing the distal half of the berry; Fruit injury (50%) = half of the fruit on the branch
were mechanically wounded as described previously. The error bars indicate the SEMs (n = 4). Similar
letters over the bars indicate that the means within the given time after treatment were not significantly
different as determined by Fisher’s least significant difference (a = 0.05).

response as a result of mechanical wounding. The majority of the fruit detachment
occurred at the abscission zone within the
PPJ. These data suggest the generation of
a wound-induced signal that accelerates the
progression of abscission at the PPJ. Injury
to the fruit may trigger the generation of
a signal, which is rapidly translocated to the
PPJ where it may interact with native signals
to promote the progression of abscission.
Similarly, mechanical wounding of the fruit
flavedo has been shown to reduce the fruit
detachment force and to accelerate mature
fruit abscission in citrus (Kostenyuk and
Burns, 2004). Interestingly in the current
study, fruit abscission as a result of mechanical wounding to the fruit was restricted to
the injured fruit. Non-wounded fruit adjacent to the injured fruit on the same branch

1406

did not display an increase in the rate of
fruit detachment. These data suggest that
the potential signal generated as a result of
mechanical wounding is active only over a
local region and is not communicated over
a long distance. In citrus, the fruit detachment effect of mechanical wounding of the
fruit flavedo was dependent on the proximity
of the injury to the abscission zone, suggesting that the signal was translocated only
over a short distance (Kostenyuk and Burns,
2004). Additionally, in the current study,
mechanical injury to the leaves on the branch
did not accelerate the extent of mature fruit
detachment. Mechanical wounding of the
leaves may not have generated sufficient
levels of the abscission signal. Alternatively,
the signal may not have translocated over a
long distance.

Fruit injury may result in the generation of
signals such as ethylene and/or jasmonates,
which could potentially accelerate the progression of abscission at the PPJ. Ethylene
release is often associated with wounding
(Kato et al., 2000; O’Donnell et al., 1996;
Ryan and Moura, 2002). Ethylene may,
either directly or through interaction with
other wound-induced signals, trigger downstream signaling mechanisms resulting in
a plant response to wounding (Howe, 2004;
O’Donnell et al., 1996), including abscission.
Abscission of the injured organ may be a
mechanism to prevent the establishment
and spread of potential infections at the
point of injury (Taylor and Whitelaw, 2001).
Ethylene generation as a result of mechanical injury to the fruit has been previously
implicated in accelerated mature fruit abscission in citrus where blocking ethylene
biosynthesis decreased fruit drop in response
to injury (Kostenyuk and Burns, 2004). Additionally, jasmonates are key components of
wound signaling in plants (Howe, 2004; Li
et al., 2002; Schilmiller and Howe, 2005).
Jasmonates act as signals generated at or
close to the point of injury and are systemically transported over long distances to
induce responses to wounding (Howe, 2004;
Schilmiller and Howe, 2005). Jasmonates are
involved in regulating fruit detachment responses in various plants such as Arabidopsis
(Arabidopsis thaliana), blueberry, and citrus
(Hartmond et al., 2000; Kim et al., 2013;
Malladi et al., 2012; Vashisth and Malladi,
2013). It is likely that the induction of
jasmonate biosynthesis and signaling as a
result of fruit injury may accelerate the progression of abscission at the PPJ of the
injured fruit. Quantification of ethylene and
jasmonates is essential to determine if these
hormones are involved in mediating the
mechanical wounding-related fruit abscission
responses in blueberry.
Together, the studies described here provide insights into the signaling mechanisms
involved in the progression of mature fruit
abscission in blueberry. The abscission zone
at the PPJ in mature fruit appears to be at
a physiological stage sufficient to functionally respond to the application of abscission
agents such as MeJa and ethephon, although
presence of the mature fruit tissue accelerates
such a response in the case of MeJa. Injury to
the fruit may generate a local signal that
accelerates abscission at the PPJ in the injured mature fruit. This information has
potential implications with respect to fruit
injury caused by bird feeding. The results
from this study suggest that only the injured
fruit may abscise in response to such feeding,
whereas the adjacent fruit remain largely
unaffected.
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