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Abstract The removal of fruit cluster leaves was shown to

be a valuable method for controlling fruit quality and

producing high-grade apples. A chemical defoliant that

functions as an activation switch was shown to turn on the

genes necessary for fruit cluster leaf defoliation. Eluci-

dating the mechanism involved in leaf defoliation is crucial

to our understanding of the use of chemical defoliants in

fruit trees. To gain insight into chemical defoliant-medi-

ated leaf defoliation, we first confirmed the occurrence of

ethylene production by applying a chemical defoliant on

fruit cluster leaves. Then, we used RNA-seq analysis to

obtain a series of transcriptome profiles for genes and

proteins involved in leaf senescence induction. Within 2

days of applying the chemical defoliant to apple trees,

1-aminocyclopropane carboxylic acid (ACC) oxidase,

ACC synthase, a chlorophyll binding protein, and poly-

galacturonase-related genes were up-regulated at least

sixfold. An in vitro enzyme assay showed that lanolin oil

activates ACC synthase activity, a key regulatory enzyme

in the ethylene pathway. We also showed that chemical

defoliant decreased the light saturation point and total

chlorophyll content. Then, we used a polygalacturonase

activity assay to confirm the effects of chemical defoliant

on leaf senescence in vivo. Furthermore, treatment with

chemical defoliant resulted in a significant increase in the

chromaticity value of a*, whereas L* and b* decreased in

the apple fruit. Taken together, we conclude that chemical

defoliant could selectively affect fruit cluster leaves, which

suggested that it can be used as a selective defoliant.

Keywords 1-aminocyclopropane carboxylate synthase �
Abscission � Defoliation � Ethylene � Leaf senescence

Introduction

Apples are the most common fruit in Korea. Apple quality

can be determined objectively by measuring the physical

and/or chemical components that affect the fruit. Before

the year 2000, the weight and size of an apple were two of

the most important factors used by consumers when

selecting apples, but after 2000, the selection of table ap-

ples and the determination fruit quality depended on other

factors. These were, in the order color[ shape[ size.

As the antioxidant effect of red apples became known to

consumers (Wolfe et al. 2003), preference based on fruit

color increased. The anthocyanin content, the main factor

involved in fruit color, can be enhanced by increased sugar

content, temperature, nitrogen, and exposure to light

(Vestrheim 1970; Westwood 1993). Therefore, people

started to use certain cultivation practices, such as tree

architecture, removing excess branches, intentionally

defoliating leaves near growing fruit, turning fruit, and

using reflectors, to increase anthocyanin accumulation. Of

these cultivation practices, removing leaves near the fruit is

considered to be the most efficient and direct way to

improve fruit color quality (Choi et al. 2000).
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In Korea, removing fruit cluster leaves has long been

used as a management method for apple color improve-

ment. It has been shown to control fruit quality and to

increase the production of high-quality apple fruits (Choi

et al. 2000). Most apple orchard managers use hand-strip-

ping procedures to improve fruit color before harvesting,

and it is well known that this cultivation practice signifi-

cantly improves fruit color (Yim and Lee 1999). The hand-

stripping of ‘Fuji’ apple trees is usually carried out

30–40 days before harvest. However, if there is too much

defoliation, then the size and color of the fruit will decrease

in future harvesting seasons and the flowering and early

growth of apple trees will be negatively affected for several

years (Choi et al. 2000). In addition, hand-stripping leaves

causes direct physical damage and nutrient loss. Addi-

tionally, other problems are the high labor costs associated

with hand-stripping and lack of people to undertake the

task. Therefore, it is crucial to develop a spraying method

by using chemical defoliants, so that the negative physical

effects on apple trees and labor costs can be reduced.

Recently, many countries have used chemical defoliants.

For example, 1,2,4-tributylphosphortrithioat (tribufos), N-

phenyl-N0-1,2,3-triadiazol-5-yl urea (thidiazuron), 2,3-di-

hydro-5,6-dimethyl-1,4-dithiin 1,1,4,4-tetraoxide (dime-

thipin), and 2-chloroethylphosphonic acid (ethephon) have

been used to improve cotton productivity and quality

(Snipes and Cathey 1992). In Korea, some researchers

(Kim and Yun 1971) carried out a chemical defoliant

experiment where ‘Ralls Janet’ apple trees were sprayed

with JON COLOR (2,3,5-triiodobenzoic acid as the main

ingredient) and Pre-N. In addition, during the 1960s, a

thinning experiment by using a chemical thinner was car-

ried out using ‘Ralls Janet’ and ‘Jonathan’ cultivars in

Japan (Yim et al. 2000). Previous research also reported the

effect of natural abscisic acid (ABA) on defoliation and its

influence on apple color (Yim and Lee 1999). Although

2,3,5-triiodobenzoic acid was shown to be effective in

defoliation experiments, the chemical is not registered for

use as a defoliant on fruit trees because of safety issues,

and natural ABA is too expensive to use in most orchards.

Recently, we tested a chemical defoliant that can defo-

liate fruit cluster leaves. However, the mechanisms

underlying leaf defoliation in plants are unclear. In this

study, we hypothesized that JEOKYEOPSON (chemical

defoliant; DaewonAgro, Gyeongbuk, Korea) functions as

an ethylene biosynthesis, which is known to be involved in

leaf senescence (Taiz and Zeiger 2002) and is a tran-

scriptional activator of polygalacturonase (PG), which has

been shown to be associated with leaf abscission; PG

activity accompanies leaf abscission (Taylor et al. 1990;

Gonzalez-Carranza et al. 2002). In this study, we provide

experimental evidence to support these hypotheses.

Materials and methods

Plant materials and chemical defoliant treatment

‘Fuji’ apple fruit and leaf samples were collected from an

experimental field at Kyungpook National University

(Gunwi, Korea). The apple trees used in this study were

10 years old. Their rootstock was M9, their planting

density was 1.5 m, and they displayed similar vigor, and

produced about the same number of fruit. The cultivation

practices were the same as those undertaken in commer-

cial apple orchards. We used commercial chemical

defoliant for the experiment. The chemical defoliant,

JEOKYEOPSON (DaewonAgro, Korea), is composed

with 0.05 % soluble boron, 0.0005 % soluble molybde-

num, and lanolin oil (main ingredient) mixture. The

chemical defoliant was first diluted by 1/500. Then, the

diluted chemical defoliant was applied at a rate of 4 L per

tree in mid-September, 2015 using an engine sprayer. The

trees in the control treatment were only sprayed with

water.

Measurement of the defoliation rate

We defined the fruit cluster leaves (FCL) as those that were

located within 20 cm either side of the fruit petiole and the

other leaves on a branch were defined as stem leaves (SL).

The average length of the branches used in the experiment

was 1.3 m, and the average number of leaves per branch

was approximately 13 (FCL) and 287 (SL). The defoliation

rate for FCL was defined as the number of defoliated FCL

compared to the number of whole FCL on each branch; and

for SL, it was defined as the number of defoliated SL

compared to the number of whole SL on each branch.

Thirty branches from five trees (six branches per tree) were

used in the experiment, and the defoliation rate was eval-

uated 10 days after the chemical defoliant spray had been

applied.

Ethylene production assay

We sampled FCL and SL treated with the chemical defo-

liant at 0, 1, and 2 days after treatment. These leaves were

immediately put into glass test tubes, which were then

capped with a rubber septum and incubated at 25 �C. The
ethylene produced by the leaves was determined by with-

drawing a 1 mL headspace gas sample and injecting it into

a gas chromatograph (GC2010, Shimadzu, Kyoto, Japan)

equipped with a Porapak Q column (80/100 2 m, Youngin

Frontier, Seoul, Korea) and a flame ionization detector. The

temperatures of the injector, oven, and detector were 100,

90, and 200 �C, respectively. The flow rates of the He
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carrier, H2, and air were 25, 40, and 400 mL per min,

respectively (Yoo et al. 2015). A total of 60 leaves (20

leaves from three trees) were sampled and we used one tree

as one biological replicate.

RNA extraction, sequencing, and analysis

We collected 60 leaves at 2nd day after treatment with

water (control) or the chemical defoliant. Twelve leaves

from five trees were sampled from the FCL and SL. Whole

FCL and SL were used to extract total RNA with an

RNeasy Plant Mini Kit (Qiagen, Düsseldorf, Germany).

Libraries for Illumina sequencing were constructed using a

TruSeq Stranded mRNA Sample Prep Kit (Illumina, San

Diego, CA, USA) following the manufacturer’s protocol.

RNA sequencing was performed on an Illumina

HiSeq 2500 System using paired-end 100-bp sequencing.

Four lanes of a flow-cell were used, one for each treatment.

These yielded 54,374,906, 73,781,952, 69,454,932, and

83,635,398 total sequence reads for the control FCL, FCL

treated with defoliant, control SL, and SL treated with

defoliant, respectively. Sequence data for the reference

genome (Malus domestica) were retrieved from the NCBI

database. Quality-filtered reads were aligned to the refer-

ence-genome sequence using Bowtie2. Relative transcript

abundance was measured in fragments per kilobase of

transcript per million mapped reads. Visualization of the

mapping results and the differentially expressed gene

(DEG) analysis was carried out using the CLRNASeqTM

program (ChunLab, Seoul, Korea). Two biological repli-

cates were used in the experiment.

Measurement of the light saturation point

The light saturation point was determined according to

Satou et al. (2014) with slight modifications. At 0 and 6

days after treatment with the chemical defoliant, the light

saturation points of the FCL and SL were measured using a

MINI-PAM Photosynthesis Yield Analyzer (Walz, Effel-

trich, Germany) in lighting curve mode.

Total chlorophyll assay

The total chlorophyll (chlorophyll a and b) content of the

‘Fuji’ apple leaves was determined according to Arnon

(1949) and Lichtenthaler (1987) with slight modifications.

The leaves were ground into a fine powder in liquid

nitrogen, homogenized with 80 % acetone, and then

extracted twice with 80 % acetone. The supernatants were

collected by centrifugation at 12,0009g for 15 min at 4 �C.
The total chlorophyll content was calculated by measuring

the absorbance at 663 and 645 nm.

Polygalacturonase (PG) activity and protein assay

The crude enzyme was extracted from FCL and SL at 0, 2,

and 8 days after treatment with the chemical defoliant

spray. The enzyme activity assay was performed according

to Kuwar et al. (2015). Briefly, all steps were performed at

4 �C. Aliquots of the leaves were ground in liquid nitrogen

and homogenized in 50 mM 2-(4-(2-hydroxyethyl) piper-

azin-1-yl) ethanesulfonic acid (HEPES) buffer (pH 7.5)

containing 1 mM ethylenediaminetetraacetic acid, 5 mM

dithiothreitol, 1 mM MgCl2, and 0.5 mM phenylmethane-

sulfonyl fluoride using a mortar and pestle at the ratio of

1:10 (w/v). The homogenate was centrifuged at

12,0009g for 15 min at 4 �C. The clear supernatant was

used to determine enzyme activity and perform the protein

assay. PG activity was assayed according to Deng et al.

(2005) with modifications. The reaction mixture contained

200 mM Na-acetate buffer (pH 4.5) and a 1 % (w/v)

solution of citrus pectin containing 0.6 % (w/v) sodium

chloride and the crude enzyme in a total volume of 1 mL.

The mixture was incubated at 37 �C for 1 h, followed by

the addition of 3,5-dinitrosalicylic acid. Then the reaction

was stopped by heating the sample in boiling water for

10 min. A blank was prepared for each sample by boiling

the reaction mixture before the substrate was added. The

concentration of the reducing groups was determined using

D-galacturonic acid as a standard after measuring the

absorbance at 540 nm. Protein content was assayed

according to Bradford (1976).

1-Aminocyclopropane-1-carboxylate (ACC)

synthase activity assay

All constructs used in this study were verified by DNA

sequencing. Full-length ACC synthase (At4g08040) cDNA

was amplified from Arabidopsis leaf cDNA by PCR using

the primers 50-CGCGGATCCATGTTGTCAAGCAAAG
TTGTTG-30 (forward) and 50-GTGCTCGAGACGTTC
TGATTCACAAGTAACAGA-30 (reverse). The PCR pro-

duct was cloned into a pET28a (?) vector. The vector

construct was introduced into E. coli Rosetta-gami (DE3).

ACC synthase activity was assayed according to Boller

et al. (1979) and Kende and Hanson (1976) with slight

modifications. The assay mixture contained recombinant

ACC synthase, 600 mM HEPES buffer (pH 8.0), and

0.5 % (final concentration) lanolin oil (the main ingredient

of JEOKYEOPSON) or water (control). The assay mixture

was incubated at 30 �C for 3 h followed by the addition of

2 mM S-adenosyl-L-methionine (SAM) as a substrate.

After the incubation period, the reaction was stopped by

the addition of 100 mM sodium phosphate buffer (pH 11.5)

and 1 M NaBH4 prepared in 100 mM sodium phosphate

buffer (pH 11.5). Then, the mixture was incubated at 30 �C
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for 10 min followed by boiling water for 10 min. After

cooling, 10 mM pyridoxal phosphate in 100 mM sodium

phosphate buffer (pH 11.5), 20 mM MnCl2, and 500 mM

H2O2 were added. The tube was thoroughly shaken, closed

with a rubber septum, and placed on a horizontal shaker

(250 cycle min-1) for 1 h at 25 �C. After 1 h, 1 mL

samples were withdrawn from the gas phase for ethylene

determination. For each enzyme assay, tests with blank

samples (water) and samples containing the standards were

performed in parallel.

Measurement of fruit color

The fruit color intensity was measured using a CR-400

Chroma Meter (Konica Minolta, Inc., Japan). Forty ‘Fuji’

apples from each treatment (water control and chemical

defoliant) were harvested on October 26, 2015, and the

fruit color intensity was the average of three measurements

taken from the equatorial region of the fruit. Differences

were considered significant at p\ 0.05.

Results

Effect of the chemical defoliant on fruit cluster

leaves

The functional mechanism by which the chemical defoliant

triggers FCL defoliation was investigated in mid-Septem-

ber, 2015 in Gunwi, Korea. A chemical defoliation test was

carried out on FCL and SL from 30 branches of five,

10-year-old ‘Fuji’ apple trees (six branches per tree).

Within 8 d of the chemical defoliant spray, FCL had begun

to yellow, but SL remained green (Fig. 1). The defoliation

rate for FCL was 42.1 %, whereas it was 16.3 % for SL

(Fig. 2). The control (water only) test did not show any

FCL and SL defoliation (Fig. 1A). These results indicated

that the defoliation was caused by the chemical defoliant

spray. We then performed a time course GC analysis to

examine changes in ethylene production. In FCL, ethylene

production was induced as early as 2nd day after the

chemical defoliant spray, but ethylene production was

lower in SL (Fig. 3). These results indicated that chemical

defoliant-induced FCL defoliation may be related to

ethylene production.

Transcriptome analysis using RNA-seq identifies

genes that are up- and down-regulated during fruit

cluster leaf senescence

We performed whole transcriptome analysis using RNA-

seq to identify genes differentially expressed during leaf

senescence caused by the chemical defoliant spray. Based

Fig. 1 The effect of the

chemical defoliant spray on

FCL senescence in a 10-year-

old ‘Fuji’ apple tree.

(A) Control treatment (water).

(B) Phenotype analysis of

leaves 8 days after chemical

defoliant spray. Leaf senescence

is indicated with yellow arrows

Fig. 2 Defoliation rates of FCL and SL in a ‘Fuji’ apple trees treated

with the chemical defoliant. The defoliation rate was determined 10

days after the chemical defoliant spray. A total of 30 branches from

five trees (six branches per tree) were used in the experiment. The

average number of leaves per branch was approximately 13 (FCL)

and 287 (SL). One tree represented one biological replicate. Error

bars represent the standard deviation of five biological replicates
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on the results of the ethylene production analysis (Fig. 3),

we isolated FCL and SL total RNA from ‘Fuji’ apple

leaves. The RNA was collected 2nd day after they had

been sprayed with the chemical defoliant and/or water

(control). A total of 33,242 transcripts were differentially

expressed in response to the chemical defoliant spray

(Fig. 4). In FCL treated with the chemical defoliant,

DESeq 2 screening showed that 496 genes were up- or

down-regulated sixfold compared to that of water control.

Of these, 400 genes were up-regulated and 96 genes were

down-regulated in FCL receiving the chemical defoliant

spray (Fig. 5A). Many of the differentially expressed

genes in FCL were implicated in ethylene biosynthesis and

photosynthesis (Table 1). The list in Table 1 includes

ACC oxidase-related genes, ACC synthase-related genes,

chlorophyll a-b binding protein-related genes, and a

polygalacturonase-related gene. For example, the ACC

synthase-related gene (LOC103411726) was up-regulated

more than 30.1-fold, whereas a chlorophyll a-b binding

protein-related gene (LOC103450616) was down-regu-

lated up to 12.7-fold. In SL, after treatment with the

chemical defoliant spray, the DESeq 2 screening showed

that 356 genes were up- or down-regulated threefold

compared to that of water control. Of these, 334 genes

were up-regulated and 22 genes were down-regulated

(Fig. 5B), but only the ACC oxidase homolog gene was

involved in the ethylene biosynthesis pathway (Table 1).

Our transcript expression analysis, which compared FCL

and SL 2nd day after treatment, provides insights into

gene expression profiles and leaf senescence, and suggests

that JEOKYEOPSON targets FCL more efficiently than

SL.

Measurement of photosynthesis

We measured the light saturation point in SL treated with

JEOKYEOPSON and compared it to the light saturation

point for FCL. The comparison showed that SL had a much

higher light saturation point at 6th day after treatment than

FCL (Fig. 6A). Furthermore, the SL light saturation point

was similar to FCL treated with the water control

(Fig. 6B). We also investigated the effects of the chemical

defoliant on the chlorophyll content of ‘Fuji’ apple leaves.

Total chlorophyll content had dropped by more than 51 %

in FCL at 8th day after treatment. In contrast, there was

only a minimal decrease in SL total chlorophyll content

Fig. 4 Trimmed mean of

M-value (TMM) normalization

of the whole transcripts of ‘Fuji’

apple leaves treated with the

chemical defoliant. (A), X-axis,

FCL control; Y-axis, FCL

treatment. (B), X-axis, SL
control; Y-axis, SL treatment.

Data normalization was carried

out using CLRNAseqTM

(ChunLab, Seoul, Korea)

Fig. 3 Changes in ethylene production of FCL and SL in ‘Fuji’ apple

trees. The chemical defoliant treatment was carried out during mid-

September, 2015, and all the foliar applications were made at the

same time. A total of 60 leaves (20 leaves from three trees), were

sampled. Ethylene production dramatically increased in a time-

dependent manner following the chemical defoliant spray. Error bars

represent the standard deviation of three biological replicates
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Fig. 5 DEG (differentially

expressed gene) analysis of

whole transcripts of ‘Fuji’ tree

leaves treated with the chemical

defoliant. (A), X-axis, FCL

control; Y-axis, FCL treatment.

(B), X-axis, SL control; Y-axis,

SL treatment. The DEG analysis

was carried out using DESeq 2

in CLRNAseqTM (ChunLab,

Seoul, Korea). The results were

considered significant at

p\ 0.05

Table 1 DEG profiles of the leaf senescence genes that were up- or down-regulated by the chemical defoliant in FCL and SL

Gene namea FCL1b FCL2c Similarityf (%) Gene description

LOC103436547 1034.0972 22025.52 100 1-aminocyclopropane-1-carboxylate oxidase homolog

LOC103445646 29.5781 287.2506 100 1-aminocyclopropane-1-carboxylate oxidase homolog 1-like

LOC103408235 21.6148 236.4019 100 1-aminocyclopropane-1-carboxylate synthase 1

LOC103411726 9.101 273.8694 98 1-aminocyclopropane-1-carboxylate synthase-like

LOC103430085 16095.0578 2033.9484 100 Chlorophyll a-b binding protein 13, chloroplastic

LOC103450616 7523.0857 591.4508 100 Chlorophyll a-b binding protein CP29.1, chloroplastic-like

LOC103437223 8855.2396 1078.5279 100 Chlorophyll a-b binding protein CP29.3, chloroplastic-like

LOC103437829 39682.4855 3785.1066 100 Chlorophyll a-b binding protein P4, chloroplastic

LOC103452146 19378.2311 2792.2186 100 Chlorophyll a-b binding protein, chloroplastic-like

LOC103453426 32.991 379.1351 100 Ethylene-responsive transcription factor 1B-like

LOC103438934 13.6515 362.1856 94 Ethylene-responsive transcription factor 2-like

LOC103444676 15.9267 366.646 100 Ethylene-responsive transcription factor ABR1-like

LOC103402118 10.2386 290.8189 100 Ethylene-responsive transcription factor ERF019

LOC103433166 11.3762 405.0055 100 Ethylene-responsive transcription factor ERF113

LOC103443361 9.101 163.2511 100 Polygalacturonase QRT3-like

Gene name SL1d SL2e Similarity (%) Gene description

LOC103436547 2163.9313 9198.3709 100 1-aminocyclopropane-1-carboxylate oxidase homolog

LOC103438934 32.3308 211.238 94 Ethylene-responsive transcription factor 2-like

LOC103444676 24.5268 193.106 100 Ethylene-responsive transcription factor ABR1-like

LOC103432615 202.9034 959.1836 100 Ethylene-responsive transcription factor ERF073-like

DEG (differentially expressed gene) analysis was carried out using CLRNASeqTM (ChunLab, Seoul, Korea) (p\ 0.05)
a Gene symbol
b Gene expressed value of fruit cluster leaves treated with water
c Gene expressed value of fruit cluster leaves treated with the chemical defoliant
d Gene expressed value of stem leaves treated with water
e Gene expressed value of stem leaves treated with chemical defoliant
f Similarity to ESTs, proteins, and coverage of the annotated genomic feature by RNA-seq alignments
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(Fig. 7). These results indicate that JEOKYEOPSON can

be used as a selective defoliant.

Polygalacturonase (PG) is up-regulated by chemical

defoliants

The expression of PG-related genes increased in response to

JEOKYEOPSON (Table 1). In this study, we hypothesized

that the chemical defoliant may up-regulate the expression

of the PG-related gene. To test this hypothesis, we measured

the activity of PG in ‘Fuji’ apple leaves treated with JEO-

KYEOPSON. After the chemical defoliant spray, total

proteins were extracted from FCL and SL. The enzyme

activity assay showed that PG activity levels increased

dramatically in FCL treated with JEOKYEOPSON, which

indicated that the chemical defoliant could activate PG

activity (Fig. 8). Interestingly, PG activity levels in SL at 0

day after the JEOKYEOPSON treatment were the highest of

all. According to Mishra et al. (2008), PG activity is higher

in petiole tissue than in the leaves, stems, and roots. We used

whole leaves, including the petioles, and furthermore, SL

have thicker petioles than do FCL. Therefore, these results

may reflect the increased levels of petiole tissue in the SL

samples. Nevertheless, when SL were exposed to JEO-

KYEOPSON, significant decreases in PG activities were

observed as time progressed (Fig. 8). These results indicate

that chemical defoliant may play a role in polygalactur-

onase-regulated leaf abscission processes that specifically

occur in FCL. This suggestion is supported by the finding

that polygalacturonase-like gene expression levels were up-

Fig. 6 The photosynthetic capacities of FCL and SL from ‘Fuji’

apple trees at 6th day after sprayed with the chemical defoliant (A),

and changes in the photosynthetic capacities of FCL and SL treated

with the water control (B). The photosynthetic capacity was measured

6 days after the chemical defoliant had been sprayed. 20 leaves were

measured in the experiment. Error bars represent the standard

deviation of three biological replicates. Asterisk photosynthetically

active radiation, lmol m-2 s-1. Two asterisk electron transport rate,

lmol m-2 s-1

Fig. 7 The effect of the chemical defoliant on the total chlorophyll

contents of FCL and SL from ‘Fuji’ apple trees. Total chlorophyll

content was measured 0, 2, and 8 days after the chemical defoliant

spray. Error bars represent the standard deviation of three biological

replicates

Fig. 8 The effect of the chemical defoliant on polygalacturonase

activities in FCL and SL from ‘Fuji’ apple trees. Polygalacturonase

activity was measured 0, 2, and 8 days after the chemical defoliant

spray. Error bars represent the standard deviation of three biological

replicates
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regulated when FCL was treated with the chemical defoliant

(Table 1).

Lanolin oil activates ACC synthase in vitro

We assayed ACC synthase activity using recombinant

ACC synthase to ascertain whether lanolin oil triggers the

ethylene biosynthesis pathway. Recombinant ACC syn-

thase could convert SAM to ACC and produce ethylene,

whereas the boiled recombinant ACC synthase did not

convert SAM to ACC, which demonstrated that the

recombinant protein displays ACC synthase activity

in vitro (Fig. 9A). These results suggest that recombinant

ACC synthase can be used for the enzyme activity assays

to examine the effect of lanolin oil on ACC synthase. As

expected, lanolin oil activated ACC synthase to a greater

extent than the control treatment (without an activator).

This finding indicated that the FCL senescence mechanism

involved the activation of ACC synthase by the chemical

defoliant (Fig. 9B).

Measurement of fruit color

We examined changes in the fruit color of apples from trees

treated with the chemical defoliant or the control. The

chromaticity value of a* (red vs. green, where a positive

number indicates red) increased from 17.21 for the untreated

leaves to 24.03 for the treated leaves, which represents a

39.6 % increase. L* (light vs. dark, where a low number

indicates dark) decreased from 56.15 for the untreated leaves

to 48.68 for the treated leaves, which represents a 13.3 %

decrease; and b* (yellow vs. blue, where a positive number

indicates yellow) decreased from 26.80 for the untreated

leaves to 20.87 for the treated leaves, which represents a

22.1 % decrease. The chromaticity values of L* and b* in

the chemical defoliant spray treatments were lower than that

of the control. The a* chromaticity value after the chemical

defoliant spray treatment was higher than the control. Color

differences (DE*ab) between the chemical defoliant spray

treatment and the control were much more significant

(11.70 %) (Table 2).

Discussion

It has been shown that removing FCL improves apple fruit

quality. However, the manpower required for the hand-

stripping method is very expensive. Thus, any means of

stimulating FCL defoliation in mid-September would be

important in apple orchards. To better employ the chemical

defoliant, it is critical to understand the functional roles of

leaf defoliation. Recently, many kinds of chemical

Fig. 9 In vitro activation of the

recombinant ACC synthase

using the chemical defoliant.

(A) Recombinant ACC synthase

shows ACC synthase activity

in vitro; C1, Denatured

recombinant ACC synthase; and

C2, Recombinant ACC

synthase. (B) Lanolin oil (The

main ingredient in the chemical

defoliant) promotes ACC

synthase activity. Error bars

represent the standard deviation

of three biological replicates

Table 2 Changes in the fruit

color of apples from ‘Fuji’ trees

treated with the chemical

defoliant

Defoliation1 Chromaticity

L* a* b* DE*ab2

Untreated 56.15 ± 2.50a 17.21 ± 2.84b 26.80 ± 1.88a –

Treated 48.68 ± 4.14b 24.03 ± 3.35a 20.87 ± 2.51b 11.70

Mean separation within columns using Duncan’s multiple range test at p\ 0.05
1 Using the chemical defoliant
2 Color differences were compared to untreated fruit. DE*ab = {(L*untreated-L*treated)2 ? (a*un-

treated-a*treated)2 ? (b*untreated-b*treated)2}1/2
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defoliants have been used. However, little information is

available regarding chemically mediated leaf defoliation.

In this study, we described the functional roles of JEO-

KYEOPSON, a chemical defoliant. In the RNA-seq tran-

scriptome analysis, we identified candidate genes whose

expression coincided with the production of ethylene

(Table 1). The chlorophyll content analysis, followed by a

light saturation point assay, confirmed that chemical

defoliation occurred in vivo (Figs. 6, 7). Furthermore,

treatment with the chemical defoliant up-regulated the

polygalacturonase-like gene (Table 1), resulting in a sub-

stantial increase (up to twofold) in polygalacturonase

activity in FCL (Fig. 8).

Mishra et al. (2008) demonstrated that when plant leaves

were exposed to ethylene, abscission zone tissue showed a

significant increase in PG activity. These results were

consistent with our results, which also showed that the

leaves sprayed with JEOKYEOPSON produced large

amounts of ethylene and that this caused a significant PG

activity increase in abscission zone tissue. Furthermore,

PGs have been widely studied in various plants and their

roles during leaf abscission have been reported in the

previous studies (Brummel et al. 1999; Gonzalez-Carranza

et al. 2002). We also used a recombinant ACC synthase

enzyme activity assay to confirm that lanolin oil, the main

ingredient of JEOKYEOPSON, activated ethylene pro-

duction (Fig. 9B). ACC synthase is a key enzyme in the

ethylene biosynthesis pathway in plants and it is interesting

to note that lanolin oil activated ACC synthase. Since

lanolin oil can also activate ACC synthase activity

(Fig. 9B), it was expected that the chemical defoliant spray

would also cause ‘Fuji’ apple leaf senescence. If SL also

senesced, then the photosynthesis rate would decrease,

which would lead to poorer quality fruit. There was a

minimal decrease in SL total chlorophyll content after the

SL had been treated with the chemical defoliant (Fig. 7).

These results indicated that JEOKYEOPSON can be used

as a selective defoliant. Finally, we examined changes in

the fruit color of apples from trees treated with the chem-

ical defoliant. The color of the apples sprayed with the

chemical defoliant improved compared to the control

apples (Table 2).

In summary, we have described a strategy that could be

used to identify the biological mechanism underlying

chemical defoliation by using whole transcriptome profil-

ing, plant photosynthesis measurements, and an enzyme

activity assay. Our results show that the leaf defoliation

mechanism identified here most likely includes increased

ethylene production in FCL compared to SL. According to

Iqbal et al. (2012), the response of plants to defoliation

could be used to manipulate source–sink relation by

removing senescing leaves to obtain greatest photosyn-

thetic capacity under stressful environments. Therefore, we

suggest that FCL defoliation in apple trees is one of the

defense mechanisms.

In this study, further information related to the chemical

defoliation mechanism was obtained. Leaf abscission is

multifaceted and multilayered; therefore, the exact func-

tional roles played by chemical defoliants during leaf

defoliation need further research. The fact that multiple

mechanisms are involved is consistent with the hypothesis

that defoliation is a multifaceted process. Further studies on

chemical defoliation may provide valuable insights into the

mechanism. Taken together our results suggest that JEO-

KYEOPSON can be used as a selective defoliant to

improve ‘Fuji’ fruit quality. Also, this chemical defoliant

can be applied as the defoliant to other fruit crops.
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